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Abstract

An up-to-date survey of the theory of port-Hamiltonian systems
is given, emphasizing novel developments and relationships with
other formalisms. Port-Hamiltonian systems theory yields a system-
atic framework for network modeling of multi-physics systems. Ex-
amples from different areas show the range of applicability. While the
emphasis is on modeling and analysis, the last part provides a brief
introduction to control of port-Hamiltonian systems.
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Introduction

1.1 Origins of port-Hamiltonian systems theory

The theory of port-Hamiltonian systems brings together different tra-
ditions in physical systems modeling and analysis.

Firstly, from a modeling perspective it originates in the theory
of port-based modeling as pioneered by Henry Paynter in the late
1950s [Paynter| (1960); Breedveld| (1984, 2009). Port-based modeling
is aimed at providing a unified framework for the modeling of sys-
tems belonging to different physical domains (mechanical, electri-
cal, hydraulic, thermal, etc.). This is achieved by recognizing energy
as the ’lingua franca” between physical domains, and by identifying
ideal system components capturing the main physical characteristics
(energy-storage, energy-dissipation, energy-routing, etc.). Historically
port-based modeling comes along with an insightful graphical nota-
tion emphasizing the structure of the physical system as a collection
of ideal components linked by edges capturing the energy-flows be-
tween them. In analogy with chemical species these edges are called
bonds, and the resulting graph is called a bond graph. Motivated by,
among others, electrical circuit theory the energy flow along the bonds
is represented by pairs of variables, whose product equals power. Typ-

3



4 Introduction

ical examples of such pairs of variables (in different physical domains)
are voltages and currents, velocities and forces, flows and pressures,
etc.. A port-Hamiltonian formulation of bond graph models can be
found in |Golo et al.| (2003). Port-based modeling can be seen to be a
further abstraction of the theory of across and through variables (cf.
MacFarlane! (1970)) in the network modeling of physical systemsﬁ].

A second origin of port-Hamiltonian systems theory is geomet-
ric_mechanics; see e.g. |Arnol’d! (1978); |Abraham & Marsden! (1994);
Marsden & Ratiu| (1999); Bloch| (2003); Bullo & Lewis| (2004). In this
branch of mathematical physics the Hamiltonian formulation of clas-
sical mechanics is formalized in a geometric way. The basic paradigm
of geometric mechanics is to represent Hamiltonian dynamics in a
coordinate-free manner using a state space (commonly the phase
space of the system) endowed with a symplectic or Poisson struc-
ture, together with a Hamiltonian function representing energy. This
geometric approach has led to an elegant and powerful theory for
the analysis of the complicated dynamical behavior of Hamiltonian
systems, displaying their intrinsic features, such as symmetries and
conserved quantities, in a transparant way. Also infinite-dimensional
Hamiltonian systems have been successfully cast into this framework
Olver| (1993).

Finally, a third pillar underlying the framework of port-
Hamiltonian systems is systems and control theory, emphasizing dy-
namical systems as being open to interaction with the environ-
ment (e.g. via inputs and outputs), and as being susceptible to con-
trol interaction. The description and analysis of physical subclasses
of control systems has roots in electrical network synthesis the-
ory. Its geometric formulation was especially pioneered in [Brockett
(1977); see e.g. van der Schaft! (1984, 1982a,b); Crouch/ (1981, 1984);
Crouch & van der Schaft! (1987); Nijmeijer & van der Schaft! (1990);
Maschke & van der Schaft! (1992);Bloch! (2003); Bullo & Lewis| (2004)
for some of the main developments, especially with regard to the anal-

!“Abstraction’ since the theory of across and through variables emphasizes the
balance laws in the system; an aspect which is usually not emphasized in port-based
modeling. In Chapter [[2]and in Chapter [[4 we will see how port-Hamiltonian sys-
tems can be also defined starting with the basic balance laws of the system.



1.1. Origins of port-Hamiltonian systems theory 5

ysis and control of nonlinear mechanical systems (e.g. with nonholo-
nomic kinematic constraints).

A main difference of port-Hamiltonian systems theory with geo-
metric mechanics lies in the fact that for port-Hamiltonian systems
the underlying geometric structure is not necessarily the symplec-
tic structure of the phase space, but in fact is determined by the in-
terconnection structure of the system. In this sense port-Hamiltonian
systems theory intrinsically merges geometry with network theory. The
appropriate geometric object appears to be the notion of a Dirac
structure, which was explored before in Weinstein! (1983); ICourant
(1990); Dorfman| (1993) as a geometric object generalizing at the
same time symplectic and Poisson structuresd. The usefulness of
Dirac structures for a geometric theory of port-based modeling and
analysis was first recognized in van der Schaft & Maschke| (1995);
Bloch & Crouch/(1999); Dalsmo & van der Schaft/ (1999). Among oth-
ers it has led to a theory of Hamiltonian differential-algebraic equations.
Extensions to the distributed-parameter case were first explored in
van der Schaft & Maschke! (2002). A key property of Dirac structures
is the fact that compositions of Dirac structures are again Dirac struc-
tures. This has the crucial consequence that the power-conserving
interconnection of port-Hamiltonian systems (through their external
ports) is again a port-Hamiltonian system; a fundamental property
for network modeling and control.

Another main extension of port-Hamiltonian systems theory with
respect to geometric mechanics is the inclusion of energy-dissipating ele-
ments, which are largely absent in classical Hamiltonian systems. This
greatly broadens the range of applicability of port-Hamiltonian sys-
tems compared to that of Hamiltonian systems in analytical dynamics.
In fact, the framework of port-based modeling and port-Hamiltonian
systems emerges as a general theory for the modeling of complex
physical systems as encountered in many areas of engineering. Fur-

*The terminology ‘Dirac structure’ seems to be largely inspired by the 'Dirac
bracket” introduced by Paul Dirac in order to cope with Hamiltonian systems sub-
ject to constraints due to degeneracy of the underlying Lagrangian function |Dirac
(1950,11958). This was motivated in its turn by quantization theory.

’It should be added here that our emphasis in physical system modeling is on
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thermore, because of its emphasis on energy and power as the lingua
franca between different physical domains, port-Hamiltonian systems
theory is ideally suited for a systematic mathematical treatment of
multi-physics systems, i.e., systems containing subsystems from differ-
ent physical domains (mechanical, electro-magnetic, hydraulic, chem-
ical, etc.).

Apart from offering a systematic and insightful framework for
modeling and analysis of multi-physics systems, port-Hamiltonian
systems theory provides a natural starting point for control. Especially
in the nonlinear case it is widely recognized that physical properties of
the system (such as balance and conservation laws and energy consid-
erations) should be exploited and / or respected in the design of control
laws which are robust and physically interpretable. Port-Hamiltonian
systems theory offers a range of concepts and tools for doing this, in-
cluding the shaping of energy-storage and energy-dissipation, as well
as the interpretation of controller systems as virtual system compo-
nents. In this sense, port-Hamiltonian theory is a natural instance of
a ‘cyber-physical’” systems theory: it admits the extension of physi-
cal system models with virtual (‘cyber’) system components, which
may or may not mirror physical dynamics. From a broader perspec-
tive port-Hamiltonian systems theory is also related to multi-physic
network modeling approaches aimed at numerical simulation, such as
20-sim (based on bond graphs) and Modelica/Dymola.

1.2 Summary of contents

In these lecture notes we want to highlight a number of directions in
port-Hamiltonian systems theory. Previous textbooks covering mate-
rial on port-Hamiltonian systems are van der Schaft! (2000) (Chapter
4), and |Duindam et al.| (2009). Especially Duindam et al.| (2009) goes
into more detail about a number of topics, and presents a wealth of

‘modeling for control’. Since the addition of control will anyway modify the dynami-
cal properties of the system the emphasis is on relatively simple models reflecting the
main dynamical characteristics of the system.

“For specific physical domains (e.g., mechanical, electrical, chemical, hydraulic, ..)
there are many network modeling and simulation software packages available.
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material on various application domains. The current lecture notes
present an up-to-date account of the basic theory, emphasizing novel
developments.

Chapter 2 provides the basic definition of port-Hamiltonian sys-
tems and elaborates on the concept of a Dirac structure. Chapter 3
deals with Dirac structures on manifolds, and the resulting defini-
tion of port-Hamiltonian systems on manifolds. A brief discussion
concerning integrability of Dirac structures is given, and the relation
with the theory of kinematic constraints is provided. Chapter 4 de-
tails the special, but important, subclass of input-state-output port-
Hamiltonian systems arising from the assumption of absence of alge-
braic constraints and the linearity of energy-dissipation relations. The
resulting class of port-Hamiltonian systems is often taken as the start-
ing point for the development of control theory for port-Hamiltonian
systems.

With the general definition of port-Hamiltonian systems given in a
geometric, coordinate-free, way, it is for many purposes important to
represent the resulting dynamics in suitable coordinates, and in a form
that is convenient for the system at hand. Chapter 5 shows how this
amounts to finding a suitable representation of the Dirac structure,
and how one can move from one representation to another. In Chapter
6 it is discussed how the power-conserving interconnection of port-
Hamiltonian systems again defines a port-Hamiltonian system. This
fundamental property of port-Hamiltonian system is based on the re-
sult that the composition of Dirac structures is another Dirac struc-
ture. Chapter 7 investigates the close connection of port-Hamiltonian
systems with the concept of passivity, which is a key property for
analysis and control. In Chapter 8 other structural properties of port-
Hamiltonian systems are studied, in particular the existence of con-
served quantities (Casimirs) and algebraic constraints.

Chapter 9 takes a step in a new direction by replacing the compo-
sition of the Dirac structure and the resistive structure by a general
maximal monotone relation, leading to the novel class of incremen-
tally port-Hamiltonian systems. In Chapter 10 the relation of port-
Hamiltonian systems with the older class of input-output Hamilto-
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nian systems is explored, and the key property of preservation of sta-
bility of input-output Hamiltonian systems under positive feedback
(in contrast with negative feedback for port-Hamiltonian and pas-
sive systems) is discussed. Finally Chapter 11 makes the connection
of port-Hamiltonian systems to another class of systems, namely the
pseudo-gradient systems extending the Brayton-Moser equations of
electrical circuits.

Chapter 12 deals with port-Hamiltonian systems on graphs, start-
ing from the basic observation that the incidence structure of the graph
defines a Poisson structure on the space of flow and effort variables
associated to the vertices and edges of the graph. This is illustrated
on a number of examples. In Chapter 13 the framework is extended
to switching port-Hamiltonian systems, including a formulation of
a jump rule generalizing the classical charge and flux conservation
principle from electrical circuits with switches. Chapter 14 deals with
the port-Hamiltonian formulation of distributed-parameter systems,
based on the formulation of the Stokes-Dirac structure expressing
the basic balance laws. Finally, Chapter 15 gives an introduction to
the control theory of port-Hamiltonian systems, exploiting their basic
properties such as passivity and existence of conserved quantities.

What is not in these lecture notes

The overview of port-Hamiltonian systems theory presented in
this article is far from being complete: a number of topics are
not treated at all, or only superficially. Notable omissions are the
theory of scattering of port-Hamiltonian systems Stramigioli et al.
(2002); van der Schaft! (2009), treatment of symmetries and con-
servation laws of port-Hamiltonian systems van der Schaft| (1998);
Blankenstein & van der Schaft! (2001), controllability and observ-
ability for input-output Hamiltonian systems and port-Hamiltonian
systems van der Schaft! (1984, [1982ab); Maschke & van der Schaft
(1992), realization theory of input-output Hamiltonian systems
and port-Hamiltonian systems [Crouch & van der Schaft! (1987),
port-Hamiltonian  formulation of thermodynamical systems
Eberard etal.! (2007), model reduction of port-Hamiltonian sys-
tems [Polyuga & van der Schaft| (2011), well-posedness and stability
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of distributed-parameter port-Hamiltonian systems Villegas| (2007);
Jacob & Zwart! (2012), and structure-preserving discretization of
distributed-parameter port-Hamiltonian systems |Golo et al. (2004);
Seslija et al.! (2012). Furthermore, Chapter 15 on control of port-
Hamiltonian systems only highlights a number of the developments
in this area; for further information we refer to the extensive literature
including Ortega et al.| (2001a,b); Duindam et al.| (2009); Ortega et al.
(2008).






2

From modeling to port-Hamiltonian systems

2.1 Introduction

This chapter will provide the basic definition of port-Hamiltonian sys-
tems, starting from port-based network modeling. In order to moti-
vate the general developments we start with a simple example, the
ubiquitous mass-spring system.

Example 2.1 (Mass-spring system). Consider a point mass with mass
m, moving in one direction, without friction, under the influence of a
spring force corresponding to a linear spring with spring constant k.
The standard way of modeling the system is to start with the con-
figuration z € R of the mass, and to write down the second-order
differential equation

mz = —k(z — 2p), (2.1)

where 2 is the rest length of the spring.

Port-based network modeling (as originating in particular in the
work of Paynter, see Paynter! (1960)) takes a different (but equivalent)
point of view by regarding the mass-spring system as the interconnec-
tion of two subsystems, both of which store energy, namely the spring
system storing potential energy and the mass system storing kinetic en-

11
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f
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/7777774

Figure 2.1: Mass-spring system as the interconnection of two subsystems.

ergy; see Figure 2Tl For the spring system the potential energy is ex-
pressed in terms of the elongation ¢ of the spring. In case of a linear
spring, satisfying Hooke’s law, this potential energy is $kq>. This leads
to the system equations

qg= _fka
spring;: d (1. ,
€k = -~ _kq )
dq (2 )

wherd] — fx denotes the velocity of the endpoint of the spring (where
it is attached to the mass), and e;, = kq denotes the spring force at this
endpoint.

For the mass system we obtain similar equations using the kinetic
energy 5—p” expressed in terms of the momentum p of the mass

D= _fn%

mass: d 1,
€m = d_p <%p ) s

where — f,,, denotes the force exerted on the mass, and e,, = £ is the
velocity of the mass.

Finally, we couple the spring and the mass subsystems to each other
through the interconnection element using Newton’s third law (action
= —reaction)

. . _f k= €m,
interconnection:
m = €k,

The reason for the minus sign in front of f; is that we want the product fiey, to
be incoming power with respect to the interconnection. This sign convention will be
adopted throughout.
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leading to the final equations for the total system

—8H(qp)
gl _[o 1]|aqg™" 1,1
M—l_l 01 8H( | , Hlgp) =gk +5—p°, (22
o (@P

which are the well-known Hamiltonian equations for the mass-spring
system. Clearly, (2.2) is equivalent to the second-order model (2.1) by
the correspondence ¢ = z — 2.

Although extremely simple, this example reflects some of the
main characteristics of port-based network modeling: the system is
regarded as the coupling of the energy-storing spring system with
the energy-storing mass system through a power-conserving inter-
connection element which is routing the power from the mass system
to the spring system and conversely. In the sequel we will see how
this extends to general physical systems, replacing the above power-
conserving interconnection element by the geometric notion of a Dirac
structure, and by adding, next to the energy-storing elements, also
energy-dissipating elementdd.

In general, in port-based modeling the, possibly large-scale, phys-
ical system is regarded as the interconnection of three types of ideal
componentﬁ: (1) energy-storing elements, (2) energy-dissipating (resis-
tive) elements, and (3) energy-routing elements.

Simplest examples of energy-storing elements are ideal inductors,
capacitors, masses, and springs. Examples of energy-dissipating ele-
ments are resistors and dampers, while examples of energy-routing el-
ements are transformers, gyrators and ideal constraints. Thus energy-
dissipating elements are static (no dynamics involved), and energy-

*In this example already needed if we want to consider mass-spring-damper sys-
tems.

>These components do not necessarily match with the actual physical compo-
nents. E.g., an inductor in a circuit may have, next to its energy-storing characteristics,
also an energy-dissipation feature which needs to be taken into account for the mod-
eling. This will mean that we model the inductor by an ideal inductor only reflecting
the energy-storage together with an ideal resistor, accounting for the non-negligible
energy-dissipation present in the physical inductor.
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| D ] | dissipation
Is Ir

ep| |fp

Figure 2.2: Port-Hamiltonian system.

routing elements are neither energy-storing or energy-dissipating but
only redirect the power flow in the overall system.

For the port-Hamiltonian formulation (see also Golo et al.| (2003))
the energy-storing elements will be grouped into a single object de-
noted by & ('storage’), and similarly the energy-dissipating elements
are grouped into a single object denoted by R (resistive’). Finally, the
interconnection of all the energy-routing elements can be considered
as one energy-routing structure’] denoted by D (to be formalized by
the geometric notion of a Dirac structure).

The essence of port-Hamiltonian systems modeling is thus rep-
resented in Fig. The energy-storing elements S and the energy-
dissipating (resistive) elements R are linked to a central interconnec-
tion (energy-routing) structure D. This linking takes place via pairs
(f,e) of equally dimensioned vectors of flow and effort variables. A
pair (f,e) of vectors of flow and effort variables is called a port, and
the total set of variables f, e is called the set of port variables. We refer
to Appendix B for the physical meaning of efforts and flows in various
physical domains.

Fig. shows three ports: the port (fs,egs) linking to energy-
storage, the port (fr, eg) corresponding to energy-dissipation, and the
external port (fp, ep), by which the system interacts with its environ-
ment (including controller action). The scalar quantities e fs, ek fr,
and e} fp denote the instantaneous powers transmitted through the
links (the "bonds’ in bond graph terminology).

“Called generalized junction structure in bond graph terminology ) ;

Golo et al.] 2003).
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In the following sections, we will discuss the building blocks of
port-Hamiltonian systems theory in more detail. We will start with
the fundamental notion of a Dirac structure, then treat subsequently
energy-storing elements, energy-dissipating (resistive) elements, and
external ports, and finally end up with the basic geometric definition
of a port-Hamiltonian system, together with a number of basic exam-
ples.

2.2 Port-based modeling and Dirac structures

Central in the definition of a port-Hamiltonian system is the notion
of a Dirac structure, depicted in Fig. 2.2 by D. In electrical circuit par-
lance, the Dirac structure acts as a ‘printed circuit board” (without the
energy-storing and energy-dissipating components), and provides the
‘wiring” for the overall system.

Basic property of a Dirac structure is power conservation: the Dirac
structure links the various port (flow and effort) variables f and e
in such a way that the total power e’ f is equal to zero. For the for-
mal definition of a Dirac structure, we start with an abstract finite-
dimensional linear space of flows F B The elements of F will be de-
noted by f € F, and are called flow vectors. The space of efforts is given
by the duald linear space £ := F*, and its elements are denoted by
e € &. The total space of flow and effort variables is F x £, and will be
called the space of port variables. The power on the total space of port
variables is defined by

P=<el|f> (feeFxE, (2.3)

where < e | f > denotes the duality product, that is, the linear func-

°Usually one can take F = R*. However, there are interesting cases where the
coordinate-free viewpoint is really rewarding, e.g., in rigid body dynamics the space
of flows is given as the space of twists 7 = se(3), the Lie algebra of the matrix group
SE(3), while the space of efforts is given by the space of wrenches £ = se*(3), the
dual Lie algebra. We refer to Chapter B]for some developments in this direction.

SThe definition £ = F* for the effort space is in some sense the minimal required
structure. All definitions and results directly extend to the case that F has an inner-
product structure. In this case we may take & = F with the duality product < e | f >
replaced by the inner product (e, f).



16 From modeling to port-Hamiltonian systems

tional e € £ = F* acting on f € F. In the usual case of 7 = R* this
amounts to
<el|f>=¢f,

where both f € R¥ and e € (R¥)* are represented as column vectors.

Definition 2.1. Consider a finite-dimensional linear space F with £ =
F*. A subspace D C F x & is a Dirac structure if

1. <e| f>=0,forall (f,e) € D,
2. dimD = dim F.

Property (1) corresponds to power-conservation, and expresses the
fact that the total power entering (or leaving) a Dirac structure is zero.
It can be shown that the maximal dimension of any subspace D C F x £
satisfying Property (1) is equal to dim F. Instead of proving this di-
rectly, we will give an equivalent definition of a Dirac structure from
which this claim immediately follows. Furthermore, this equivalent
definition of a Dirac structure has the advantage that it generalizes to
the case of an infinite-dimensional linear space F, leading to the defini-
tion of an infinite-dimensional Dirac structure. This will be instrumen-
tal in the definition of a distributed-parameter port-Hamiltonian system
in Chapter (T4l

In order to give this equivalent characterization of a Dirac struc-
ture, we look more closely at the geometric structure of the total space
of flow and effort variables F x £. Related to the definition of power,
there exists a canonically defined bilinear form <, > on the space F x¢&,
defined as

L (f%e), (fP,e") >i=<e® | f >+ <€ | 7>, (2.4)

with (f¢,e?), (f%,e’) € F x £. Note that this bilinear form is indefi-
nite, that is, < (f,e), (f,e) > may be positive or negative. It is non-
degenerate in the sense that < (f2,e?),(f% e’ >= 0 for all (f°,¢?)
implies that (f“,e®*) = 0.

Proposition 2.1 (Courant| (1990); Dorfman| (1993)). A Dirac structure
on F x £ is asubspace D C F x & such that

D =D, (2.5)
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where 1l denotes the orthogonal companiorﬂ with respect to the bi-
linear form <, >>.

Alternatively, D C F x &, with F and £ finite-dimensional, is a
Dirac structure if and only if it satisfies Property 1 in Definition 2.1]
and has maximal dimension with respect to this property, that is, if the
subspace D’ also satisfies Property 1 then dim D’ < dim D. This maxi-
mal dimension is equal to dim F = dim €.

For the proof we refer to Appendix[Al

From a mathematical point of view, there are a number of direct
examples of Dirac structures D C F x £. We leave the simple proofs
as an exercise to the reader.

1. Let J : £ — F be a skew-symmetric linear mapping, that is,
J = —=J*, where J* : £ = £* = F is the adjoint mapping. Then

graph J := {(f,e) EFxE|f= Je}
is a Dirac structure.
2. Letw : F — & be a skew-symmetric linear mapping, then
graph w := {(f,e) eFx&le :wf}
is a Dirac structure.
3. Let K C F be any subspace. Define
kt={eeg|<e| f>=0forall f €K} (2.6)
Then K x K+ C F x & is a Dirac structure.
The last example of a Dirac structure is formalized as follows:
Definition 2.2. A Dirac structure D C F x & is separable if
<eq| fo>=0, 2.7)
for all (fa,eq), (fo,€) € D.

7 A subspace D such that the bilinear form <, > is zero restricted to this subspace
(or equivalently D C D) is sometimes called an isotropic subspace. In this terminol-
ogy a Dirac structure is a maximal isotropic subspace.
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Separable Dirac structures have the following simple geometric
characterization (see Appendix[Alfor a proof).

Proposition 2.2. Consider a separable Dirac structure D C F x £.
Then,
D=KxK*t, (2.8)

for some subspace L C F, where Kt is defined as in (2.6). Conversely,
any subspace D as in (2.8) for some subspace K C F is a separable
Dirac structure.

Note that (2.7) can be regarded as a generalized statement of Tel-
legen’s theorem for electrical circuits (with f denoting the vector of
currents, and e denoting the vector of voltages).

A typical instance of a separable Dirac structure is the following.

Proposition 2.3. Let A : V — W be a linear map between the linear
spaces V and W with adjoint mapping A* : W* — V*, that is,

<w* | Av >=< A*w* | v >,

forall v € V,w* € W* (where, as before, < - | - > denotes the duality
product between the dual spaces WV and W*, respectively V and V*).
Identify (V x W)* = V* x W*. Then,

D:= {(v,w,v*,w*) EWVXW)x (V"X W) | Av =w,v" = —A*w*}
is a separable Dirac structure.

Remark 2.1. In some cases, e.g. 3D-mechanical systems, the above
notion of Dirac structures on vector spaces will turn out not to be suf-
ficient. In Chapter 3] we will discuss the extension of the definition of
constant Dirac structures on vector spaces to that of Dirac structures on
manifolds. Basically, a Dirac structure on a manifold will be the union
of Dirac structures on the product of the tangent and cotangent space
at every point of the manifold. As a result the Dirac structure will be
modulated by the state.

A crucial property of Dirac structures is the fact that the composition
of Dirac structures again defines a Dirac structure, see Chapter[6l This
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has the consequence that we can interconnect all energy-routing ele-
ments to each other and that the resulting element (generalized junction
structure in bond graph parlance) will again define a Dirac structure.

Finally, we will discuss a number of physical examples of Dirac
structures.

2.2.1 Transformers, gyrators, ideal constraints, junctions

A transformer, see Paynter| (1960), Breedveld| (1984), is an element
linking two scalar bonds with flow and effort variables (f1,e1) € R?
and (fg, 62) e R? by

f2=afi,

€1 = —aeg,

(2.9)

with a a constant, called the transformer ratio. The subspace defined
by (2.9) is easily checked to be a separable Dirac structure. Also the
vector version of (2.9)

1P =Afe,

gt (2.10)

with (f¢,e%) and (f?, ) pairs of column vectors of flow variables and

effort variables of the same dimension, and A a matrix of appropriate

dimensions, is immediately seen to define a Dirac structure.
Similarly, a gyrator is given by the relations

J1 = Bea,
ﬁel - _f27

which again is defining a Dirac structure (but not a separable one).
The resulting unit gyrator for § = 1 is called the symplectic gyrator
Breedveld! (1984). The multi-dimensional version is given as the Dirac
structure defined by

2.11)

fo=Ge,
T b (2.12)
G e =—f",
where G is a matrix of appropriate dimensions.
Also ideal effort and flow constraints are examples of Dirac struc-

tures. Let (f, e) denote a (multi-dimensional) pair of flows and efforts.
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Then, the ideal effort constraint
D={(f.e)|e=0}

is defining a Dirac structure D, and the same holds for the ideal flow
constraint

D={(f.e)| f=0}.

Finally, the equations of a so-called k-dimensional 0-junction (termi-
nology from bond graph theory, cf. Paynter| (1960); Breedveld. (1984))

er=e=--=¢e, fH+fot-+[i=0
and dually of a 1-junction
fi=fe=-=/fr ea+te+ -+e =0,

are immediately seen to define separable Dirac structures.

2.2.2 Kirchhoff’s laws as separable Dirac structures

Consider an electrical circuit with m branches (edges) and k£ nodes
(vertices) where the current through the i-th branch is denoted by I;
and the voltage across the i-th branch is V;. Collect the currents in an
n-dimensional column vector I and the voltages in an n-dimensional
column vector V. Then Kirchhoff’s current laws can be written as

BI =0, (2.13)

with B the k x m incidence matrix of the circuit graph. Furthermore,
Kirchhoff’s voltage laws can be written as follows. All allowed vectors
of voltages V' in the circuit are given as

vV =BT\, (2.14)

with the vector A ranging through R*. It is immediately seen that the
total space of currents and voltages allowed by Kirchhoff’s current
and voltage laws,

D= {(I, V)| BI =0, V = BT for some )\}, (2.15)
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defines a separable Dirac structure. Consequently,
(Va)TIb + (Vb)TIa — 0’

for all pairs (1%, V%), (I®,V?) € D. In particular, by taking V¢, I® equal
to zero, we obtain (V?)T1¢ = 0 for all I* satisfying (Z13) and all V*
satisfying (2.14). This is Tellegen’s theorem from circuit theory.

Further theory regarding Kirchhoff’s laws and electrical circuits
can be found in Chapter

2.2.3 Kinematic pairs

The equations describing a kinematic pair (e.g., a revolute or prismatic
joint) in a three-dimensional mechanical system are, from the Dirac
structure point of view, of the same type as Kirchhoft’s lawsH

Indeed, the constraint forces F' generated in a (frictionless and in-
finitely stiff) kinematic pair produce no power on the velocities V" al-
lowed by the kinematic pair, i.e.,

ATV =0, F = A, (2.16)
where the columns of A form a basis for the space of allowed reaction
forces, and ) is the vector of reaction force Lagrange multipliers.
2.2.4 The principle of virtual work

The principle of virtual work can be formulated as
" Fig =0, (2.17)
i=1

where F; are the impressed forces, and d¢; denotes the virtual displace-
ments that are compatible with the kinematic constraints of the sys-
tem. The expression > ;' ; F;dq; equals the infinitesimal work due to
the impressed forces and an infinitesimal displacement. If the kine-
matic constraints of the system are given as A’éq = 0, with §¢ =

$However, for 3D mechanical systems the matrix A will often depend on the con-
figuration coordinates; thus defining a Dirac structure on a manifold, see Chapter

B
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(5q1,- -+ ,6q,)T, then it follows that the impressed forces are given as
F = A\, with F = (Fy,---, F,)T, as in the previous subsection; see
Chapter[3|for more details. We conclude that, like in the case of Kirch-
hoff’s laws in the electrical domain, the principle of virtual work can
be formulated as defining a separable Dirac structure on the product
of the space of virtual displacements and impressed forces.

Originally, the principle of virtual work (2.I7) is formulated as an
equilibrium condition. Indeed, a system with configuration coordinates
q = (q1,q2,--.,q,)T, which is subject to forces F'(g), is at equilibrium
q if the virtual work >°7' ; F;(§)dq; corresponding to any admissible
virtual displacement ¢ from ¢ is equal to zero. In d’Alembert’s prin-
ciple this was extended by adding the inertial forces p to the impressed
forces. This can be interpreted as linking the Dirac structure to energy-
storage (in this case, kinetic energy).

2.3 Energy-storing elements

The energy-storing multi-port element S corresponds to the union of
all the energy-storing elements of the system. The port variables of
the Dirac structure associated with the energy-storing multi-port el-
ement will be denoted by (fs,es), where fs and eg are vectors of
equal dimension with their product €% fg denoting the total power
flowing into the Dirac structure from the energy storing elements
(or, equivalently, minus the total power flowing into the storage ele-
ments). The total energy storage of the system is defined by a state
space X, together with a Hamiltonian function H : X — R de-
noting the energy. For now, we will assume that the state space X’
is finite-dimensional (in Chapter [14 we will discuss the extension to
the infinite-dimensional case). In general, see Chapter 3] X will be a
smooth (finite-dimensional) manifold, but in the present chapter X
will be assumed to be a linear space.

The vector of flow variables of the energy-storing multi-port ele-
ment is given by the rate & of the state 2 € X'. Thus for any current
state x € X the flow vector & will be an element of the linear space
T, X, the tangent space of X at x € X. By choosing local coordinates
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z = (z1,...,2,) for X this means that the vector of flow variables is
given by the vector & = (1, ...,4,)T. In the case of a linear state space
X the tangent space T, X’ can be identified with X, and we can take
(global) linear coordinates for X, thus identifying X with R™. Further-
more, the vector of effort variables of the energy-storing multi-port
element is given by the gradient vector %—g(az) € Ty X, the dual space

of the tangent space 7, X. In coordinates x = (x1,...,z,)’ for X this
means that the vector of effort variables is given by the vector %—IZ (x) of
partial derivatives of H with respect to x1, ..., x, (Which we through-

out write as a column vector).
We obtain the following power-balance for the energy-storing
multi-port element:
d oH oTH

EH =< o ()| & >= o (). (2.18)

The interconnection of the energy-storing elements to the storage port
(fs,es) of the Dirac structure is accomplished by setting

oOH
— 4 and ec= 2P (0. 2.1
fs & and es=—- () (2.19)
Hence, the power-balance (2.18) can be also written as
d oTH
“H= P = —el fo. 2.2
= it w)e = ks 220
Remark 2.2. The minus sign in (2.19) is inserted in order to have a

consistent power flow convention: %T—zH (x)# is the power flowing into
the energy-storing elements, whereas €%, fs is the power flowing into

the Dirac structure.

See Appendix B for details on how to set up the Hamiltonian for
energy-storing elements of various physical domains.

2.4 Energy-dissipating (resistive) elements

The second multi-port element R corresponds to internal energy dis-
sipation (due to friction, resistance, etc.), and its port variables are
denoted by (fr,er). These port variables are terminated on a static
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energy-dissipating (resistive) relation R. In general, a resistive rela-
tion will be a subset
R C Fr X &R,

with the property thaiﬁ
<er|fr>=¢eLfr<0, (2.21)

for all (fr,er) € R. We will call the subset R an energy-dissipating
relation, or a resistive structure. Since the Dirac structure of a port-
Hamiltonian system (without external port) satisfies the power-
balance

e§fs +eqfr =0, (2.22)
this leads by substitution of the equations 2.20) and 2.21)) to
d
G H = e fs = chin <. (2.23)

An important special case of energy-dissipating relations occurs when
the resistive relation can be expressed as the graph of an input-output
mapping, e.g.,

fr=—F(er), (2.24)
with F : R™ — R™ satisfying eLF(eg) > 0, for all eg € R™ (with m
denoting the number of energy-dissipating elements). Sometimes the
mapping F is derivable from a so-called Rayleigh dissipation function
Dpgr : R™ — R, in the sense that

BT
N 8eR RJ:

For linear resistive elements, (2.24) specializes to

F(er)

for some positive semi-definite symmetric matrix R = RT > 0.

°The sign of the inequality is due to the fact that €L fris the power flow associated
to the Dirac structure, not to the energy-dissipating elements. Another way to resolve
this sign problem would be to define an additional pair of flow and effort variables
(fr, €r) for the energy-dissipating elements satisfying eE fr > 0,and to interconnect
them, similarly to the case of the energy-storing elements (see Remark 2.2), to the
energy-dissipating port ( fr, er) of the Dirac structure by setting fr = — frand er =
€R.
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Example 2.2. A linear damper in a mass-spring-damper system is
modeled by an equation fr = —der with d > 0 the damping con-
stant. An example of a nonlinear energy-dissipating relation is the cu-
bic equation fr = —de%. Another type of example is provided by ideal
Coulomb friction,which is modeled by the energy-dissipating relation

—1 for er >0,
frR=<% «a for er=0,
+1 for e <0,

with a € [-F,, F.] and F. > 0 the Coulomb friction constant. Note
that this does not correspond anymore to a function from er to fg, or
conversely.

In Chapterd we will further elaborate on linear energy-dissipating
relations, and their geometric treatment. See also Chapter [0 for a fur-
ther discussion on energy-dissipating and maximal monotone rela-
tions.

2.5 External ports

The external port (fp,ep) models the interaction of the system with
its environment. This comprises different situations. One are the port
variables which are accessible for controller action. Another type of
external port variables corresponds to an interaction port. Typical ex-
ample of the latter is a controlled robotic system interacting with its
physical environment. Still another type of external port variables are
variables corresponding to sources. For example, in an electrical circuit
with voltage source the input is the voltage of the source, while the
current through the source is the (resulting) output variable.

Taking the external port into account the power-balance (2.22)) ex-
tends to

ek fs+ehfr+epfp =0, (2.26)
whereby (2.23) extends to
d
—H = epfr+epfp < epfp, (2.27)

dt
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since ek fr < 0. This inequality expresses the basic fact that the in-
crease of the internally stored energy (the Hamiltonian) is always less
than or equal to the externally supplied power.

2.6 Port-Hamiltonian dynamics

The dynamics of a port-Hamiltonian system is defined as follows.
Definition 2.3. Consider a state space X and a Hamiltonian
H:X >R,

defining energy-storage. A port-Hamiltonian system on X" is defined
by a Dirac structure

DCT,XXT;X xFrxErXFpxEp,

having energy-storing port (fs, es) € T, X x T} X and a resistive struc-
ture
R C Fr x &R,

corresponding to an energy-dissipating port (fr,er) € Fr x Eg. Its
dynamics is specified by

(50, 2 @0, a(0,en(0), For 0,00 ()) €DEO), 50
(fr(t),er)(t) € R(z(t)), teR.

At the beginning of this chapter, we have already seen how a mass-
spring system is modeled as a port-Hamiltonian system. The next ex-
ample concerns a simple electrical circuit.

Example 2.3 (RL-circuit). Consider an electrical circuit depicted in
Fig. The energy-storage port of the system is described as

(bi = _‘/;7
dH;
I = .
= o (¥i),
for i = 1,2, where I; are the currents through the inductors with

flux-linkages ¢;, magnetic energy H;(¢;), and —V; the voltages across
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Figure 2.3: RL circuit.

them. The energy-dissipating relation corresponding to the (possible
nonlinear) resistor is Vg = —F(Ig), with IrF(Ir) > 0. Kirchhoff’s
current and voltage laws define the Dirac structure expressed by the
equations

L+L+1Ig=0, Vi=Vy,="Vpg,

The resulting port-Hamiltonian system is given as

) dH, dHo
= F —_—— _—
1 ( o (¢1) e (@2)) ,
) dH, dHo
= F —_—— _—
which for a linear resistor Vg = —RIg, with R > 0, and linear induc-

tors I; = £, for i = 1,2, reduces to

LR R
©1 = L1801 L2<P27
R R

Y2 = —L—1901 - L—2<P2-

In Chapter[12] we will elaborate on port-Hamiltonian models for gen-
eral RLC circuits.

The following two examples of port-Hamiltonian systems empha-
size port-based network modeling of multi-physics systems.

Example 2.4 (Levitated ball system). Consider the dynamics of an
iron ball that is levitated by the magnetic field of a controlled inductor
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Figure 2.4: Magnetically levitated ball.

as schematically depicted in Fig.[2.4l The port-Hamiltonian descrip-
tion of this system (with ¢ the height of the ball, p the vertical mo-
mentum, and ¢ the magnetic flux-linkage of the inductor) is given as

o
‘ 01 01|% 0
g
H
p =|-10 0 aa—p + 10 V,
: 0 0 —R 1 2.29
@ oH (2.29)
L O |
OH
=2
dyp

Although at first instance the mechanical and the magnetic part of the
system look decoupled, they are actually coupled via the Hamiltonian

p2 ()02
H — LT
(¢,p, ) = mgq + o T 2L(g)’

where the inductance L(¢) depends on the height ¢. In fact, the mag-
netic energy % depends both on the flux ¢ and the mechanical vari-
able g. As a result the right-hand side of the second equation (describ-
ing the evolution of the mechanical momentum variable p) depends
on the magnetic variable ¢, and conversely the right-hand side of the
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Figure 2.5: DC motor.

third equation (describing the evolution of the magnetic variable ()
depends on the mechanical variable g.

Example 2.5 (DC motor). In the schematic model of a DC motor de-
picted in Figure we can distinguish six interconnected subsys-
tems

o two energy-storing elements with physical states ¢, p: an ideal in-
ductor L with state variable ¢ (flux-linkage), and rotational inertia J
with state variable p (angular momentum);

o two energy-dissipating elements: the resistor R and the friction b;

o a gyrator K;

o an ideal voltage source V.

The energy-storing elements (here assumed to be linear) are given by

¢=-VL
Inductor: d 1, ©
I=— <_90 > = 7
de \2L L
p=-TJ
Inertia: d 1 P
w=—|=—p°) ==.
dp <2J > J

Hence, the corresponding total Hamiltonian reads H(p, ) = 5-¢? +

+7p°. The energy-dissipating relations (also assumed to be linear) are

“In this example it is obvious that the subsystems do not correspond to actual
physical subsystems, but rather model the different physical phenomena present in
the DC-motor.
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given as
VR = —RI, Ty = —bw,

with R,b > 0, where 7, is a damping torque. Furthermore, the equa-
tions of the gyrator (converting magnetic power into mechanical, or
conversely) are

Vk =—-Kw, 17=KI.

for a certain positive constant K (the gyrator constant). Finally, the
subsystems are interconnected by the equations

VE+Vr+Vxk+V =0, 75+71+7=0.

Note that the Dirac structure is defined by the above interconnection
equations, together with the equations for the gyrator. Collecting all
equations, we obtain the port-Hamiltonian model

i} ¥
o] [-r -K]|L| [
o=l S]]
) J
; (2.30)
=N 0] L
- b
J

While in the previous example the coupling between the mechani-
cal and magnetic domain was provided by the Hamiltonian (depend-
ing in a non-separable way on the mechanical state variables and the
magnetic state variable), in this example the inter-domain coupling is
given by the Dirac structure (through the gyrator constant K).

2.7 Port-Hamiltonian differential-algebraic equations

A usual feature of network modeling is the fact that the obtained
model of the overall system consists of differential equations and alge-
braic equations. This stems from the fact that network modeling admits
quite arbitrary interconnection equations between the subsystems of
the overall system. The resulting set of differential and algebraic equa-
tions are commonly called differential-algebraic systems (DAEs). This is
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Figure 2.6: LC circuit.

in contrast with signal-flow diagram modeling where it is assumed
that the external variables for the subsystems can be decomposed into
inputs (free variables) and outputs (determined by the state and pos-
sibly the inputs) in such a way that the value of the inputs to one
subsystem are equal to the value of the outputs of others. However,
in physical systems modeling this is often not the case, and algebraic
constraints due to interconnection constraints between the ‘outputs’
of the subsystems commonly arise.

In order to illustrate this issue, as well as to indicate how port-
Hamiltonian systems theory yields a systematic approach of handling
algebraic constraints, we consider a simple example from the realm
of electrical circuits. The general theory of port-Hamiltonian DAEs
will be touched upon in Chapter 8l For a general treatment of port-
Hamiltonian DAEs we refer tovan der Schaft| (2013).

Example 2.6. Consider an LC-circuit consisting of two capacitors and
one inductor as shown in Fig. Naturally this system can be seen
as the interconnection of three subsystems, the two capacitors and the
inductor, interconnected by Kirchhoff’s current and voltage laws. The
capacitors (first assumed to be linear) are described by the following
dynamical equations

Q’L:_IZJ
o
‘/7,_07:7

for i = 1,2. Here I; and Vj are the currents through, respectively the
voltages across, the two capacitors, and C; are their capacitances. Fur-
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thermore, Q; are the charges stored in the capacitors and are regarded
as basic state variables! ] Similarly, the linear inductor is described by
the dynamical equations
Sb = _VL7

P
I, = Za
where I, is the current through the inductor, and V7, is the voltage
across the inductor. Here, the (magnetic) flux-linkage ¢ is taken as the
state variable of the inductor, and L denotes its inductance.

Parallel interconnection of these three subsystems by Kirchhoff’s
laws amounts to the interconnection equations

Vi=Vo=Vy, L +1L+1,=0,

where the equation V; = V5 gives rise to the algebraic constraint

Q1 _ Qo
e (2.31)
relating the two state variables @)1, Q2.

There are multiple ways to represent the dynamics of the total sys-
tem. One is to regard either I; or I as a Lagrange multiplier for the
constraint (2.3I). Indeed, by defining A\ = I; one may write the total
system as

Q1 0 0 0][Qi/C ~1
Q2 =10 0 1| [Q2/Co| + |1 [,
% 0 -1 0 w/L 0 2.32)
Q1/Cy
0=[-1 1 0] |Q/Cs],
¢/L

"In the port-Hamiltonian formulation there is a clear preference for taking the
charges Q; to be the state variables instead of the voltages V;. This is due to the fact
that the charges satisfy a conservation law, while the voltages do not. Furthermore,
although the introduction of charge variables comes at the expense of extra variables,
it will turn out to be very advantageous from a geometric point of view as well: the
charge variables live in the ‘right’ state space.
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Next one may eliminate the Lagrange multiplier A by premultiply-
ing the first three differential equations by the matrix

1 10

0 0 1|
Together with the algebraic constraint (2.31)) this yields the differential-
algebraic system

1 1 0] [ 0 0 1] [Qi/Cy
00 1/ |Q2l=10 —1 0 |Q2/Co]. (2.33)
00 0|]¢ -1 1 0| ¢/L

The two equivalent equational representations (2.32) and (2.33)) result
from two different representations of the Dirac structure of the system,
namely

J1 el
D:{(f,e)ER?’xR?’ f=1rfe,e=leal,
I3 e3

1 1 0| |fi 0 0 -1 e
0 0 1| [fel+ |0 1 O le = 0}7
0 0 0f [fs 1 =1 0] |es
and
D= {(f,e) € R3 x R? | 3\ such that
Al [0 0 0] e 1 er
—fal =10 0 —1] |ea| + |1 A,oz[l 1 0} es }
f3 _0 1 0 €3 0 €3
Furthermore, the energy-storing relations are given by
i Ql €1 Q1/C1
f=1f=—|Q, e=|e| = |Q2/Col,
| f3 @ e3 @/L
where the last vector is the gradient vector of the total stored energy
2 2 2
H(Qu Qo) = o 4 B 239

20, 20, 2L
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From a DAE perspective, it may be noted that the algebraic con-
straint (2.3T)) is of index one. In fact, under reasonable assumptions on
the Hamiltonian, this will turn out to be a general property of port-
Hamiltonian differential-algebraic systems; see Chapter (8

2.8 Detailed-balanced chemical reaction networks

The final section of this chapter illustrates how port-Hamiltonian
modeling extends to physical systems outside the more traditional
mechanical and electrical domain. Based on van der Schaft et al.
(2013) it is shown how isothermal chemical reaction networks
governed by mass-action kinetics and satisfying a thermodynam-
ically justified assumption admit a natural port-Hamiltonian for-
mulation. This treatment merges the geometric thermodynamic ap-
proach of Oster etal.! (1973) with the line of research initiated in
Horn & Jackson/ (1972); [Feinberg! (1987) based on the graph of chem-
ical complexes.

Consider an isothermal chemical reaction network (under constant
pressure) consisting of r reversible reactions involving m chemical
species specified by a vector of concentrations z € R := {x € R™ |
xz; > 0,i=1,--- ,m}. The general form of the dynamics of the chemi-
cal reaction network (without inflows and outflows) is

z = Sv(x),

with S the stoichiometric matrix, and v(z) = [Ul () -~ vr(az)]T €
R" the vector of reaction rates. We assume that v(z) is given by mass ac-
tion kinetics; the most basic way of modeling reaction rates. Following
van der Schaft et al.| (2013) we will show how, under the assumption
of existence of a thermodynamic equilibrium, the dynamics of the re-
action network can be naturally modeled as a port-Hamiltonian sys-
tem, with Hamiltonian given by the free Gibbs’ energy.

In order to do so we first need to introduce some concepts and ter-
minology. The collection of all the different left- and right-hand sides
of the reactions are called the chemical complexes of the reaction net-
work, or briefly, the complexes. Denoting the number of complexes by
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¢, the expression of the complexes in terms of the chemical species
concentration vector x € R’ is formalized by an m x ¢ matrix Z,
whose p-th column captures the expression of the p-th complex in the
m chemical species. Note that by definition all elements of the matrix
Z are non-negative integers.

The complexes can be naturally associated with the vertices of a
directed graph, with edges corresponding to the reactions. The complex
on the left-hand side of each reaction is called the substrate complex,
and the one on the right-hand side the product complex. Formally, the
reaction 0 = 7 between the o-th and the m-th complex defines a di-
rected edge with tail vertex being the o-th complex and head vertex
being the 7-th complex. The resulting directed graph is called the com-
plex graph, and is defined Bollobas| (1998) by its ¢ x r incidence matrix
B. Itis readily verified that the stoichiometric matrix S of the chemical
reaction network is given as S = ZB.

Mass action kinetics for the reaction rate vector v(z) € R” is de-
fined as follows. Consider first, as an example, the single reaction

X1 + 2X2 - Xg,

involving the three chemical species X, X, X3 with concentrations
x1,T9,r3. In mass action kinetics the reaction is considered to be a
combination of the forward reaction X; + 2Xs — X3 with forward rate
equation v{ (21, z2) = kT 2123 and the reverse reaction X1 + 2X5 — X3,
with rate equation v~ (z3) = k~x3. The constants k1, k™ are called
respectively the forward and the reverse reaction constants. The net reac-
tion rate is thus

v(z1, 32, 23) = 01 (21, 22) — v (23) = k2123 — k™ s

In general, the mass action reaction rate of the j-th reaction of a chem-
ical reaction network, from the substrate complex S; to the product
complex P;, is given as

mo g LI/
vilw) =k [T —k; [[: 7 (2.35)
i=1 1=1

where Z;, is the (i, p)-th element of the matrix Z, and k:;»r, k; > 0 are

the forward/reverse reaction constants of the j-th reaction, respec-
tively.
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Eq. 2.35) can be rewritten in the following way. Let Zs;, and Zp,
denote the columns of Z corresponding to the substrate complex S;
and the product complex S; of the j-th reaction. Defining the mapping
Ln : RS — R° as the component-wise natural logarithm, (2.35) takes
the form

vj(x) = ki exp (Z‘:SFJ Ln(x)) — k; exp (Zgj Ln(z)). (2.36)

A vector of concentrations z* € R is called a thermodynamic equilib-
rium if v(z*) = 0. A chemical reaction network # = Sv(x) is called
detailed-balanced if it admits a thermodynamic equilibrium z* € R
Necessary and sufficient conditions for the existence of a thermody-
namic equilibrium are usually referred to as the Wegscheider conditions,
generalizing the classical results of Wegscheider| (1902), and can be
derived as follows [Feinberg| (1989); wvan der Schaft et al.| (2013). Con-
sider the j-th reaction from substrate S; to product P;, described by
the mass action rate equation (2.36). Then z* € R’ is a thermody-
namic equilibrium if and only if

k‘f exp (ZgjLn(aj*)) = k; exp (Z%jLn(a:*)), j=1,...,r (237

The equations (2.37), referred to as the detailed balance equations, can
be rewritten as follows. Define the equilibrium constant K3* of the j-th
reaction as (assuming k:;r £ 0)

Lkt
qu = ki_ (2.38)
J

Then the detailed balance equations (2.37) are equivalent to

K;q = exp (Z%jLn (x*) — ZgjLn (:U*)) , j=1,...r (2.39)

Collecting all reactions, and making use of the incidence matrix B of
the complex graph, this amounts to the vector equation

K = Exp (BTZTLn (a:*)) = Exp (STLn (x*)) , (2.40)

where K¢ is the r-dimensional vector with j-th element K;q, j =
1,...,r. It follows that there exists a thermodynamic equilibrium
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z* € R if and only if k;r >0,k >0, forallj =1,...,r, and further-
more
Ln (K%) € im ST (2.41)

It also follows that once a thermodynamic equilibrium z* is given, the
set of all thermodynamic equilibria is given by

E:={2* eRT | STLn (2**) = STLn (2%)} (2.42)

Let now z* € R be a thermodynamic equilibrium. Consider the
rewritten form (2.39) of the detailed-balance equations, and define the
‘conductance’ x;(z*) > 0 of the j-th reaction as the common value of
the forward and reverse reaction rate at thermodynamic equilibrium
x*, ie.,
*\ . L.+ T * .= T *

Kj(z®) ==k exp (ZS].Ln (z )) =k; exp (ijLn (z )) , (2.43)
for j = 1,---,r. Then the mass action reaction rate (2.36) of the j-th
reaction can be rewritten as

o=t o (2510 (2) o (510 ()]

where for any vectors z, z € R™ the quotient vector £ € R™ is defined
element-wise. Defining the r x r diagonal matrix of conductances as

K := diag(rk1(z*), -+, kr(2™)), (2.44)

it follows that the mass action reaction rate vector v(z) of a balanced
reaction network equals

v(z) = —KBTExp (ZTLn (i» :
x
and thus the dynamics of a balanced reaction network takes the form
& = —ZBKB Exp (ZTLn (i» , K>o. (2.45)
x

The matrix £ := BKB? in (2.45) defines a weighted Laplacian ma-
trix for the complex graph, with weights given by the conductances
k1(z*),- -+, kr(2*). Note that I, and therefore the Laplacian matrix
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L = BKBT, is dependent on the choice of the thermodynamic equilib-
rium z*. However, this dependence is minor: for a connected complex
graph the matrix K is, up to a positive multiplicative factor, independent
of the choice of z*, cf. van der Schaft et al.| (2013).

How does this define a port-Hamiltonian system ? Define first
the Hamiltonian (up to a constant the Gibbs’ free energy, cf.
van der Schaft et al.| (2013); [Oster et al.| (1973)) as

G(z) = z"Ln (£> + (" — ) 1,

x*
where 1,,, denotes a vector of dimension m with all ones. It is imme-
diately checked 2% (z) = Ln (£) = u(x), where 4 is (up to a constant)
known as the vector of chemical potentials. Then the mass action reac-
tion dynamics (2.45) is obtained from considering the auxiliary port-
Hamiltonian system

T = ZfR7
oG (2.46)
€R = ZT%(;E)?

with inputs fr € R® and outputs eg € R€, together with the energy-
dissipating relation

fr = —BKBTExp (eR). (2.47)

Indeed, by using the properties of the Laplacian matrix BXB” and the
fact that the exponential function is strictly increasing, it can be shown
thativan der Schaft et al.| (2013)

vI'BKBTExp () > 0 for all v, (2.48)

with equality if and only if BT = 0. Hence (2.47) defines a true energy-
dissipating relation, that is, e% fr < Oforall eg € R°and fgr € R¢
satisfying (2.47). Therefore the mass action kinetics detailed-balanced
chemical reaction network is a port-Hamiltonian system with Hamil-
tonian G and energy-dissipating relation (2.47).

The consequences of the port-Hamiltonian modeling of detailed-
balanced mass action kinetics reaction networks for the analysis of the
reaction network are explored in ivan der Schaft et al.| (2013). In par-
ticular, it follows that all equilibria are in fact thermodynamic equilib-
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ria, and a Lyapunov analysis using the Gibbs’ free energy (the Hamil-
tonian) shows that that starting from any initial state in the positive
orthant the system will converge to a unique thermodynamic equilib-
rium (at least under the assumption of persistence of the reaction net-
work: the vector of concentrations does not approach the boundary of
the positive orthant R'?), cf. van der Schaft et al.| (2013) for details

2For an extension of these results to conplex-balanced mass action kinetics reaction
networks we refer to|Rao et al.| (2013).
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Port-Hamiltonian systems on manifolds

3.1 Modulated Dirac structures

For quite a few system classes, in particular those with 3-D mechan-
ical components, the Dirac structure is modulated by the state vari-
ables. Furthermore, the state space &’ is not necessarily anymore a lin-
ear space but instead a (differentiabl) manifold. As before, the flows
fs = —i corresponding to energy-storage are elements of the tangent
space T, X at the state z € X', while the efforts eg = %—f (x) are elements
of the co-tangent space T); X. The modulation of the Dirac structure is

usually intimately related to the underlying geometry of the system.

Example 3.1 (Spinning rigid body). Consider a rigid body spinning
around its center of mass in the absence of gravity. The energy vari-
ables are the three components of the body angular momentum p
along the three principal axes: p = (ps, Dy, p.)T, and the energy is the
kinetic energy

1 (2 vy PP
H(p)—§<l—x+[—y+]—z ;

"Manifold’ will always mean ’differentiable manifold’.

41
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where I, I,;, I, are the principal moments of inertia. Euler’s equations
describing the dynamics are

OH
pz 0 —Pz Dy Ipa
Iiy = | Pz 0 —Px g_g . (31)
Dz —DPy Pz 0 OH
Op-
J(p)

The Dirac structure is given as the graph of the skew-symmetric ma-
trix J(p), i.e., modulated by the state variables p. In this example, the
state space X is still a linear space. In fact, ¥ = s0*(3), the dual of the
Lie algebra so(3) of the matrix group SO(3).

Modulated Dirac structures often arise as a result of ideal con-
straints imposed on the generalized velocities of the mechanical sys-
tem by its environment, called kinematic constraints. In many cases,
these constraints will be configuration dependent, yielding a Dirac
structure modulated by the configuration variables.

Consider a mechanical system with n degrees of freedom, locally
described by n configuration variables ¢ = (qi,...,¢). Expressing
the kinetic energy as 1¢” M (q)¢, with M(q) > 0 being the general-
ized mass matrix, we define in the usual way the Lagrangian function
L(q, ¢) as the difference of kinetic energy and potential energy U(q), i.e.

L(a,d) = 5¢"M(9)i ~ Ula). 62

Suppose now that there are constraints on the generalized velocities ¢,

described as
AT(q)g =0, (3.3)

with A(¢) an n x k matrix of rank k everywhere (that is, there are % in-
dependent kinematic constraints). Classically, the constraints (3.3)) are
called holonomic if it is possible to find new configuration coordinates
7 = (qq,---,7,) such that the constraints are equivalently expressed
as

6n—k+1 = 6n—k+2 == qn =0, (3.4)
in which case one may eliminate the configuration variables
Tp—kt1s - - - » G, Since the kinematic constraints (3.4) are equivalent to
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the geometric constraints

qn—k-{-l = Cp—k+1,---,qp = Cn, (35)

for certain constants ¢,,_f41,...,c, determined by the initial condi-
tions. Then the system reduces to an unconstrained system in the (n—k)
remaining configuration coordinates (g, . ..,q, ). If it is not possible
to find coordinates g such that (3.4) holds (that is, if we are not able to
integrate the kinematic constraints as above), then the constraints are
called nonholonomic.

The equations of motion for the mechanical system with La-
grangian L(q, ¢) and constraints (3.3) are given by the Euler-Lagrange
equations Neimark & Fufaev! (1972)

d (9L 0L
—(5-) = 5> = Al)A+ B(g)u, A e R, u e R™,
dt ( By ) aq ~ Al (@) (3.6)

AT(q)g =0,

where B(q)u are the external forces (controls) applied to the system,
for some n x m matrix B(q), while A(¢)\ are the constraint forces. The
Lagrange multipliers \(¢) are uniquely determined by the require-
ment that the constraints A7 (¢(¢))(t) = 0 have to be satisfied for all
times ¢.

Defining the generalized momenta

pz%zM@¢ (37)

the constrained Euler-Lagrange equations (3.6) transform into con-
strained Hamiltonian equations

q= %—Ig(q,p)
5=~ (ap) + AN+ Blau
q
. 0H (3.8)
y=DB (q)a—p(q,p)
OH
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Figure 3.1: Double pendulum.

with H(q,p) = %pTM ~1(q)p + U(q) the total energy. The constrained
Hamiltonian equations (3.8) define a port-Hamiltonian system, with
respect to the modulated Dirac structure

D= {(fs, es. frrep) | 0= AT(q)es, ep = BT (q)es, (3.9)
—fs= l _(} %‘ es + A?q) A+ B(()q) ]fp, AeRk}.

Example 3.2 (The double pendulum). One way of modeling a double
pendulum as depicted in Figure 3.1 (and mechanisms in general) is to
regard the system as the interconnection of two single pendula.
Consider two ideal pendula with length /;,7 = 1,2, in the vertical
plane; described by the Cartesian coordinates (x;,y;),7 = 1,2, of their
upper end, together with an angle (with respect to the vertical axis)
¢i,1 = 1,2. For simplicity assume that the masses m; of the pendula
are concentrated at the lower ends of the pendula. Then the energies
(kinetic and potential) of the pendula are given by
Hi(xi,Yi, i, Day> Pyir Do) = %Wpiﬁ%wpf,ﬁ%piﬁmig(yi—li cos ¢;),
fori = 1,2, where p,, := m;i;, py, := m;y; are the Cartesian momenta,
and py, = quz, I, = milf are the angular momenta, ¢ = 1, 2. The dou-
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ble pendulum system is obtained by imposing the following geometric
constraints

x1 = y1 = 0 (fixing the first pendulum at the top),
x9 = 1 + Iy sin @1, y2 = y1 — 11 cos ¢y (attaching 2nd pendulum to 1st).

Differentiating these geometric constraints one obtains the kinematic
constraints

i1 =191 =0, &3 = 111 cos ¢y, Yo = l1y sin ¢y

The corresponding Dirac structure in this case is given as in (3.9), with
n =4, B =0and A given by

10 0 0 0 0
0 1 0 0 0 0

AT () =
@)=y licoséy —1 0 0O
0

0 0 llsinqﬁl 0 -1

Furthermore, the total Hamiltonian H is given as H; + H».

Note that by differentiating the geometric constraints to kinematic
constraints some information is lost (for example, #; = 0 only implies
x1 = constant instead of x1 = 0). It turns out that the Casimirs of the
Dirac structure D (see Chapter[8) still encode this loss of information;
in fact x; is a Casimir of the Dirac structure.

Example 3.3 (Rolling euro). Let z,y be the Cartesian coordinates of
the point of contact of the coin with the plane; see Figure[3.2l Further-
more, ¢ denotes the heading angle, and ¢ the angle of King Willem-
Alexander’s headd. With all constants set to unity, the constrained La-
grangian equations of motion are

T =M,

i = Ao

y=re ' (3.10)
0 =— A1 cosp — Aesing + uq,

¢:u27

with u; the control torque about the rolling axis, and us the control
torque about the vertical axis.

20On the Dutch version of the Euro.
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Figure 3.2: The geometry of the rolling Euro.

The total energy is H = 3p3 + 3p> + $pj + 5p5. The rolling con-
straints are # = 6 cos ¢ and § = 0sin g, i.e., rolling without slipping,
which can be written in the form (3.3) by defining

(3.11)

T —
A ($79797¢)— [0 1 —sinqb 0

1 0 —coso 0]
While in the previous example of the double pendulum the kinematic
constraints are derived from geometric constraints, this is not possible
in the current example: the kinematic constraints A (¢)¢ = 0 for AT (q)
given by (3.11) cannot be integrated to geometric constraints ®(¢q) = 0.
Such kinematic constraints are called non-holonomic.

The foregoing motivates to extend the definition of a constant Dirac
structure D C F x &£ (with F a linear space, and £ its dual) to Dirac
structures on manifolds.

Definition 3.1. Let X be a manifold. A Dirac structure D on X is a
vector sub-bundle of the Whitney sumld TX' & T*X such that

D(z) C T,X x T*X

is for every x € X a constant Dirac structure as before.

3The Whitney sum of two vector bundles with the same base space is defined as
the vector bundle whose fiber above each element of this common base space is the
product of the fibers of each individual vector bundle.
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Simply put, a Dirac structure on a manifold X is point-wise (that
is, for every x € X') a constant Dirac structure D(x) C T, X x T} X.

If, next to the energy storage port, there are additional ports (such
as energy-dissipating and external ports) with total set of port vari-
ables f € Fand e € £ = F*, then a modulated Dirac structure is
point-wise (i.e., for every x € X) specified by a Dirac structure

D(x) C ToX x THX x F x E. (3.12)

Remark 3.1. For a full geometric definition of the above
Dirac structure we refer to |Dalsmo & van der Schaft| (1999);
Blankenstein & van der Schaft! (2001), and especially to Merker
(2009), where a formulation in terms of Courant algebroids is given.

3.2 Integrability

A key issue in the case of modulated Dirac structures is that of integra-
bility. Loosely speaking, a Dirac structure is integrable if it is possible to
find local coordinates for the state space manifold such that the Dirac
structure expressed in these coordinates is a constant Dirac structure,
that is, it is not modulated anymore by the state variables.

First let us consider modulated Dirac structures which are given
for every x € X as the graph of a skew-symmetric mapping J(z) from
the co-tangent space 7, X' to the tangent space T, X'

Integrability in this case means that the structure matrix J satisfies
the conditions

5 [ @) 52 @) + Tu() G () + ) 52 @) =0, @13

=1

fori,j,k = 1,...,n. In this case we may find, by Darboux’s theorem
(see e.g. Weinstein! (1983); Marsden & Ratiu! (1999); |Arnol’d| (1978);
Nijmeijer & van der Schaft| (1990)) around any point xy where the
rank of the matrix J(z) is constant, local coordinates 2 = (¢,p,r) in
which the matrix J(z) becomes the constant skew-symmetric matrix

0 I, 0
I 0 0. (3.14)
0 0 0
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Such coordinates are called canonical. A skew-symmetric matrix J(x)
satisfying (3.13) defines a Poisson bracket on X, given for every F,G :
X — Ras

or'r oG
(F,0}w) = Z L (@) 7w) 2 ) (.15)
Indeed, by (3.13)) the Poisson bracket satisfies the Jacobi-identity

for all functions F,G, K. Conversely, satisfaction of (3.16) for all
F,G, K implies (3.13). (Take G = z;, F' = z; and K = zy.)

The choice of coordinates = (g, p, ) for the state space manifold
also induces a basis for 7, X and a dual basis for 7, X. Denoting the
corresponding splitting for the flows by f = (f, fp, f-) and for the
efforts by e = (eq, €p, €,), the Dirac structure defined by J in canonical
coordinates is seen to be given by

D= {(fQ7fp7fT76q7ep7e7”) | fq = _epafp = eqafr = 0}' (3.17)

A similar story can be told for the case of a Dirac structure given as
the graph of a skew-symmetric mapping w(z) from the tangent space
T, X to the co-tangent space T, X. In this case the integrability condi-
tions take the (slightly simpler) form

&.di i Ow ki Oow; k
J J

(z) + 5z, (z) + 7o (x)=0, 4,5k=1,...,n. (3.18)

aIL’k

The skew-symmetric matrix w(z) can be regarded as the coordinate
representation of a differential two-form w on the manifold X, that is
w = > j—1dz; A dzj, and the integrability condition (3.18) corre-
sponds to the closedness of this two-form (dw = 0). The differential
two-form w is called a pre-symplectic structure, and a symplectic struc-
ture if the rank of w(z) is equal to the dimension of X If (3.18) holds,
then again by a version of Darboux’s theorem we may find, around
any point zy where the rank of the matrix w(x) is constant, local co-
ordinates = = (g, p, s) in which the matrix w(x) becomes the constant
skew-symmetric matrix

0 I, 0
~I; 0 0 (3.19)
0 0 0
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The choice of canonical coordinates x = (g, p, s) induces a basis for
T,X and a dual basis for T,y X'. Denoting the corresponding splitting
for the flows by f = (fy, fp, fs) and for the efforts by e = (eg, ey, €s),
the Dirac structure corresponding to w in canonical coordinates is seen
to be given by

D= {(fmfp;fs;emep:es) | fq = _epafp =€y, €s = O}- (3-20)

In case of a symplectic structure the variables s are absent and the
Dirac structure reduces to

D = {(fy, fpreqsp) | fo = —ep, fp = g}, (3.21)

which is the standard symplectic gyrator.
For general Dirac structures, integrability is defined in the follow-
ing way.

Definition 3.2. Dorfman/ (1993); Courant! (1990) A Dirac structure D
on X is integrable if for arbitrary pairs of smooth vector fields and dif-
ferential one-forms (X1, 1), (X3, a2), (X3, a3) € D there holds

< Lx,as ‘X3>+<Lx2a3 ‘Xl >—|—<LX3Oz1 ‘Xg >=0, (3.22)
with Ly, denoting the Lie-derivative.

Remark 3.2 (Pseudo-Dirac structures). In the usual definition of
Dirac structures on manifolds (see|Courant| (1990); Dorfman| (1993)),
the integrability condition is included in the definition. Dirac structures
that do not satisfy this integrability condition are therefore sometimes
(but not in this chapter) called pseudo-Dirac structures.

The above integrability condition for Dirac structures generalizes
properly the closedness of symplectic forms and the Jacobi identity for
Poisson brackets as discussed before. In particular, for Dirac structures
given as the graph of a symplectic or Poisson structure, the notion
of integrability is equivalent to the Jacobi-identity or closedness con-
dition as discussed above (see e.g./Courant! (1990); Dorfman! (1993);
Dalsmo & van der Schaft| (1999) for details).

Note that a constant Dirac structure trivially satisfies the integrabil-
ity condition. Conversely, a Dirac structure satisfying the integrability
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condition together with an additional constant rank condition can be
represented locally as a constant Dirac structure. The precise form of
the constant rank condition can be stated as follows. For any Dirac
structure D, we may define the distribution

Gp(x)={X € T,X | Ja e T; X s.t. (X,a) € D(x)}.
Dually we may define the co-distribution
Pp(z)={aeT; X |3X e T,Xst. (X,a) € D(z)}.

We call x a regular point for the Dirac structure if both the distribution
Gp and the co-distribution Pp have constant dimension around z.

If the Dirac structure is integrable and z is a regular point, then,
again by a version of Darboux’s theorem, we can choose local coor-
dinates = = (q,p,r,s) for X (with dim¢ = dim p), such that, in the
resulting bases for (fy, fp, fr, fs) for T, X and (eq, ep, er,e5) for Ty X,
the Dirac structure on this coordinate neighborhood is given as

f :_e7f =€
{ Fog Ty (3.23)

Coordinates x = (q,p,, s) as above are again called canonical. Note
that the choice of canonical coordinates for a Dirac structure satisfying
the integrability condition encompasses the choice of canonical coor-
dinates for a Poisson structure and for a (pre-)symplectic structure as
above.

Example 3.4 (Kinematic constraints). Recall that the modulated Dirac
structure corresponding to an actuated mechanical system subject to
kinematic constraints A7 (q)¢ = 0 is given by

D= {(fses.fenee) |0= [0 AT(g)]es o= [0 BT ()]s
0 I,

_ 0 k
_fs—[_fn 0 B(q)]fc,)\e]R}.

Complete necessary and sufficient conditions for integrability of
this Dirac structure have been derived in van der Schaft & Maschke

es + A+

0
A(q)
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(1994); Dalsmo & van der Schaft! (1999). Here we only state a slightly
simplified version of this result, detailed in Dalsmo & van der Schaft
(1999). We assume that the actuation matrix B(q) has the special form
(often encountered in examples) that its j-th column is given as

0
oC;
8—q(Q)

for some function C;(¢) only depending on the configuration variables
q,j = 1,...,m. In this case, the Dirac structure D is integrable if and
only if the kinematic constraints are holonomic. Thus the Dirac structure
corresponding to the Double pendulum example is integrable, while
the Dirac structure corresponding to the Rolling euro example is not
integrable.






4

Input-state-output port-Hamiltonian systems

An important subclass of port-Hamiltonian systems occurs if (1) there
are no algebraic constraints between the state variables, (2) the exter-
nal port variables can be split into input and output variables, and (3)
the resistive structure is linear and of input-output form. This class
of systems, in the usual input-state-output format & = f(z,u), y =
h(x,u), also provides a natural starting point for the development of
control strategies; see Chapter

In the present chapter we will explore the special properties of this
subclass of port-Hamiltonian systems, while in the last section we dis-
cuss the relationships with classical Hamiltonian dynamical systems.

4.1 Linear resistive structures

In quite a few cases of interest the energy-dissipating elements can be
assumed to be linear. This allows for a geometric interpretation, which
is especially interesting when combined with the geometric notion of a
Dirac structure. Linear energy-dissipation in the port-variables fr, er
can be modeled as a subspace (possibly modulated by the state vari-

53
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ables z € X))
R(x) ={(fr,er) € Fr X Er | Rf(2)fr + Re(x)er =0},  (4.1)
with g = FF, satisfying the energy-dissipation property
Rp(x)R{ (x) = Re(x)R] (z) > 0, (4.2)
together with the dimensionality condition
rank {Rf(ac) Re(aj)} =dim fr, z€X. (4.3)

Indeed, by (£.3) and the equality in @.2) we can equivalently rewrite
the kernel representation (4.I) as an image representation

fr=RI(@)\, er=—Rf(x)\ (4.4)

That is, any pair (fg, er) satisfying (4.1 also satisfies (£.4) for some A,
and conversely, every (fr, er) satisfying (.4) for some X also satisfies

@.1). Hence by @.2) for all (fr, er) satisfying (4.1)
T
ehfn=—(Rf(@)A) RI()A=-2TRp(x)RT (1)) <0,

thus defining a true energy-dissipating relation. We will call R a linear
resistive structure.

A linear resistive structure R defined on the state space manifold
X can be regarded as a geometric object having properties which are
somewhat opposite to those of a Dirac structure. Recall that on any
space F x &, with £ = F*, we can define the indefinite form, cf. (2.4),
< (foeM),(fbeb) >=< e | f* > + < €| f* >, with 1 denoting
orthogonal companion.

Proposition 4.1. Let R(z) C Fgr x Egr defined by @.I) be a lin-
ear resistive structure on X, that is, satisfying (4.2) and (4.3). Then

R(z)™ = {(fr,er) € Fr x Er | R(x)fr — Re(z)er = 0} =: (~R)(x).
We leave the proof as an exercise. As a direct result we obtain

Proposition 4.2. Let R(z) C Fr x Er be a linear resistive structure on
XandletD(x) C T, X x TFX x Fr x Er X Fp x Ep be a Dirac structure
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on X. Define the composition D(z) o R(z) C T X x T X x Fp x Ep as

D(z) o R(x) = {(fs.es, fr.er) | I fr,er) € R(x) st
(fs.es, fr.er, fp,ep) € D(fﬁ)}-

Then,
(D(x) o R(x))™ = D(x) o (~R) (x).

In the next section we will furthermore use the following simple
result.

Proposition 4.3. Consider a Dirac structure D(z) C T,X x TrX X
Fr x Er X Fp x Ep and a linear resistive structure R(x) C Fr X Eg.
Suppose that the composition D(z) o R(z) C T, X x T X x Fp x Ep
can be written as the graph of a linear mapping from T;X x Ep to

T,X x Fp given as
fs| es
[ ] [ fP] K@) H @5)

Then, by factorizing K (x) into its skew-symmetric part Ks(z) and its
symmetric part K(z) we have

K(z) = Ko(z) + Ko(z), KL(2) = —K(x), KI (z) = Ky(x) > 0.
(4.6)

Proof. Forall (fs,es, fpr,ep) € D(x)oR(x) there exists (fr, er) € R(z)
such that (fs,es, fr,er, fp,ep) € D(x). Hence

ey [ ] K(2) L‘ﬂ -
P
esfs+ehfp=—€ehfr >0,
implying K4(x) > 0. n
4.2 Input-state-output port-Hamiltonian systems

Consider now a port-Hamiltonian system where the composition of
the Dirac structure D and the linear resistive structure R satisfies the
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conditions of Proposition[4.3] and thus is given as the graph of a map-
ping (4.5) satisfying (.6). Write out correspondingly

=[5 5 sao- [ 2. o

where J () = —J(x), MT(z) = —M(z) and RT(z) = R(x), ST (z) =
S(z). Then it follows from Proposition that the matrices
R(z), P(z), S(x) satisfy
R(x)  P(x)
> 0. .
[p%) s)| =° o

Denoting v := ep and y := fp it follows that

e£f5+uTy _ [eg UT} [QS] = [eg uT} []fT(z) ];((jj))] [651 > 0.

Hence, together with the energy-storage relations eg = %—g(x), fs =
—, we obtain the port-Hamiltonian system

or
ox

y= [0 @)+ P@)] S 2) + (M (@) + S(a)]

&= [J(z) = R(z)] 5~ (z) + [9(x) — P(2)] u,

(4.9)

called an input-state-output port-Hamiltonian system with feedthrough
term. Along the trajectories of the system we recover the fundamen-
tal power-balance

d R() P<x>] s] 2 o1,

@) = —ekfs =uTy —[f o] [P%) S()

Example 4.1. In case of feedthrough terms the skew-symmetric ma-
trix J may also depend on the parameters of energy-dissipation, as
the following example shows. Consider the linear electrical circuit
depicted in Figure 4.1l The dynamics of the circuit takes the port-
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L

— 1T

O RTS”RéQé;

Figure 4.1: Circuit for Example[d.1]

Hamiltonian form

T RoRjs Ry OH
l@ _ | Re+Rs  Ro+Rs||0p +HV
Q R3 1 O0H 0
| Ro+R3  Ro+Rs] LOQ
OH
r dy Vv
r=[1 0] o |
Q

with H(p, Q) = 5-¢? + 55Q?. This defines a port-Hamiltonian input-
state-output system with feedthrough specified by

0 B3 RyRs
g Ry + R3 R Ry + R3
R 0 ’ 0 L
Ry + R3 Rs + R3

M=0,P=0,and S = 1/R;.

In the special case S(z) = 0, implying by @.8) P(z) = 0, and addi-
tionally assuming M (z) = 0, we obtain from (4.9) the system descrip-
tion O

& = [J(z) = R(2)] 5~ (2) + g(2)u,
z (4.10)
0H

Y ZQT(JJ’)%(@’)-

This is simply called an input-state-output port-Hamiltonian system.
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Alternatively, (4.10) can be obtained by first considering the port-
Hamiltonian system without energy dissipation

i = J(m)%—i(az) + g(x)u + gr(x) R,
y=g" ()7 (@),

OH
€RrR = gﬁ(ﬂf)%(l’)a

with the (open) port fr,er, and then to terminate this port by the
energy-dissipation relation fr = —R(z)er where R”(z) = R(z) >
0. This yields the input-state-output port-Hamiltonian system #.10)
with R(z) = gr(z)R(x)gkh(z). For details we refer to van der Schaft
(2009).

4.3 Memristive dissipation

Another type of resistive relationship is given by the memristor. The
memristor, a contraction of memory and resistance that refers to a re-
sistor with memory, was postulated in the early seventies/Chual (1971)
to complete the family of existing fundamental electrical circuit ele-
ments: the resistors, inductor, and capacitor In the port-Hamiltonian
framework, a memristive port is described as follows. Let fis € Far
and ej; € &y, with &y = Fj,, denote the flows and efforts associ-
ated to the memristive port, and let zf,, € Xy and z.,, € X}, the
corresponding time-integrals of f; and ey, respectively. Then, the re-

lationship z.,, = —®u(xy,,), with 3 some differentiable mapping
from X, to X}, constitutes a x ¢, —controlled memristive port
0Py
e = —Ry(xpy, ) fv, Bu(zgy,) = —(x5,),
Oz py

"From a mathematical perspective, the behavior of a resistor, inductor, and a ca-
pacitor, whether linear or nonlinear, is described by relationships between two of the
four basic electrical variables: voltage, current, charge, and flux linkage. Indeed, a
resistor is described by the relationship of current and voltage; an inductor by that
of current and flux linkage, and a capacitor by that of voltage and charge. But what
about the relationship between charge and flux linkage? This missing relationship
defines the memristor.
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and we define the associated memristive structure as

M= {(fM,eM> € Far x Enr | ity — far = 0,

em + Ru(xpy,) fr = 0}-

Note that the memory effect stems from the fact that the memristor
‘remembers’ the amount of flow that has passed through it via @f,, =
It

Now, locally around z,, € Xj, the memristive structure M de-
fines a port-Hamiltonian system with a direct feedthrough term. In-
deed, let Hys : Xy — R be the zero function, then the dynamics on M
locally take the from

jij = fum,
OH (4.11)
eM = O M (fo) - RM(fo)fM'
fm

The fact that Hy/(x¢,,) = 0, for all z¢,, € Xy, together with the fact
that ey = 0 whenever fy; = 0 regardless of the internal state xy,,,
clearly underscores the ‘no energy discharge property” as discussed in
Chual (1971). A dual representation can be obtained starting from the
T¢,,—controlled relationship z¢,, = —®},(xc,,)-

The concept of the memristor and its generalizations can be use-
ful in modelling a wide variety of phenomena, including thermistors,
Josephson junctions, discharge tubes, and even ionic systems like the
Hodgkin-Huxley model of a neuron; see [Jeltsema & van der Schaft
(2010) and [Jeltsema & Dorial (2012) for a further discussion, some il-
lustrative examples, and the inclusion of so-called meminductors and
memcapacitors, the memory equivalents of inductors and capacitors,
in the port-Hamiltonian framework.

4.4 Relation with classical Hamiltonian systems

In this section we recall the classical framework of Lagrangian and
Hamiltonian differential equations as originating from analytical me-
chanics, and indicate how it naturally extends to input-state-output
port-Hamiltonian systems as dealt with in the previous section.
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Recall that the Euler-Lagrange equations, see e.g. |Arnol’d| (1978);
Marsden & Ratiu! (1999);|Abraham & Marsden! (1994), are given as

d (0L oL
N — Z=(q.6) = 4.12
dt(aq(q’Q)) aq(q,q) T, (4.12)
where ¢ = (q1,...,qx)T are generalized configuration coordinates for

the system with k degrees of freedom, the Lagrangian L equals the
difference K — P between kinetic energy@ K(q,q) and potential en-
ergy P(q), and 7 = (71,...,7)7 is the vector of generalized forces
acting on the system. Furthermore, ‘g—g denotes the column-vector of
partial derivatives of L(q, ¢) with respect to the generalized velocities
d1,--.,qr, and similarly for %—g. In standard mechanical systems the
kinetic energy K is of the form

K(q,q4) = %q‘TM (9)q, (4.13)

where the k x k inertia (generalized mass) matrix M (q) is symmetric
and positive definite for all ¢. In this case the vector of generalized

momenta p = (p1,...,px)’, defined for any Lagrangian L as p = ‘g—g, is
simply given by
p = M(q)q, (4.14)

and by defining the state vector (qi,...,q,p1,--.,pr)’ the k second-
order equations ({.12)) transform into 2k first-order equations

q= %—f(q,p) (= M~ (q)p),
- (4.15)
p= —a—q(q,p) + 7,
where
H(g,p) = %pTM‘l(q)p +P(g) (= %QTM(Q)Q +P(q) (416

is the total energy of the system. The equations (4.15) are called the
Hamiltonian equations of motion, and H is called the Hamiltonian. The

2Strictly speaking, K (g, ¢) is the kinetic co-energy. However, whenever the kinetic
co-energy is quadratic as in (£13) then its value is equal to the value of the correspond-
ing true kinetic energy % pT M~ (q)p.
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state space of (4.16) with local coordinates (g, p) is usually called the
phase space.

The following power-balance immediately follows from (4.15):

T T T
%H = a@qH(q,p)q + 88—5(%1))15 = aaf

expressing that the increase in energy of the system is equal to the sup-
plied work (conservation of energy). Hence by defining the input to be
u = 7 and the output to be y := ¢ we obtain %H = yTu. In particular, if
the Hamiltonian H (g, p) is assumed to be the sum of a positive kinetic
energy and a potential energy which is nonnegative, then it follows
that the system (4.15) with inputs © = 7 and outputs y := ¢ is passive
(in fact, lossless) with storage function H (g, p).

System (£.15) with inputs v = 7 and outputs y := ¢ is an exam-
ple of a Hamiltonian system with collocated inputs and outputs, which
more generally is given in the following form

(g.p)7=4¢"7, (417)

1= 2 (4.p)

i=5, &P,

, OH .
pz—a—q(q,p)JrB(q)u, u € R™, (4.18)

y=B"@% (@p) (=B @) ye R,

where ¢ = (q1,...,q¢)" and p = (p1,...,pr)?, and B(q) is the in-

put force matrix, with B(¢)u denoting the generalized forces resulting

from the control inputs u € R™. (In case m < k we speak of an un-

deractuated system. If m = k and the matrix B(q) is invertible for all ¢,

then the system is fully actuated.) Again we obtain the energy balance

dH

— (a(®),p() = u" (B)y (1), (4.19)

A further generalization of the class of Hamiltonian systems (4.18)

with collocated inputs and outputs consists in considering systems
which are described in local coordinates as

OH
t=Jx)5—(z)+g(x)u, e X, ueR™

Ox (4.20)



62 Input-state-output port-Hamiltonian systems

where J(x) is an n x n matrix with entries depending smoothly on z,
which is assumed to be skew-symmetric

J(z) = —J (). (4.21)

Indeed, because of @Z2I) the energy-balance % (z(t)) = yT (t)u(t)
continues to hold. The system @.20) with J satisfying 4.21) is an
input-state-output port-Hamiltonian system with Dirac structure de-
termined by J(z) and g(x), with Hamiltonian H, and with zero resis-
tive structure. Note that (£.18) (and hence #.15)) is a particular case
of (4.20) with = = (¢, p), and J(z) being given by the constant skew-
symmetric matrix J = [_(}k Iﬂ, and g(q,p) = [B?q) }

Finally adding linear energy-dissipation will then lead to the
input-state-output port-Hamiltonian systems as defined in the begin-
ning of this chapter.

We note that the generalization of classical Hamiltonian systems

(@.15) to systems )
H
&= J(2)5—(2),

with J(z) satisfying (£.2I)) is common in geometric mechanics; see
e.g. \Arnol’d| (1978); |Abraham & Marsden| (1994); Marsden & Ratiu
(1999). In fact, in many situations the formulation & = J (x)%—lj(a:)
can be inferred from the classical Hamiltonian formulation by sym-
metry considerations. The most classical example of this are the Euler
equations for the angular momenta of a spinning rigid body, cf. eqn.
(3.1), which is derivable from the classical 6-dimensional Hamiltonian
equations for the motion of a spinning rigid body by symmetry of the
Hamiltonian (equal to the kinetic energy) under the action of the ma-
trix group SO(3). In all these cases, the matrix J(z) will satisfy, on
top of its skew-symmetry property, an integrability condition guaran-
teeing the existence of canonical coordinates, cf. Chapter 3 Note how-
ever that these integrability conditions are not essential for the defini-
tion of input-state-output port-Hamiltonian systems.
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Representations of Dirac structures

A fundamental concept in the geometric, coordinate-free, definition
of a port-Hamiltonian system in Chapter 2is the geometric notion of
a Dirac structure. For many purposes, including simulation and con-
trol, it is useful to obtain coordinate representations of port-Hamiltonian
systems, and to be able to convert one type of representation into an-
other. The key for doing so is to study coordinate representations of
Dirac structures. Specifically, once a basis for the space of the flows
and the dual space of efforts is taken, it is possible to give several ma-
trix representations of a Dirac structure. Once a specific representation
of the Dirac structure has been obtained the coordinate representation
of the corresponding port-Hamiltonian system, generally in the form
of a set of differential-algebraic equations, follows.

In the next sections, we discuss a number of representations of
Dirac structures and the resulting form of port-Hamiltonian systems.
For the corresponding proofs and further information, the reader is
referred to van der Schaft! (2009). The chapter is concluded by rep-
resenting a Dirac structure in terms of the (pure) spinor formalism
stemming from exterior algebra.

63
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5.1 Kernel and image representations

Every Dirac structure D C F x &, with £ = F*, can be represented in
kernel representation as

D={(f,e) € Fx & | Ff + Ee =0}
for linear maps F': F — Vand £ : £ — V satisfying

(i) EF*+FE*=0,

(ii) rank(F + E) = dim F, (5.1)

where V is a linear space with the same dimension as F, and where
F*:y* = Eand E* : V* — (F*)* = F are the adjoint maps of F' and
E, respectively.

It follows from (5.J) that D can be also written in image representa-
tion as

D={(fie)e FxE|f=FE*X e=F\ X eV}

Sometimes it will be useful to relax the requirements on the linear
mappings F' and E by allowing V to be a linear space of dimension
greater than the dimension of F. In this case we shall speak of relaxed
kernel and image representations.

Matrix kernel and image representations are obtained by choosing
linear coordinates for 7, £ and V. Indeed, take any basis fi,--- , f,, for
F and the dual basis e; = ff,--- ,e, = f; for &€ = F*, where dim
F = n. Furthermore, take any set of linear coordinates for V. Then
the linear maps F' and E are represented by n x n matrices F' and E
satisfying

(i) EFT+FET =0,

(i7) rank[F | E] = dim F.
In the case of a relaxed kernel and image representation F' and F will
be n’ x n matrices with n’ > n.

5.2 Constrained input-output representation

Every Dirac structure D C F x £ can be represented as

D={(fie) e FxE|f=Je+G\ Gle=0}, (5.2)
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for a skew-symmetric mapping J : F — £ and a linear mapping G,
such that

imG = {feF|(f0)eD},
ker J ={e€&|(0,e) € D}.

Conversely, for every G and skew-symmetric J equation (5.2) defines
a Dirac structure.

We have already encountered constrained input-output represen-
tations in the case of electrical circuits and mechanical systems with
kinematic constraints in Section 2.2]

5.3 Hybrid input-output representation

As we have seen, the graph of a skew-symmetric map from F to &,
or from & to F, is a Dirac structure, but not every Dirac structure
can be represented this way. On the other hand, by exchanging part
of the flow variables with effort variables, any Dirac structure can be
represented as the graph of a mapping. Specifically, let D be given in
matrix kernel representation by square matrices £ and F' as in (5.0)).
Suppose rank F' = m (< n). Select m independent columns of F,
and group them into a matrix F. Write (possibly after permutations)
F = [Fy | F»], and correspondingly E = [E; | E9],

| N | e
f—lﬁ],ande_[@].

Then, cf. Bloch & Crouch/| (1999), the matrix [F; | E] is invertible, and

o-{[f]em o] 2] ]}

with J := —[F} | B3] "![F; | E1] skew-symmetric.

It follows that any Dirac structure can be written as the graph of a
skew-symmetric map. The vectors e; and f; can be regarded as input
vectors, while the complementary vectors f; and ey can be seen as
output vectors.l.

'The hybrid input-output representation of a Dirac structure is similar to the
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5.4 Canonical coordinate representation

Consider a constant Dirac structure D C F x &£. Then, cf. ICourant
(1990), there exist coordinates (¢,p,r,s) for F and correspond-
ing dual coordinates for £ such that (f,e), when partitioned as
(fqs [ps fry fsreqs €p, €r, €5), is contained in D if and only if

fq = —€p,
fp = eq7
fr = 07
es = 0.

For a non-constant Dirac structure on a manifold (cf. Chapter [3) it is
possible to construct such canonical coordinates locally around a reg-
ular point of the Dirac structure if and only if the Dirac structure is
integrable; see Chapter [3land (Courant! (1990) for details.

The representation of a Dirac structure by canonical coordinates
is very close to the classical Hamiltonian equations of motion, as re-
called in Section4.4l Indeed, for a system without energy-dissipating
relations and without external ports, the dynamics with respect to the
canonical coordinate representation of a Dirac structure and an arbi-
trary Hamiltonian H (g, p, , s) takes the form

OH

q= 8—p(qap,7¥5),
. oH
p= —8—q(q,p,r,8),
=0,
oH

0 = E(qujrj 3)7

where the third line of equations correspond to conserved quantities
(any function of r is conserved), and the fourth line of equations rep-
resent the algebraic constraints which are present in the system. Note

multi-port description of a passive linear circuit, where it is known that, although
it is not always possible to describe the port as an admittance or as an impedance,
it is possible to describe it as a hybrid admittance/impedance transfer matrix, for a
suitable selection of input voltages and currents and complementary output currents
and voltages[Belevitch/ (1968).
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that if this last set of equations can be solved for s = s(g,p,r) as a
function of the remaining variables, then the system can be reduced
to the unconstrained canonical equations
. 0H ( )
= —=\4p,Tr),
q ap q,p

L om
p= g q,p,7),

=0,

for the Hamiltonian H(q,p,r) := H(q,p,r, s(q,p,r). More about elim-
ination of algebraic constraints in port-Hamiltonian systems can be
found invan der Schaft| (2013); see also Chapter[8l

5.5 Spinor representation

We close this chapter by briefly outlining a recently proposed spinor
representation of a Dirac structure in Maks!| (2010). The spinor con-
cept has been discovered by Cartan in 1913 and the combined theory
of spinors and Clifford algebras has played an important role in math-
ematical physics since Pauli and Dirac presented their equations of the
electron in quantum mechanics in 1927 and 1928, respectively.

Let W be a real vector space of suitable dimension equipped with a
non-gegenerate quadratic form Q). There exists a well-established the-
ory of the so-called Clifford algebra CI(W, Q) associated to (W, Q),
which is closely connected to the existence of a spinor space S
of (W, Q). Without going into the details of the Clifford algebra
Cl(W, @), the main idea is to represent WV as a linear space of oper-
ators that act on S in the following way. Let p : W — End(S), with
End(S) (endomorphisms of S) denoting the set of linear operators on
S, be a linear mapping subject to the condition p?(w) = Q(w)1, for
each w € WH. Then, the elements of S are called spinors.

Now, focussing on the particular structure W = F x £, with £ =
F*, and denoting the elements of W as (f,e), with f € Fande € £

Here ‘1’ should be understood as the identity operator. Note that p?(w) = Q(w)1
is often replace by the less formal condition w? = Q(w), where p(w) is simply identi-
fied with w and Q(w) is understood to mean Q(w)1.
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as before, the quadratic form () associated to the bilinear form <, >
is given by
Q(f.e)) =<fle>.

A well-known model for a spinor space is the exterior algebra of the
dual of F,ie., S = AE.

Definition 5.1. The (linear) action of WW = F x £ on the spinor space
NE is defined by

p((f,e)s = iss+ens,

for each s € A, i.e., by the sum of the interior product ifs and the
exterior product e A s by the flows f and efforts e, respectively.

Consider a port-Hamiltonian system without energy-dissipation
satisfying

(—i, %—Ij(m), fp, €p> e D. (53)

According to Definition 5.1} the spinor representation of D is associ-
ated to the vector space F x £ =T, X x T; X x Fp x Ep, and naturally
translates (5.3) in the language of spinors into the algebraic identity

OH

i(—i,fp)S + (E(x), ep) As=0, (5.4)

The strength of the representation (5.4) is that it contains all the rel-
evant information of the port-Hamiltonian system in a single alge-
braic identity, namely the flows (-, fp), the efforts (%—I;(m), ep), and
the spinor s encoding the interconnection structure of the system. For
a more detailed exposition, references to Clifford algebra and exte-
rior calculus, and some illustrative examples, the reader is referred to
Maks! (2010).
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Interconnection of port-Hamiltonian systems

Crucial feature of network modeling is ‘interconnectivity” or ‘compo-
sitionality’, meaning that complex, large-scale, systems can be built up
from simpler parts, and that certain properties of the complex system
can be studied in terms of its constituent parts and the way they are
interconnected. As we will see in this chapter, port-Hamiltonian sys-
tems completely fit within this paradigm, in the sense that the power-
conserving interconnection of port-Hamiltonian systems defines an-
other port-Hamiltonian system.

The theory underlying the compositionality of port-Hamiltonian
systems concerns the composition of Dirac structures. It will be shown
that the composition of Dirac structures through a number of pairs of
shared flow and effort variables leads to another Dirac structure, de-
fined in terms of the remaining flow and effort variables. Once this has
been shown, the rest of the story is easy: the Hamiltonian of the inter-
connected port-Hamiltonian system will be the sum of the Hamiltoni-
ans of its subsystems, while similarly the energy-dissipation relation
of the interconnected system is obtained as the union of the energy-
dissipating relations of the subsystems.
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f1 fa B /3

Da | . | Ds

€1 €A €B €3

Figure 6.1: The composition of D4 and Dp.

6.1 Composition of Dirac structures

Physically it is plausible that the interconnection of a number of
power-conserving elements is again power-conserving. We will show
how this can be formalized within the framework of Dirac structures,
and how this leads to the stronger statement that the composition of
Dirac structures defines a Dirac structure.

Without loss of generality we consider the composition of two
Dirac structures with partially shared variables. Once we have shown
that the composition of two Dirac structures is again a Dirac struc-
ture, it is immediate that the power-conserving interconnection of any
number of Dirac structures is again a Dirac structure. Thus consider a
Dirac structure Dy C Fi X Fa x & x & with & = Ff,i = 1,2, and
another Dirac structure Dp C Fa x F3 x & x &3, with & = F3. The
linear space 3 is the space of shared flow variables, and & = F3 the
space of shared effort variables; see Figure[6.1]

In order to compose D4 and Dp, a problem arises with regard to
the sign convention for the power flow corresponding to the power
variables (f2,e2) € Fo x &. Indeed, if we take the Conventior@ that
< e | f > denotes incoming power, then for

(fi,e1, fa,ea) € Da C Fi x & x Fa x &,

the term < e4 | fa > denotes the incoming power in D4 due to the
power variables (f4,e4) € F2 x &, while for

(fB.eB, f3,€3) € Dp C Fa x £y x F3 x &3,

the term < ep | fp > denotes the incoming power in Dp. Clearly, the
incoming power in D4 due to the power variables in 5 x & should

'In physics it seems more common to take the opposite sign convention: positive
power is outgoing. However, the same argument remains to hold.
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equal the outgoing power from Dpg. Thus we cannot simply equate the
flows f4 and fp and the efforts e4 and ep, but instead we define the
interconnection constraints as

fa=—fpeFs, es=epe€é. (6.1)

Therefore, the composition of the Dirac structures D4 and Dpg, denoted
Dy o Dp, is defined as

DjyoDp:= {(f17€17f3>€3) € Fix& x Fax & | Ifa,e2) € Fa x &
s.t. (fi,e1, f2,e2) € Dy and (—fa, €2, f3,€3) € DB}-

The next theorem is proved (in different ways) in (Cervera et al.
(2007); van der Schaft| (1999); Dalsmo & van der Schaft| (1999), and
Narajanan/ (2002).

Theorem 6.1. Let D4 C Fi x &1 X Fa x Eyand D C Fa X E9 X F3 x &3
be Dirac structures. Then Dy o Dg C F; x & X F3 x &3 is a Dirac
structure.

Furthermore, the following explicit expression can be given for
the composition of two Dirac structures in terms of their matrix ker-
nel/image representation; see Cervera et al.| (2007) for a proof.

Theorem 6.2. Let F;,i = 1,2, 3, be finite-dimensional linear spaces
with dim F; = n;. Consider Dirac structures D4 C F1 X &1 X Fo X &,,
ng=dimF; X Fo =nq +ng, D C Fa X E X F3 X E3, ng = dim Fy X
F3 = ng + ng, given by relaxed matrix kernel/image representations
(FA, EA) = ([Fl ‘ FQA], [El | EQA]), with F)y and F4 nfq X n 4 matrices,
n'y > na, respectively (Fp, Eg) = ([Fop | F3],[E2p | E3]), with Fp
and Ep n'y x np matrices, n’y > np. Define the (n/y +np) x 2ne matrix

M= (6.2)

Fyy  FEop
—Fp Esp |’

and let L4 and Lp be m x n/y, respectively m x n';, matrices (m :=
dim ker M), with

L=[La| Lg], kerL=imM. (6.3)
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Then,
F = |[LaF, | LpFs], E = |LaFE: | LpEs], (6.4)

is a relaxed matrix kernel/image representation of D4 o Dp.

Separable Dirac structures turn out to have the following special
compositional property (van der Schaft & Maschke! (2013)):

Proposition 6.1. LetDy C Faox& xFoxEyand Dg C FoxEyx F3xE3
be two separable Dirac structures given as

’DA:/CAX/CIJL“, DBZICBX/CE
where 4 C Fi; x F and Kp C F2 x F3 Define the composition

KaoKp= {(f17f3) € FixF|3f2€ P
s.t. (f1, f2) € Ka, (—f2, f3) € ICB}

Then the composition Dy o Dg is the separable Dirac structure

DyoDp = (KaoKp) x (KaoKp)t (6.5)

6.2 Interconnection of port-Hamiltonian systems

The composition theory of Dirac structures has the following con-
sequence for interconnection of port-Hamiltonian systems. Consider
k port-Hamiltonian systems with state spaces X;, Hamiltonians H;,
energy-dissipating relations R;, external port flow and effort spaces
F;i x &;, and Dirac structures D;, i = 1,..., k. Furthermore, consider
an interconnection Dirac structure

DiCF X XFpxXxE X xXEXFXE, (66)

with F x € the new space of external flow and effort port variables, cf.
Figure[6.2] Obviously, the direct product D; X - - - X Dy, is again a Dirac
structure on the resulting state space

X=X X X Ap.
Therefore by the theory of the previous section the subspace

D:= (D1 X+ xDy)oDy
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Figure 6.2: Interconnection of port-Hamiltonian systems.

is again a Dirac structure on X'.

As a result, the interconnection of the k port-Hamiltonian systems
through the interconnection Dirac structure D; defines another port-
Hamiltonian system with Dirac structure D, Hamiltonian H being the
sum

H:=Hy + -+ Hy,

and with resistive structure R being the direct product of the resistive
structures R;,% = 1,...,k. This is a key result in the theory of port-
Hamiltonian systems, allowing to build up complex port-Hamiltonian
systems models from simple ones.

Finally we mention that the theory of composition of Dirac struc-
tures and the interconnection of port-Hamiltonian systems can be also
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extended to infinite-dimensional Dirac structures and port-Hamiltonian
systems, see e.g. (Golol (2002); Villegas! (2007); Kurula et al.| (2010);
Jacob & Zwart| (2012). This implies that also distributed-parameter
port-Hamiltonian subsystems (cf. Chapter[14) can be included into the
overall port-Hamiltonian description.
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Port-Hamiltonian systems and passivity

Passivity is a fundamental property that constitutes a cornerstone
for major developments in systems and control theory; see Willems
(1972a,b); Hill & Moylan| (1976); van der Schaft| (2000), and the ref-
erences therein. For linear systems, passivity can be characterized in
the frequency-domain by the notion of a positive-real transfer func-
tion. In the time-domain, both for linear and nonlinear systems, pas-
sivity is characterized by a dissipation inequality Willems! (1972a),
which in the linear case reduces to a set of Linear Matrix Inequal-
ities (LMIs) Willems! (1972b), and in the nonlinear case to a set
of (in-)equalities usually referred to as the Hill-Moylan conditions
Hill & Moylan| (1976).

A system & = f(z,u), y = h(z,u), where z € X and u,y € R, is
called passive if there exists a differentiable storage function S : X — R
with S(x) > 0,z € X, satisfying the differential dissipation inequality

9 $((t)) < " (1)), 7.1)
along all solutions z(-) corresponding to input functions u(-). For
physical systems, the right-hand side u” 'y is usually interpreted as the
supplied power, and S(x) as the stored energy of the system when be-

75
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ing in state z. Furthermore, the system is called lossless if (ZI) holds
with equality. Hence, a passive system cannot store more energy than
it is supplied with, and in the lossless case the stored energy is exactly
equal to the supplied one.

Passivity is intimately related to (Lyapunov) stability. Indeed, if
S has a strict minimum at a certain state z*, then it follows from
(Z1) with v = 0 that z* is a equilibrium of the unforced dynamics
& = f(x,0) with Lyapunov function S(z); implying stability of the
equilibrium state z*.

The differential dissipation inequality (ZI) can be restated as

or's T
Ox

for all x,u. For affine nonlinear systems & = f(z) + g(z)u, y = h(x),

with ¢g(x) an n x m matrix, this is easily seen to reduce to

8_S
ox

ors

T @ (@) <0, h(x) = g" ()5 (x). (7.3)
An integral form of the differential dissipation inequality (ZI) is pro-

vided by

to
S(a(t) = S(ato)) < [ u" (), 7.4
1
for all time instants t; < tg, all states z(tp), and all input functions
u: [to, t1] — R™, where x(t1) denotes the state at time ¢; resulting from
initial state () at time ¢(. This integral form allows one to relax the
requirement of differentiability of S. Clearly (Z.I) implies (Z.4), while
if S is differentiable then conversely (Z.4) can be seen to imply (Z.1).
For port-Hamiltonian systems, passivity can be directly inferred
from the power-balance (2.27), and thus is a direct consequence of the
properties of the Dirac structure and the energy-dissipating relation.
Indeed, since by definition of the energy-dissipating relation, the term
ek fr is always less than or equal to zero, the power-balance (2.27) can

be written as

d
—H =cqfr+epfp<cpfr (7.5)
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Under the additional assumption that H is greater or equal than Zer,
the latter inequality implies that any port-Hamiltonian system is pas-
sive with respect to the port variables fp,ep and storage function H.
Furthermore, if e}, fr = 0, the system is lossless.

On the other hand, not every passive system is necessarily a port-
Hamiltonian system, as is illustrated by the following example.

Example 7.1. Consider the nonlinear system

xI9 —x2 1
y = xizs,
which is passive (in fact, it lossless) with storage function H (z1,x2) =

12%z3. However, it is readily observed that there does not exist a 2 x 2
matrix J(z1,z9) = —J7 (x1,22), with entries depending smoothly on

21 and o, such that
2
I T1x5
=J(x1,x .
l—$2‘| ( ! 2) ll‘%l‘2‘|

Indeed, such a J(z1, z2) will necessarily have a singularity at (0, 0).

In the next section we will we show that, under an extra condition,
any passive linear system
i = Az + Bu,
(7.6)
y = Cx + Du,

where A is an n X n matrix, B an n x m matrix, C' an m X n matrix,
and D an m x m matrix, can be written as a port-Hamiltonian system.

7.1 Linear port-Hamiltonian systems

Consider the linear version of the input-state-output port-
Hamiltonian system with feedthrough term (4.9)

& =[J — RjQz + [G — Plu,

y =[G+ P]TQ;r + [M + S]u, @7

"Note that it is sufficient to assume that H is bounded from below, i.e., H(x) > ¢, for
some real constant c. Then S(z) := H(x) — ¢ defines a storage function.
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where J = —JT is an n x n matrix and M = —M7 is an m x m matrix,
both reflecting the interconnection structure. The Hamiltonian of the
system is given by the quadratic function H(z) = 327 Qz, where Q =
QT is an n x n matrix referred to as the energy matrix. Furthermore,
R = RT is an n x n matrix and S = S7 is an m x m matrix, both
reflecting the linear resistive structure, and G and P are nxm matrices,
satisfying

>0 (7.8)

R P
pPT s

In particular, if P = 0, then the latter condition reduces to the condi-
tion that R > 0and S > 0.

Theorem 7.1. The following properties hold:

1. If the system (7.6) is passive, with quadratic storage function
%xTQa:, satisfying () > 0, andd ker Q C ker A, then it allows a port-
Hamiltonian representation of the form (7.7).

2.1If @ > 0, then the port-Hamiltonian system (Z.7) is passive.

Proof. Because of the condition ker ) C ker 4, it follows from linear
algebra that there exists a matrix ¥ such that

A B| Jle o
4 )osfe ] 7o

In fact, if > 0 then such a X is uniquely defined as

_[4aQt B
SPl [_CQ_I _D].

Passivity of the system (Z.6), with quadratic storage function 327 Qz,
amounts to the differential dissipation inequality 27 Qi < uTy, for all
x and u. Substituting © = Ax + Bu and y = Cx + Du, and making use
of (Z.9), the differential dissipation inequality can be rewritten as

a9 =[S 7] <o

“Note that the condition ker Q C ker A is automatically satisfied if @ > 0.
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for all  and u, or equivalently

l% ? (z+zT)l%2 Hgo.

It follows from linear algebra that we can choose ¥ satisfying (7.9) in
such a way that ¥ + »7 < 0.Hence, if wewrite X =J — R, J = —J7,
and R = RT, then R > 0. Now, denote

J oG] s_[rR P
—GT —Mm| T |PT 5|

with J = —JT, M = —M”, R = RT,and S = ST, then (7.6) can be

written as [_ﬂ:q_& _(J;\A‘[Ji J;Dﬁm]

which readily can be seen to coincide with (Z.7).

Secondly, to prove that linear port-Hamiltonian systems (Z7) are
passive with storage function H(z) = 327Qz, with @ > 0, we need
to show that, along the trajectories of (7.7), the differential dissipation
inequality (Z.I) holds. Indeed, using skew-symmetry of .J and M, and
the condition (Z.8)), we obtain

d
—H =—-2"QRQz + y"u — u' Su — 22T QPu

dt
-l [ ] [

J =

+yTu <ylu.

7.2 Available and required storage

Although using the Hamiltonian H as a storage function may suggest
that the storage function is unique, we know from Willems' (1972a,b)
that generally a passive system admits infinitely many possible storage
functions. First of all, let us define the non-negative function

Sa(z) = sup — /T ul (t)y(t)dt (7.10)
L
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for z(0) = x. It can be shown Willems| (1972a); van der Schaft! (2000),
that the system is passive if and only if the function S, is well-defined
for all z € X, that is, the righthand side of (Z.10) is finite for all z € X.
It is easy to see, cf. van der Schaft| (2000), that, whenever the system
is reachable from a certain state z*, the function S, is well-defined (and
thus the system is passive) if and only if S, (z*) < occ.

The quantity S,(x) represents the maximal amount of energy that
can be extracted from the system starting from the initial state z(0) =
x, and is therefore called the available storage. Moreovet, it is the smallest
of all possible storage functions: S,(z) < S(z),z € X, for all other
storage functions S.

Furthermore, if we assume that the system is reachable from a cer-
tain state 2* then there exists a largest storage function in the following
sense. Define the expression

0

S,(z) = inf — / u® (t)y(t)dt, (7.11)
LV

where z(—7) = z* and z(0) = . Then it follows from the assumed

passivity of the system that there exists a constant x > —oo such that

Sy(x) > K, and such that the function S, (z) — x defines a storage func-

tion. Moreover, for any storage function S it holds that
S(x) < 5 (x) + 5(27),

and S, (z) + S(z*) is a storage function.

The quantity S, (x) represents the required supply to reach z att =0
starting from z*. For lossless systems it can be shown that S, = S;,
and thus that storage functions are unigue up to a positive constant.

Example 7.2. Consider a port-Hamiltonian input-state-output sys-
tem

b= [J(x) - R(x)]%—g(w) + g(2)u,
y = gT(w)g—Z(J«“%

with R(x) > 0 and H(z) > 0 for all z. The system is passive with stor-
age function given by its Hamiltonian H. Let H (x) be another storage
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function. Then usually (see however the possible obstructions indi-
cated in Example [Z)) there exist matrices .J(z) and R(z) such that

OH - . OH
%(w) = [J(z) - R(w)]%(w)-

Hence, the system is port-Hamiltonian with respect to a different
Hamiltonian and a different Dirac structure and energy-dissipating re-
lation specified by J and R.

[J(z) = R(x)]

7.3 Shifted port-Hamiltonian systems and passivity

Consider a port-Hamiltonian system given by a Dirac structure (see
Chapter[2)

DCT,XXT;X xFrxErXFpxEp,

aresistive structure R C Fr x €g, and a Hamiltonian H : X — R, with
resulting dynamics (2.28). Let us assume that both the Dirac structure
D and the resistive structure R are constant; that is, not depending
on z. Furthermore, assume that the resistive structure R is linear (see
Chapter ).

Consider now the situation of a steady-state *, corresponding to
steady-state values f5,e%, fp, ep, ie.,

OH . . .o o o .
<0,%(l’ )7fR76R7fP76P> ED, (fR,eR) ER (712)
Then, by using the linearity of D and R, we can subtract (Z.12) from
2.28), so as to obtain

(= 0, 5 00) = G @) Sn(0) — s en(t) = e

X

fp(t) — fpep(t) — €*P> €D, (7.13)

(fr(t) — fr,er(t) —ep) € R.

This defines a shifted port-Hamiltonian system as follows. Define as in
Jayawardhana et al.| (2007) the shifted Hamiltonian corresponding to
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the steady-state 2* adl
: roH

H(z):=H(x) — (x — z¥) pe (z*) — H(z"), (7.14)
then we observe that
OH OH oH , |,
8—33(96) = 8—33(96) - 8—33(33 )-

Theorem 7.2. Consider a port-Hamiltonian system with constant
Dirac structure D and constant linear resistive structure R. Further-
more, assume the existence of a steady-state 2* satisfying (Z.12)). Then,
by defining the shifted Hamiltonian (Z.14), we have obtained a port-
Hamiltonian system (Z13) with the same state space X, same Dirac
structure D and resistive structure R, but with shifted Hamiltonian A
and shifted external port variables fp — f5,ep — ep.

Corollary 7.3. Assume additionally that the Hamiltonian H is convex.
Then the shifted port-Hamiltonian system (7.13)) with shifted Hamil-
tonian H is passive with respect to the shifted external port variables
fp— fp,ep —ep.

Proof. By convexity of H the shifted Hamiltonian H has a minimum
at 2*, and thus the shifted port-Hamiltonian system is passive with

respectto (fp — fp,ep —ep). n

In Chapter O we will further generalize the idea of shifted port-
Hamiltonian systems and shifted passivity by exploiting the concept
of (maximal) monotone relations.

’In thermodynamics this is called the awailability function, cf. Kennan| (1951). In
convex analysis it is also known as the Bregman function, cf.|Biirger et al.| (2013).
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Conserved quantities and algebraic
constraints

In Chapter [/]it is shown that passivity is a key property for stability
analysis since the Hamiltonian H may serve as a Lyapunov function.
Indeed, from (Z.1) it is readily observed that for an autonomous port-
Hamiltonian system, with dynamics specified by

OH
<—j}7%(l’),fR7€R) S D (81)
and (fr,er) € R, the power-balance reduces to

d
H =crfr<0, (82)

which implies that if H(z*) = 0 and H(x) > 0, for every x # z*, then
z* is a stable equilibrium However, the point where the Hamiltonian
is minimal (which typically coincides with the zero state) is often not
the one of practical interest for set-point regulation, in which case the
Hamiltonian alone can not be employed as a Lyapunov function.

'The equilibrium z* is asymptotically stable if the dissipation term e} fr < 0
for all © # z*, or alternatively if a detectability condition is satisfied, guaranteeing
asymptotic stability by the use of LaSalle’s Invariance principle.

83
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8.1 Casimirs of conservative port-Hamiltonian systems

A well-known approach in Hamiltonian systems, see e.g.
Marsden & Ratiu| (1999), is to consider, next to the Hamiltonian
function, additional conserved quantities which may be present in
the system. For, consider functions C' : X — R such that %C’ =0
(dynamical invariance) along the trajectories of the system. The main
idea then is to search for functions C such that V' := H + C has a
minimum at the equilibrium z*, and, consequently, that we are able
to infer (asymptotic) stability by replacing (8.2) with

SV =chin<o,

using V' as a Lyapunov function.

Functions that are conserved quantities of the system for every
Hamiltonian are called Casimir functions or briefly Casimirs. Casimirs
are completely characterized by the Dirac structure D. Indeed, for
every port-Hamiltonian system without energy-dissipation and ex-
ternal ports, and with specified dynamics ( — 4,22 (z)) € D, the
function C : X — R is a Casimir if and only if the gradient vector
e = %—g(a:) satisfies e’ fg = 0, for all fg for which there exists eg such
that (fs,es) € D, or, equivalently,

T T
G0= 2 et = - Lo @ ss = —Ts =0 (83)
By the property D = D" of the Dirac structure D, this is readily seen
to be equivalent to the requirement that e = %—g(az) satisfies (0,¢e) € D.

Example 8.1. For any Hamiltonian dynamics

b = J(@) P (@),
with J(z) = —JT(z), the corresponding Casimirs are solutions to the
set of PDE’s -

o' C

The well-known Casimir for the spinning rigid body of Example 3.1]
is the total angular momentum p? + pf, + p?, whose vector of partial
derivatives is in the kernel of the matrix J(p) of (3.I).
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8.2 Linear resistive structures and the dissipation obsta-
cle

Similarly, a Casimir for a port-Hamiltonian system (8.I) with linear
resistive structure R, cf. ChapterH] is defined as a function C : X — R
satisfying

(o, ‘Z—S(m),o,o> eD. (8.4)
Indeed, for every port-Hamiltonian system with the same Dirac struc-
ture this implies the identity (8.3). Although the above definition of
a Casimir function suggests to hold only for a specific linear resistive
structure Ry fr + Rc.egp = 0, where the square matrices Ry and R, sat-
isfy the condition RyR! = R.RT > 0, together with rank[R; | R.] =
dimfg, it can be shown Pasumdarthy & van der Schaft! (2007) that a
conserved quantity for one resistive relation actually is a conserved
quantity for all linear resistive structures.

The fact that a Casimir for one linear resistive structure is a
Casimir for all linear resistive structures is closely related to the so-
called dissipation obstacle for the existence of Casimir functions in the
case of input-state-output port-Hamiltonian systems. Indeed, for au-
tonomous systems of the form

i = () ~ B@)] S (@),

with J(z) = —J7(z), R(z) = RT(x), and R(x) > 0 for all z € X, the
corresponding Casimirs are solutions to the set of PDE’s

T
C @) ()~ R() = 0.

Multiplying from the right by %—g(az)), and using skew-symmetry of
J(x) and positive semi-definiteness of R(x), this is seen to be equiva-
lent to o o

8—x(aj)R(ac) =0, E(w)J(aj) = 0.
Hence, Casimirs are necessarily independent of those state-space co-
ordinates that are directly affected by physical damping. We come

back to the dissipation obstacle in Chapter (15|
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8.3 Algebraic constraints

Algebraic constraints on the state variables are to a large extent de-
termined by the Dirac structure. Indeed, let us first consider a port-
Hamiltonian system without external and resistive ports, described
by a Dirac structure D and a Hamiltonian H. Define for every z € X
the subspace

Pp(z) :={a € T;X | 3X € T, X such that (o, X) € D(z)}.

(This defines a co-distribution on the manifold X'.) Then the definition
of the port-Hamiltonian system implies that

oH
Ox
In general, this imposes algebraic constraints on the state variables x €

X. For example, if the Dirac structure is given in image representation
(see Chapter[§) as

(a:) € Pp (SL‘)

D(x) = {(X,a) € T,X x T X | X = ET(2)\,a = FT(z)\},

then it follows that

H .
%(aj) € im FT(z),

which leads in general (depending on the Hamiltonian H) to algebraic
constraints on the state variables x. Similarly, if the Dirac structure is
given in constrained input-output form (5.2) then the algebraic con-

straints are given as
GT(az)aa—Z(m) = 0.

The resulting dynamics is thus a combination of differential and
algebraic equations, called port-Hamiltonian differential equations
(DAEs).

In the case of resistive and/or external ports, the algebraic con-
straints on the state variables z may also depend on the resistive
and/or external port variables. A special case arises for resistive ports.

Consider a Dirac structure

{(X,Oé, fR,eR) S D(SL‘) C TmX X T;X X fR X SR},
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with the resistive flow and effort variables satisfying a relation

R(fR, eR) =0.
Then, the gradient of the Hamiltonian has to satisfy the condition
H
887(%) S {a S T;X ‘ dX, fr,er € T, X X Fr X ER

such that (X, «, fr,er) € D(x), R(fr,er) = 0}.

Depending on the resistive relation R(fr,er) = 0, this may again in-
duce algebraic constraints on the state variables x.

8.4 Elimination of algebraic constraints

An important problem concerns the possibility to solve for the alge-
braic constraints of a port-Hamiltonian differential-algebraic system.
We will focus on the case that the Dirac structure is given in con-
strained input-output form (5.2) and thus the algebraic constraints are
explicitly given as

oH

G (@) 5 () = 0. (8.5)

The precise way this will constrain the state variables = depends on
G(x) as well as on the properties of the Hamiltonian H. For exam-
ple, if the Hamiltonian H is such that its gradient 22 (z) happens to
be contained in the kernel of the matrix G (z) for all z, then the al-
gebraic constraints (8.5) are automatically satisfied, and actually the
state variables are not constrained at all.

In general, under constant rank assumptions, the set

0H
Xe:={reX| GT(az)a—(az) =0}
x

will define a submanifold of the total state space X, called the con-
strained state space. In order that this constrained state space qualifies
as the state space for a port-Hamiltonian system without further alge-
braic constraints, one needs to be able to restrict the dynamics of the
port-Hamiltonian system to the constrained state space. This is always
possible under the condition that the matrix
O°H

¢ @ G

()G (x) (8.6)
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has full rank. Indeed, in this case the differentiated constraint equation

2

(with x denoting unspecified terms) can be uniquely solved for A, lead-
ing to a uniquely defined dynamics on the constrained state space X..
Hence the set of consistent states for the port-Hamiltonian differential-
algebraic system (the set of initial conditions for which the system has
a unique ordinary solution) is equal to the constrained state space ..
Using terminology from the theory of DAEs, the condition that the
matrix in (8.6) has full rank ensures that the index of the DAEs speci-
fied by the port-Hamiltonian system is equal to one. This can be sum-
marized as

Proposition 8.1. Consider the port-Hamiltonian differential-
algebraic system represented as in (5.2), with algebraic constraints
GT(a:)%—f(a:) = 0. Suppose that the matrix GT(a:)a;?H(a:)G(x) has full
rank for all z € X.. Then the system has index one, and the set of
consistent states is equal to &.

If the matrix in (8.6) does not have full rank, then the index of
the port-Hamiltonian differential-algebraic system will be larger than
one, and it will be necessary to further constrain the space X. by
considering apart from the “primary’ algebraic constraints (8.5), also
their (repeated) time-derivatives (called secondary constraints). We re-
fer to van der Schaft! (1987); INijmeijer & van der Schaft| (1990) for a
detailed treatment and conditions for reducing the port-Hamiltonian
DAE system to a system without algebraic constraints in case J(z) cor-
responds to a symplectic structure. For the linear case, and the relation
with the theory of matrix pencils seevan der Schaft! (2013).

A particular elegant representation of the algebraic constraints
arises from the canonical coordinate representation. We will only consider
the case of a system without energy-dissipation and external ports. If
the Dirac structure D on the state space manifold is integrable, cf. Chap-
ter 3] then there exist local coordinates = (¢, p,r, s) for X in which
the system (without energy-dissipation and external ports) takes the
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form
. OH
q= 8—p(q,p, 7, 8)
. oH
p=— 8—q(q,pm s) 8.7)
P =0
OH

0 :E(quj T, S)

Hence the Casimirs are all state functions only depending on r, while

the algebraic constraints take the simple form 92 = 0.

The condition that the matrix in (8.6) has full rank is in the canoni-
cal coordinate representation equivalent to the partial Hessian matrix
%ng being invertible. Solving, by the Implicit Function theorem, the
algebraic constraints %—Ij = 0 for s as a function s(q, p,r) reduces the

DAEs (8.7) to the ODEs

= 0. pm)
0=, (@p

OH 8.8
p==7-(6p7) 68)
=0

where H(q,p,r) :== H(q,p, 7, s(q, p, 7).
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Incrementally port-Hamiltonian systems

Recall the definition of a port-Hamiltonian system, cf. Chapter 2l It
is defined by a Dirac structure D C Fg x £s x Fp x Ep X Fr X &R,
where the flow and effort variables (fr,er) € Fr x g are terminated
by an energy-dissipating relation (resistive structure) R C Fr x &g
satisfying the property

ek fr < 0forall (fg,er) € R.

It follows that the composition of the Dirac structure D with the resis-
tive structure R, defined as

DoR :={(fs,es, fr,ep) € F)S x Es x Fp X Ep |
3(fr.er) € Rs.t. (fs,es, fp.ep, fr,er) € D}
satisfies the property
ehfs+epfp=—chfr >0, (9.1)

forall (fs,es, fp,ep) € DoR.
Hence a more general viewpoint on port-Hamiltonian systems is
not to distinguish between the Dirac structure D and the resistive

91
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structure R, but instead to start from a general (nonlinear) relation
N :={(fs,es, fp,ep) € Fs x Es x Fp x Ep}
having the property that
esfs+epfp >0, 9.2)

for all (fs,es, fp,ep) € N. Thus N combines the Dirac structure D and
the resistive structure R into a single object.

This leads to two interesting new directions. The first one is the
theory of incrementally port-Hamiltonian systems, as will be explored in
the present chapter based on (Camlibel & van der Schaft! (2013). The
second is the connection of port-Hamiltonian systems with pseudo-
gradient systems (generalizing the Brayton-Moser equations for elec-
trical circuits), as will be discussed in Chapter[I1l

Remark 9.1. Since in the definition of /' no explicit assumption re-
garding the linearity of the power-conserving interconnection struc-
ture D is made anymore, this also has a potential towards the model-
ing of systems where the assumption of linearity appears to be a stum-
bling block, as in thermodynamical systems, cf. Eberard et al.| (2007).

9.1 Incrementally port-Hamiltonian systems

The basic idea of the definition of incrementally port-Hamiltonian sys-
tems is to replace the composition N of a constant Dirac structure D on
a linear state space X’ and a resistive structure R by a maximal monotone
relation M, cf. Rockafellar & Wets| (1998).

Definition 9.1. Let F be a linear space; in the sequel always assumed
to be finite-dimensional. A relation M C F x &, with £ = F*, is said
to be monotone if

(Ul - vg)T(ul — ’LLQ) Z 0, (93)

for all (u;,v;) € M withi € {1,2}. It is called maximal monotone if it is
monotone and the implication

M'is monotoneand M c M' = M =M (9.4)
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holds.
Furthermore, consider a maximal monotone relation

M C FgxEgx FpxEp,

and a Hamiltonian H : X — R, where X = Fg is the linear state
space. Then the dynamics of the corresponding incrementally port-
Hamiltonian system is defined as

(—a'c(t), %—Z(m(zﬁ)), fp(t),ep(t)> EM, teR 9.5)

It follows that the dynamics of incrementally port-Hamiltonian
systems are characterized by the satisfaction of the inequality
oTH OH t :
(a—xm“” -G @a(t) (Er(0) - &a(0) o6
< (ep(t) = ep (1)) (fp(t) — f3(1))
along all trajectories

(a0, S @), (0 plt)) € M. i€ {1,2),

What is the exact relation between port-Hamiltonian systems and
incrementally port-Hamiltonian systems ? If the Dirac structure D is
a constant Dirac structure on a linear state space, and furthermore
the port-Hamiltonian system has no resistive structure (and thus is
conservative), then the system is also incrementally port-Hamiltonian.
This follows from the following proposition.

Proposition 9.1. Every constant Dirac structure D C F x £ is maxi-
mal monotone.

Proof. Let (f;,e;) € Dwithi=1,2.Since el f = 0forall (f,e) € D, we
obtain

(e1 —e2)"(f1 — fo) = 0.
Therefore, D is monotone on F x €. Let D’ be a monotone relation
on F x & such that D C D'. Let (f',¢’) € D' and (f,e) € D. Since
D’ is monotone, D C D', and since D is a subspace, we have 0 <
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(¢ —ae)T(f'—af) =T f'—a(eT f+el f) for any a € R. This means
that

e/Tf—l-eTf, =0,
and hence (f’,¢’) € DY = D. Therefore, we get D’ C D. Since the
reverse inclusion already holds, we obtain D’ = D. Consequently, D is
maximal monotone. [

On the other hand, not every maximal monotone relation is a
Dirac structure, even if we restrict attention to maximal monotone re-
lations M satisfying the additional property e’ f = 0 for all (f,e) €
M (no energy-dissipation), since maximal monotone relations need
not be linear. We conclude that in the conservative case every port-
Hamiltonian system is incrementally port-Hamiltonian, but not the
other way around.

In the non-conservative case, the relation between port-
Hamiltonian systems and incrementally port-Hamiltonian systems is
less simple, as can be seen from the following examples.

Example 9.1 (Mechanical systems with friction). Consider a mechan-
ical system with standard kinetic energy and arbitrary potential en-
ergy, subject to friction. The friction characteristic corresponds to a
constitutive relation between certain port variables fr, er. Assume for
simplicity that fr,er are scalar variables, i.e., consider a single fric-
tion component with velocity fr and friction force —eg. In the case
of linear friction —er = dfg with d > 0, the resulting system is both
port-Hamiltonian and incrementally port-Hamiltonian. In the case of
a friction characteristic
—er = F(fr),

the system will be port-Hamiltonian if the graph of the function F is
in the first and third quadrant. On the other hand, it will be incremen-
tally port-Hamiltonian if the relation is the function F' is a monoton-
ically non-decreasing function. For example, the Stribeck friction char-
acteristic defines a port-Hamiltonian system, but not an incrementally
port-Hamiltonian system.

Example 9.2 (Circuit with tunnel diode). Consider an electrical LC-
circuit (possibly with nonlinear capacitors and inductors) together
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with a resistor corresponding to an electrical port fr = —I,er =V
(current and voltage). For a linear resistor (conductor) I = GV,G >
0, the system is both port-Hamiltonian and incrementally port-
Hamiltonian. For a nonlinear conductor I = G(V') the system is port-
Hamiltonian if the graph of the function G is in the first and third quad-
rant while incrementally port-Hamiltonian if G is monotonically non-
decreasing. For example, a tunnel diode characteristic

=3V —Vy)+ I,

for certain positive constants Vg, Iy, and a function ®(z) = ~z3 —

az,a,y > 0, defines a system which is port-Hamiltonian but not in-
crementally port-Hamiltonian.

Example 9.3 (Sources). Physical systems with constant sources are
not port-Hamiltonian in the sense of a port-Hamiltonian system with-
out external ports, but typically are incrementally port-Hamiltonian.
Consider any nonlinear LC-circuit with passive resistors and constant
voltage and/or current sources, or any arbitrary mechanical system
with passive dampers and constant actuation: all are incrementally
port-Hamiltonian but not a port-Hamiltonian system without exter-
nal ports.

Note that physical systems with constant sources often can be
also modeled as shifted port-Hamiltonian systems, cf. Chapter[Zl Fur-
thermore, in Maschke et al.| (2000) it is discussed how systems with
constant sources can be represented as the interconnection of a port-
Hamiltonian system with a port-Hamiltonian source system (having a
linear Hamiltonian which is not bounded from below, and therefore
not a passive system).

Example[9.3|can be further generalized and formalized as follows.
Consider a port-Hamiltonian system of the form

i J(az)%—f(m) + gr(@)fr + 9(2) fp,
en = () 2 (@), ©7)

er = 9" () P (2),
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where J(z) = —JT (z) and the port-variables — fg, e g belong to a max-
imally monotone relation Mg, i.e., a maximal relation with the prop-
erty

(er1 —er2) (fr1 — fr2) <0, (9.8)

for all (fri,eri) € Mg withi € {1,2}.
Clearly for any constant vector ¢ the subspace

C:={(fp,epr) | fr=c} 9.9)

is also a maximal monotone relation. It follows that the product
Mp x C is again a maximal monotone relation, and that the sys-
tem (9.7) for any constant input fp = c is an incrementally port-
Hamiltonian system.

9.2 Connections with incremental and differential passiv-
ity

The notion of incrementally port-Hamiltonian systems is related to
incremental passivity and the recently introduced notion of differential
passivity. These relations are clear if the Hamiltonian is quadratic and
nonnegative, i.e., H(z) = 327 Qz for some symmetric positive definite
matrix Q. In this case, the inequality (9.6) is equivalent to

DL ) = 22(6)T Qs (t) — 22(1))

dt 2
< (ep(t) — b)) (fp(t) — fR(2))-

This property readily implies that incrementally port-Hamiltonian
systems with nonnegative quadratic Hamiltonian as above are both
incrementally passive and differentially passive.

Indeed, recall Desoer & Vidyasagar! (1975); Pavlov et al.! (2004);
Angelil (2000) thata system & = f(z,u),y = h(z,u) withz € R", u,y €
R™ is called incrementally passive if there exists a nonnegative function
V :R" x R" — R such that

DV ) < (o1 — ) (3~ 12), .10
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for all (z;,u;,yi),i = 1,2 satisfying & = f(z,u),y = h(x,u). Taking
u=fp,y=ep

V(l‘l,l‘Q) = —(1‘1 — I‘Q)TQ(l‘l — 1‘2).

2

we immediately obtain the following result.

Proposition 9.2. An incrementally port-Hamiltonian system with a
quadratic Hamiltonian H(z) = {27Qz with Q > 0 is incrementally
passive.

Recall furthermore from Forni & Sepulchre! (2013); van der Schaft
(2013) the following definition of differential passivity.

Definition 9.2. Consider a nonlinear control system ¥ with state
space X, affine in the inputs u, and with an equal number of outputs
Yy, given as

i=1 9.11)

The variational system along any input-state-output trajectory t €
[0,T] — (z(t),u(t),y(t)) is given by the following time-varying sys-
tem,

3 (1) = 3L (a(t) Z@—” SO0
+ Z Su;jg;(x(t)), (9.12)
53 (0) = T @()sale), G=1,enm,

with state dx € R", where du = (duy, ..., du,,) denote the inputs of
the variational system and dy = (dy1, ..., dyn) the outputs. Then the
system (O.11)) is called differentially passive if the system together with
all its variational systems is passive with respect to the supply rate
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(6u)T' 8y, i.e., if there exists a function P : TX — R (called the differ-
ential storage function) satisfying

b < (5u)Tsy, (9.13)
dt
for all x, u, du.

The following proposition readily follows, cf. van der Schaft
(2013).

Proposition 9.3. An incrementally port-Hamiltonian system with
quadratic Hamiltonian H(z) = 27 Qz with Q > 0 is differentially
passive.

Proof. Consider the infinitesimal version of (9.6). In fact, let (f}, eh, z1)
and (f3,e%,z2) be two triples of system trajectories arbitrarily near
each other. Taking the limit we deduce from (0.6)

rO*H

02
where 0z denotes the variational state, and dfp, 0ep the variational
inputs and outputs). If the Hamiltonian H is a quadratic function
H(z) = $27Qx then the left-hand side of the inequality (9.14) is equal
to £1(92)TQ0z, and hence amounts to the differential dissipativity
inequality

(02)T S (2)04 < (9ep)T O fp, 9.14)

a1l

= (00)7 Q0 < (dep) o, 9.15)
implying that the incrementally port-Hamiltonian system is differen-
tially passive, with differential storage function 3 (9z)7 Q0. n

9.3 Composition of maximal monotone relations

A cornerstone of port-Hamiltonian systems theory is the fact that the
power-conserving interconnection of port-Hamiltonian systems de-
fines again a port-Hamiltonian system, cf. Chapter[6l As we have seen
this is based on the fact that the composition of Dirac structures is
again a Dirac structure. In the present section we will show that the
same property holds for incrementally port-Hamiltonian systems, but
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now based on the fact that the composition of maximal monotone re-
lations is again maximal monotone.

Consider two maximal monotonous relations M, C F, x F, X
Vo % Vi, with typical element denoted by (fq, €4, vq,w,) and M; C
Fp x Fy x Vy x V§, with typical element denoted by (f3, ey, v, wp),
where V, =V, =V, and thus V} = V; = V* (shared flow and effort
variables). Define as before the composition of M, and M, denoted as
Mg o My, by

Mq 0 My :={(fas€as fose0) € Fu x Fi x Fy x Fi |
v eV,we Vst (fq,eq,v,w) € Fq X Fo XV XV,
(fb,eb,—v,w) € Fp % .Fg XV X V*}

Thus the composition of M, and M,, is obtained by imposing on the
vectors (fa, €as Va, Wa) € Mg and (fp, €p, vy, wp) € My the interconnec-
tion constraints
Vg = —Up, Wq = Wp, (916)
and looking at the resulting vectors (f,, €4, fp, €5) € Fo X Fo X Fp X Fy.
The main result of this section is that, whenever M, oM, satisfies a
technical condition, then the composition M, o M, is again a maximal
monotone relation. The key ingredient in the proof is the following
theorem from Rockafellar & Wets! (1998) [Ex. 12.46].

Theorem 9.1. Let M C F, x F; x Fg x Fj be maximal monotone.
Assume that the reduced relation (with €3 a constant vector)

M, = {(fonea) ‘ Elfﬁ s.t. (fa,€a7f57eﬁ = 6_5)} 9.17)

is such that there exists €, for which (€., €3) is in the relative interior
of the projection of M on the space of efforts {(eq,e3)}. Then M, is
maximal monotone.

This theorem can be applied to the situation at hand after applying

the following transformation. Define
Vg + U Vg —V
== 2, 2y 1= = b7 Yvs 20 €V

yv-— \/57’0’ \/5

Wp
= Yuw, 2w € V"

=, 2y
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By direct computation one obtains

<ywl — Yw2 ‘ Yol — yv2> + <Zu)1 — Zw?2 ‘ Zyl — Zv2>
= (Wa1 — Wa2 | Va1 — Va2) + (Wp1 — wp2 | Vp1 — Vp2)-
Theorem 9.2. Let M, C F, X FixV,xV}and My C Fy X Ff x Vp x Vyf
be maximal monotone relations where M, o M, is such that there
exists e, €, for which (ég, €, y, = 0, z,, = 0) is in the relative interior
of the projection of the direct sum M, ®M,,. Then M, 0M, is maximal
monotone.

Proof. 1t is evident that the direct sum M, & M, C F, x F; x V4 x
Vi x Fy x Fy x Vy x Vi of M, and M, defined by
Ma 5> Mb = {(faa €a, fb7 €p, Vg, Wq, Up, wb) |

(faaeayvaywa) S MIM (fbaebyvbawb) € Mb}

is a maximal monotone relation. By (9.I8) we deduce that M, ®
My is also maximal monotone with respect to the coordinates
(far€as [oy €6y Yo, Yws 205 2w)- 1t now follows from Theorem O.1] (with
eg = (Yv, zw)) that M, o My, is maximal monotone. n

(9.18)

Remark 9.2. The same reasoning provides an alternative proof of the
fact that the composition of two Dirac structures is a Dirac structure.

Corollary 9.3. Consider two incrementally port-Hamiltonian sys-
tems ¥, and X, with external port variables respectively (f3,e%) €
V x V* and (f%,¢e5) € V x V*, and with Hamiltonians respectively
H, and H,, interconnected by the power-conserving interconnection
constraints
fetrfo+rfp=0, eb=cb=cp.

Then the interconnected system is incrementally port-Hamiltonian
with total Hamiltonian H, + Hj and external port variables fp,ep.

Corollary 9.4. Let the Dirac structure D be constant, and the resis-
tive structure R be maximal monotone. Then the composition Do R is
maximal monotone. Hence any port-Hamiltonian system with a con-
stant Dirac structure and maximal monotone resistive structure R is
also incrementally port-Hamiltonian.
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Input-output Hamiltonian systems

In this chapter we discuss the relationships between port-Hamiltonian
systems and input-output Hamiltonian systems, as initiated in the
groundbreaking paper Brockett! (1977), and further explored in
e.g. van der Schaft| (1984, (19824 b); ICrouch & van der Schaft| (1987);
Nijmeijer & van der Schaft! (1990). Furthermore, we will see that
in the linear case that input-output Hamiltonian systems are
very close to systems with negative-imaginary transfer matrices
Lanzon & Petersen! (2008, 2010) and in the nonlinear case to systems
with counterclockwise input-output dynamics Angelil (2006). This chap-
ter is partly based onivan der Schaft! (2011)

10.1 Input-output Hamiltonian systems with dissipation

Consider a standard input-state-output port-Hamiltonian system (for
simplicity without feedthrough term), cf. eqn. (4.10)

z=[J(z)— R(m)]%—f(m) +g(z)u, v € X,u e R™
. (10.1)
y:gT(.’L‘)—({L’), yERm7

ox
101
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where the n x n matrices J(z), R(z) depend smoothly on = and satisfy
J(z) = —J(z), R(z) = RT(x) > 0. (10.2)

Now suppose that the input matrix g(x) satisfies an integrability condi-
tio, in the sense that there exists a mapping C : X — R™ such that?

T
o(w) = ~1J(@) — R@) %

Then the system equations can be rewritten as

T
b= [J(x) - R(z)] (aﬂ () - aiu«)u) ,

(2). (10.3)

oz Oz
ocT  \' oH
v= (Wu«)) (@) + R@) 5 (@)
This suggests to define the new output vector z = C(z) € R™, leading
to the following system definition.

Definition 10.1. A system, with local coordinates z = (z1,--- , x,) for
some n-dimensional state space manifold X, given by

T
b = [J(2) — R(2) (%—Z(az) - %mu) e R,

z=C(z), y e R™,

(10.4)

where the n x n matrices J(z) and R(z) depend smoothly on = and
satisfy
J(x) = —J"(v), R(z) = R"(x) > 0, (10.5)

is called an affine input-output Hamiltonian system with dissipation
(briefly, affine IOHD system), with Hamiltonian H : X — R, and out-
put mapping C' : X — R™.

"Notice that this amounts to assuming that each input vector field g; is a Hamil-
tonian/gradient vector field with respect to the function C; and the mixed geometric
structure defined by J(z) — R(z), sometimes called a Leibniz structure Morrison
(1986);Ortega & Planas-Bielsal (2004).

?For a mapping C' : R™ — R™ we denote by ag': (z) the n X m matrix whose j-th
column consists of the partial derivatives of the j-th component function C;.
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Remark 10.1. The definition of an IOHD system as given above is
a generalization of the definition of an affine input-output Hamilto-
nian system as originally proposed in Brockett| (1977) and studied in
e.g. van der Schaft| (1984, [19824,b); Crouch & van der Schaft! (1987).
In fact, it reduces to this definition in case R = 0 and J defines a sym-
plectic form (in particular, has full rank). The components of the output
mapping C : X — R™ are called interaction Hamiltonians.

The new output z can be sometimes regarded as an integrated ver-
sion of the old output y. In fact,

~ (8cT \" OH acT
zZ= (W(l’o [J(z) — R(z)] [%(m) - %(l’)u ;

and thus if additionally the following conditions are satisfied

T T T T
(%%(@) R(z) =0, (%(@) J(a;)%(a;) —0,  (106)
then 2 = y.

Even if the conditions (10.6) do not hold, and thus 2 #y,
then 2 is still an output of a related input-state-output port-
Hamiltonian system. This follows from the following computation.
Since uT(%(az))TJ(a;) %C; (r)u = 0 for all u € R™ by skew-symmetry
of J(xz), the following identity holds along trajectories of (10.4) (leav-

ing out arguments x)

d . OH T R —R% 8—H
%H =ul's - {(%) ul B (%c;T)TR (8(%T)TR88C$T o
Noting that
R _Rag;T .
_ (aaczT)TR (aach)TRagcT = {_ (agf)T R [In B aao;} -

this proves the following proposition.

3Note that for m = 1 the second condition is always satisfied by skew-symmetry
of J(x).
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k‘l k2

Figure 10.1: Mass-spring system connected to a moving wall.

Proposition 10.1. The affine IOHD system (10.4) with output equa-

tion
T T T
jemi= (‘%(az)) ()~ R(z)] (%—f(az) - %@)u)

defines an input-state-output port-Hamiltonian system with
feedthrough term.

Example 10.1 (Mixed force and velocity inputs). Consider a mass-
spring system consisting of two masses (with masses m and my) with
an intermediate spring (with spring constant k). The right mass my is
linked by another spring (with spring constant £3) to a movable wall
with velocity v, while the left mass m; is directly actuated by an ex-
ternal force F; see Figure [I0.1l The corresponding input-state-output
port-Hamiltonian system is given as

(jl 0 0 1 -1 k:lql 0 0
G2 0 0 0 1 kago 1 0
— F

il (-1 0 0 oz T o[ T
9 1 -1 0 O 7% 0 0
Y1 = koqo,

b1
Y2 = —,

my

with ¢; and ¢ the elongations of spring k; and ky respectively, and
p1, p2 the momenta of the two masses.

This system can be integrated to an input-output Hamiltonian sys-
tem (10.4) by defining the outputs

21 = Ci(q1,q2,p1,02) = —p1 — P2, 22 = C1(q1, 92,01, P2) = @1 + qo.
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Then the system with differentiated outputs §; = 21, §2 = % is a port-
Hamiltonian input-state-output system (with feedthrough term), but
having outputs 71, 72 differing from the original outputs y1, y». In fact,

~ . - ; b1
h=2=ke+lF jp=%%=—+v
my
Example 10.2. Consider a linear system

2 =Ax+ Bu, zeR"ueR",

10.7
y=Cx+ Du, yeR™, (10.7)

with transfer matrix G(s) = C(Is— A)~"'B+ D. In|Lanzon & Petersen
(2008, 2010) G(s) is called negative imaginary@ if the transfer matrix
H(s) := s(G(s) — D) is positive real and D = DT In|Angeli| (2006) the
same notion (mostly for the case D = 0) was coined as counterclockwise
input-output dynamics.

In ivan der Schaft| (2011) it has been shown that the system (10.7)
has negative imaginary transfer matrix if and only if it can be written
as

i=(J - R)(Qx — CTu),
y=Cxz+ Du, D= DT,
for some matrices @, J, R of appropriate dimensions satisfying

Q=Q", J=-J", R=R" >0, (10.9)

with @ > 0. We conclude that a linear system (10.7) has negative imag-
inary transfer matrix if and only it is a linear input-output Hamiltonian
system with dissipation (10.8) satisfying @ > 0.

A typical instance of a linear IOHD system is a linear mechani-
cal system with co-located position sensors and force actuators, repre-
sented in Hamiltonian state space form (with ¢ denoting the position
vector and p the momentum vector) as

ARSI

y = Lq.

(10.8)

0
LT

q
p

+

u,

(10.10)

“The terminology 'negative imaginary’, stems, similarly to "positive real’, from the
Nyquist plot interpretation for single-input single-output systems. For the precise
definition in the frequency domain we refer to [Lanzon & Petersen| (2008); |Angeli
(2006).
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Clearly (10.10) defines a linear IOHD system with Hamiltonian
1 1 _

H(q,p) = 54" Kq+ 50" M~'p+q" Np, (10.11)
where the first term is the total potential energy (with K the com-
pliance matrix), and the second term is the kinetic energy (with A
denoting the mass matrix). The term ¢’ Np corresponds to possible
‘gyroscopic forces’.

The definition of an affine IOHD system suggests the following
generalization.

Definition 10.2. A (general) input-output Hamiltonian system with
dissipation (IOHD system) is defined as a system of the form

b= [J(2) - B@) 2 (@, 0), uwer™,
ox
(10.12)
oH ~
== (.I‘,U),QER,
ou

for some function H(z,u), with R(z), J(z) satisfying (10.5).

Obviously, this definition reduces to Definition [I0.I] by tak-
ing H(r,u) = H(r) — v'C(z). For R = 0 and J defining a
symplectic form the definition of a general IOHD system amounts
to the definition of an input-output Hamiltonian system given in
Brockett| (1977), and explored in e.g. van der Schaft/| (1984, 19824 b);
Nijmeijer & van der Schaft/ (1990).

10.1.1 Dc-gain of IOHD systems

Specializing the approach of |Angeli! (2007) to the Hamiltonian case
we can define the following notion of dc-gain for an IOHD system.
Consider a general IOHD system (10.12) with Hamiltonian H (x,u).
Assume that for any constant input u there exists a unique z such that

OH
—(z,u) =0. 10.1
—(7,1) = 0 (10.13)
It follows that 7 is an equilibrium of the system for v = u. Define
H
y= 8—(5:,11). (10.14)
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Then, see e.g. Walll (1977), eqns. (10.13)10.14) define a Lagrangian
submanifold in the space of steady state outputs and inputs (y,u) €
Y x U. Assuming additionally that this Lagrangian submanifold can
be parametrized by the u variables, then there exists (locally) a gener-
ating function K such that the relation between u and ¥ is described

as

0K,
y= %(u). (10.15)

We call this relation the static input-output response or dc-gain of the
IOHD system. Note that this dc-gain for IOHD systems enjoys an in-
trinsic symmetry property (reciprocity), and is solely determined by
the Hamiltonian function H(x, u).

Remark 10.2. In case of the linear IOHD system (10.8) the dc-gain
amounts to the symmetric linear map y = (C’ Q'CT + D) U.

10.2 Positive feedback interconnection and stability

We have seen before, cf. Chapterlf] that the basic interconnection prop-
erty of port-Hamiltonian systems is the fact that the power-conserving
interconnection of port-Hamiltonian systems again defines a port-
Hamiltonian system, with Dirac structure being the composition of
the Dirac structures of the composing port-Hamiltonian systems, and
Hamiltonian function and resistive structure being the ‘sum’ of the re-
spective Hamiltonian functions and resistive structures. A particular
instance of a power-conserving interconnection is the standard nega-
tive feedback interconnection of two input-state-output systems given
as

up = —yY2+e1, u2 =1y + ey,

where ey, ep are new external inputs.

In this section we will discuss the interconnection theory for IOHD
systems, and show that IOHD systems are invariant under positive
feedback interconnection, leading to important consequences for sta-
bility analysis, cf. Section[10.2.1] First of all, consider two affine IOHD
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systems
0H; oct
T; = |Ji(x;) — Ri(x; —(x;) — L(z))u; ,UZ‘ERm,
[i(xi) — Ri )](8%( )= g, (@) ) (10.16)
Yi = Cl(m1)7 ye Rm7 1= 1727
interconnected by the positive feedback interconnection
up = Y2 +e1, Uz = Y1 + €. (10.17)

The system resulting from interconnection is the affine IOHD system

- (5 a1 )
.i‘g 0 JQ (1‘2) 0 R2 (1‘2)

[OH;y oct
(w1, 72) = (1) 0
o0x1 o0x1 €1 10.18
| | 9Hint ocT ea| |’ (10.18)
9z, (1) O @

yi| _ C (a1)
y2|  |Ca(x2)|’
with interconnected Hamiltonian Hiy, given by
Hmt(l‘l,l‘g) = Hl(l‘l) + HQ(.Z‘Q) — ClT(.Z‘l)CQ(.Z‘Q) (10.19)

We conclude that the interconnected Hamiltonian H;,; results from
addition of the individual Hamiltonians H; and Hs, together with an
additional coupling term —C{ (z1)C3(z2). On the other hand, the Pois-
son and dissipation structures of the interconnected system are just
the direct sum of the terms of the two composing subsystems. The
situation is thus opposite to negative feedback interconnection of port-
Hamiltonian systems: in this case the Hamiltonian is the sum of the
Hamiltonians while the Dirac structure is determined by the Dirac
structures of the two systems together with a coupling term.

This positive feedback interconnection property of affine IOHD
systems extends to general IOHD systems as follows. For simplicity
of notation take e; = 0, e3 = 0 (no external inputs). The positive feed-
back interconnection of two general IOHD systems with Hamiltoni-
ans H;(x;,u;) results (under regularity assumptions) in a nonlinear
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IOHD system, where the interconnected Hamiltonian Hin(x1, z2) is
constructed as follows. The functions H;(z;, u;) are generating functions
for two Lagrangian submanifolds |Abraham & Marsden/ (1994); Wall
(1977); van der Schaft! (1984) defined as
Zp = aa—if(l‘z,uz), Yi = —g—Iu{;(l‘i,ui), 1= 1,2.

The composition of these two Lagrangian submanifolds through the
positive feedback interconnection u; = y2, us = y; defines a sub-
set in the 1, z9, 21, 23 variables, which is under a transversality con-
dition |Guillemin & Sternberg| (1979) again a submanifold, and in
fact Hormander| (1971); Guillemin & Sternberg! (1979) is again a La-
grangian submanifold. Assuming additionally that this resulting La-
grangian submanifold can be parametrized by the z,z, variables
(this corresponds to well-posedness of the interconnection), it thus
possesses (at least locally) a generating function Hip (21, x2).

10.2.1 Stability of interconnected IOHD systems

Stability analysis of the positive feedback interconnection of IOHD
systems is quite different from the stability analysis of the negative
feedback interconnection of port-Hamiltonian systems. This directly
stems from the fact that while for negative feedback interconnection
of two port-Hamiltonian systems the resulting Hamiltonian is just the
sum of the Hamiltonians of the two systems, the Hamiltonian of the
positive feedback interconnection of two IOHD systems is more com-
plicated, as explained above (Section[I0.2). For clarity of exposition we
will restrict ourselves in this subsection to affine input-output Hamil-
tonian systems with dissipation.

Proposition 10.2. Consider two affine IOHD systems with equilibria
x}, x5 satisfying %—fﬁ(aﬁ) =0, %—15322(:33) = 0and Cy(z7) = 0,Cy(z5) = 0.
Then (z7, z3) is a stable equilibrium of the interconnected affine IOHD
system (10.18) if the interconnected Hamiltonian Hiy; given by (10.19)
has a strict minimum at the origin (z7,z3%). A sufficient condition

PR . : 02H x\ 02Ho [ P
for this is that the Hessian matrices Wf(xl)> WZ)—(:@) are positive-

definite, and furthermore the following coupling condition holds on
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the linearized system

orcy . (o?H,, .\ acT

aTCy . (8%Hy, .\ oCcT .,
x = (x}) < axf(%)) —2<x2>> <L

81‘2 2 81‘2

Example 10.3. The dc-gain of the linear IOHD system (10.10) is given
as LK~'LT, and thus only depends on the compliance matrix K (e.g.,
the spring constants) and the collocated sensor/actuator locations.
Note that in this case positive feedback amounts to positive position
feedback, while negative feedback of z = § = LM 'p = L cor-
responds to negative velocity feedback; see also [Lanzon & Petersen
(2010).

Remark 10.3. As in (Angelil (2006), Theorem 6) the interconnected
Hamiltonian Hin(x1,22) can be also used for showing boundedness
of solutions of the interconnected system; this is e.g. guaranteed if
Hint (21, x2) is radially unbounded. Furthermore, it leads to a bifur-
cation perspective on multi-stability as follows. Consider two IOHD
systems with equilibria =7, 23 corresponding to strict global minima of
Hi(x1), respectively Ha(x2). Then the parametrized positive feedback

Uy = ky27 Uz = kyh (1021)

for k > 0 results in an interconnected Hamiltonian H”

ii(z1,22), which
for k small will have (by continuity) a strict minimum at (z7, z3),
corresponding to a stable equilibrium. By increasing k the shape
of HE (71,79) is going to change, possibly resulting in multiple lo-
cal minima, and thus multiple stable equilibria. In a general, non-
Hamiltonian, setting this has been studied in |Angelil (2007), where
conditions were derived for multi-stability of the resulting intercon-
nected system, meaning that for generic initial conditions the system

trajectories will always converge to one of those stable equilibria.



11

Pseudo-gradient representations

In this chapter, which is largely based on the work presented in
van der Schaft! (2011), it will be demonstrated that a special subclass
of port-Hamiltonian systems, namely reciprocal port-Hamiltonian
systemsE] can be naturally related with systems of the form

ov
Qz)z =~ (2,u)
o 11.1)
Yy = —%(Z,U),

where z are local coordinates for some n-dimensional state space man-
ifold Z, V is a potential function, and the matrix Q)(z) is a non-singular
symmetric matrix. In case Q(z) is definite, the system (ILI) defines
a gradient system and @) can be considered a Riemannian metric. In
case Q(z) is indefinite, gradient systems of the form (I1.I) are com-
monly referred to as pseudo-gradient systems with respect to a pseudo-
Riemannian metric. Pseudo-gradient system establish an important
class of nonlinear systems, especially for systems with nonlinear resis-
tive relationships. Furthermore, the pair (Q, V') can be advantageously

'Roughly speaking, reciprocal (port-Hamiltonian) systems are systems that do not
contain essential gyrators|Breedveld! (1984).
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used as an alternative to generate a family of Lyapunov functions.

11.1 Towards the Brayton-Moser equations

Consider an input-state-output port-Hamiltonian system

) OH
& = [J(z) = R(@)] 5~ () + g(x)u,
z (11.2)
= @)% (@)
y=g o )
with z € X, interconnection structure .J(z) = —J (), resistive struc-

ture R(z) = RT(x), and Hamiltonian H : X — R. Define the co-energy
variables z := %—f(m), and suppose that the mapping from the energy
variables x to the co-energy variables z is invertible, such that

OH*
T = az (Z)7

where H*(z) represents the co-Hamiltonian, defined through the Leg-
endre transformation of H(z) given by H*(z) = 2zTx — H(z), where

z is solved from z := 2Z(z). Then, the dynamics (I1.2) can also be
expressed in terms of the co-energy variables z as
OPH*
5.2 (2)z = [J(x) — R(z)]z + g(z)u, (11.3)
y=g'(2)2.

Now assume that there exists coordinates x; and x5 such that

T R K R

and that the Hamiltonian can be decomposed into
H(x1,29) = Hi(x1) + Ha(x2).

Then, the system in co-energy variables (I1.3) takes the form
O?HY

T O R Bw)[a], [a@)],
82H§ 232 N —BT a:) Rg(x) Z9 0 ’
0 3 (2)

075

Y=g (2)z.
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Furthermore, assuming that there exist functions P;(z1) and P(22)
such that

oP;
D21

OP.
~Ra(w)z = 5 (22),

Ri(z)z = (1),

we can define the potential function
P(z) = Pl(zl) + PQ(ZQ) + P12(Z1, ZQ),

where Pia(21,29) = 2] B(x)z2. Consequently, the system (I1.2) is
equivalent to the nonlinear pseudo-gradient system

0*H} opP
—I\Z
0 _0*H3 ) 39 oP ) 0 T (114)
82% 029
Yy = gr{(l‘)zh

which, if g; is constant, is equivalent to (IL.I) by noting that
V(z,u) = P(2) = 2 giu,

and defining the pseudo-Riemannian metric

2 17*
e o
Qz) = | 91 oy (11.5)
0 =)
023

Gradient systems of the form (I1.4) are known as the Brayton-
Moser equations, which where originally derived for nonlinear electri-
cal RLC circuits in the early sixties Brayton & Moser!| (1964a,b); see
also [Smale| (1972). The function P, which, in case the Hamiltonian
represent the total stored energy, has the units of power, is commonly
referred to as the mixed-potential function due to the different nature of
the potentials P;, P», and Pj». Indeed, decomposing the dynamics of
the system into two subsystems 3; and X», associated to the dynamics
of z; and 23, the potentials P, and P> represent the resistive relation-
ships in X1 and ¥, respectively, whereas the potential P represents
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the (instantaneous) power flow from X; to 3. In the context of electri-
cal RLC circuits, the potential associated to the current-controlled re-
sistors is often denoted as the content, whereas the potential that is as-
sociated to the voltage-controlled resistors is denoted as the co-content
as introduced by Millar in the early fifties; see [Jeltsema & Scherpen
(2009) and the references therein.

Example 11.1. Consider the DC motor of Example Clearly the
Hamiltonian is composed of the energy storage in the electrical and
the mechanical parts of the system. Hence, application of the Legendre
transformation yields the co-energy

1 1
H*(I,w) = 5LF + §Jw2,

with the co-energy variables I = ¢/L and w = p/J. Furthermore,

since
0 —K R O 1
i B v A L

we readily obtain

1 1
P(I,w) = 5312 — §bw2 + Kwl,

+ m (=),

yielding the Brayton-Moser equations

b L

y=1.

RI+ Kw
—bw+ KI

(Compare with (2.30).)

On the other hand, if the Hamiltonian can not be decomposed as
H(x) = Hi(x1) + H2(x2), we obtain instead of (11.4)

0?H* O’H* oP

3—2%(2) 52105 £ 9 g1(x)

o H* o2 M ~ T |op +[ 0 ]“
92907 = 022 (2) 8—@(2)

y =g ().
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However, in this case

02 H* 52 H*
8—Z%(Z) 8Z1822 i

Q=1 pope 02 H*
“m0a Y T oz ¥

is not a symmetric matrix anymore, and therefore does not represent
a pseudo-Riemannian metric.

11.2 Geometry of the Brayton-Moser equations

Instrumental for the existence of the relationship between (I1.2) and
(I1.4) is that the pseudo-Riemannian metric @ is a Hessian with re-
spect to the Legendre transformation of the Hamiltonian function.

Definition 11.1. A pseudo-Riemannian metric defined by the non-
singular matrix @(z) is said to be Hessian if there exists a function
K such that the (i, j)-th element @Q;;(Z) of the matrix Q(2) is given as

0?’K

Qij(z) = 92207,

(2),
fori,j=1,...,n.

A necessary and sufficient condition for the (local) existence of
such function K(z) is the integrability condition, cf. [Duistermaat
(2001),

0Qjk , 0Qi
8ZZ' (Z - 8Zj (2)7

fori,j,k = 1,...,n. Note that the pseudo-Riemannian metric (I1.5) is
indeed Hessian with respect to the function K (z) = H{(z1) — Hj(22).

As for port-Hamiltonian systems, the Brayton-Moser (BM) equa-
tions (I1.4) can be also represented in the formalism of Dirac
structures, using a non-canonical Dirac structure representation
Blankenstein! (2005). Indeed, let us for ease of presentation assume
that g; is constant and consider the following non-canonical Dirac
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structure

Dint = {(fs,es,fp,ep) € Fs x F& x Fp x Fp

Q(2)fs = —es + gL

0 fp, €P=[91T 0] fP},

defined with respect to the bilinear form

<<(f5176517fP1>eP1)7 (f5276527fp27ep2) >
= €£1f52 + €£2fsl + eglfPQ + e£2fpl + fg;(Q(z) + QT(Z))fSQ'

Then, the Brayton-Moser equations can be described as a dynamical
system with respect to the non-canonical Dirac structure Dy by set-
ting the flow variables as the rate of change of the co-energy variables
(21,22),1.e., fs = — (%1, 22), the effort variables as

oP oP

€s = (8—21(2)7 8—22(2)) ,

and the input port variables fp = u. Notice that the flow and effort
variables are conjugated in the sense that

d orp orp

al = o WAt 5 (DA
Furthermore, we observe that the natural output for the Brayton-
Moser equations (IT4) is given by ep = g{ 21, and ek fp has the units
of power. However, the port variables (ep, fp) are not conjugated with
respect to %P, which has the units of power per second. For, we re-
define the output port variables as €/, = gf 71, so that the dynamics of
the Brayton-Moser equations (I1.4) can equivalently be specified by

. . OP oP
(‘Zh 2, a—zl(z)’ 8—22(»2)7 Ip, elp) € Dpm-

Note that Dgy satisfies a power-like balance equation

:Zt = fpep — 21 (Q(2) + Q" (2) 2. (11.6)

The latter shows that, in general, since () is indefinite, P is not con-
served.
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11.3 Interconnection of gradient systems

Consider two (pseudo-)gradient systems

T
Qj(2)2j = _Z—Z(Zj) + %—Q(Zj)uj,
yj = hj(z), =12,
and interconnect them via the standard negative feedback intercon-
nection u; = —y2 and ups = y;. Then, the interconnected system is
again a (pseudo-)gradient system with (pseudo-)Riemannian metric
@1 @ Q2 and mixed-potential function

Py(21) — Pa(22) + hi (21)ha(22).

Example 11.2. Consider a fluid tank with capacity C; and pressure
drop p;. If the flow rate of the fluid flowing out of the tank is denoted
by g1, then the fluid dynamics is described by Ci1p; = ¢; and y; = p1.
Hence, the associated mixed-potential function equals P, = 0. Sup-
pose that a long pipe, with fluid inertia L, and fluid resistance Ry, is
connected to the tank as shown in Figure [[1.1] If the flow rate in the
pipe is denoted as g2 and the pressure at the outlet is denoted as ps,
the dynamics of the pipe take the form

0P,
L Yo — ———
242 9% (g2) + p2,

Y2 = q2,

where P(q2) = %Rqu. The overall system is described by setting ¢; =
—q2 and py = py, yielding a mixed-potential P(p;, ¢2) = —%qug +p1ga,
and a pseudo-Riemannian metric @ = diag(Cy, —Lo).

11.4 Generation of power-based Lyapunov functions

We have seen above that the Brayton-Moser equations (I1.4)
satisfy a power-like balance equation (IL1.6). However, we can-
not establish a dissipation-like inequality since the matrix @ is,
in general, indefinite. Furthermore, to obtain the passivity prop-
erty an additional difficulty stems from the fact that the mixed-
potential P is also not sign definite. To overcome these difficulties,
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Cy
Lo

q1 — — (2 e D2
\ °®P1 — R,

Figure 11.1: Interconnection of two gradient systems.

in Brayton & Moser! (1964ab); Ortega etal.! (2003); [eltsema et al.
(2003); Jeltsema & Scherpen| (2005) sufficient conditions have been
given under which the equations (IL4) can be equivalently written
as

Q)2 = ~5-(2) + glhu, (11.7)

for some new admissible pair (Q, P), satisfying Q(z) + Q7 (z) > 0 and
P> 0, for all z. Under these conditions it is clear that %P <uTy,ie.,
the system defines a passive system with respect to the port variables
(u,y") and storage function P, with output variables ' = g{ #. From
the stability properties of a passive system (see Chapter[7), we know
that if 2* is a local minimum of P, then is it a stable equilibrium of

(I1.7) when u = 0

Note that if we would start from V(z,u) = P(z) — z{ g1u, (constant) non-zero
inputs can naturally be taken into account in the Lyapunov analysis by generating an
admissible pair (Q, V'), with V satisfying V' > 0 for all z.
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Port-Hamiltonian systems on graphs

In this chapter we will see how the incidence structure of a directed
graph provides a natural Poisson structure on the product of two
spaces of flow and effort variables, namely those associated to the ver-
tices (nodes) of the graph, and those associated to the edges (branches,
links). In this way, many examples of network dynamics can be natu-
rally modeled as port-Hamiltonian systems on graphs.

The Poisson structure resulting from the incidence matrix of the
graph can be interpreted as a combination of two sets of conservation
or balance laws. For example, in the case of a mass-spring-damper
system one set of conservation laws corresponds to momentum bal-
ance while the other set corresponds to a continuity equation. In this
sense the theory of port-Hamiltonian systems on graphs can be re-
garded as a discrete analog of the theory of distributed-parameter
port-Hamiltonian systems with respect to a Stokes-Dirac structure as
treated in Chapter 14

This chapter is largely based onlvan der Schaft & Maschke! (2013),
to which we refer for further details and extensions.
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12.1 Background on graphs

A directed graph G = (V,€) consists of a finite set V of vertices and a
finite set £ of directed edges, together with a mapping from £ to the
set of ordered pairs of V, where no self-loops are allowed. Thus to any
edge e € £ there corresponds an ordered pair (v,w) € V x V (with
v # w), representing the tail vertex v and the head vertex w of this
edge.

A directed graph is completely specified by its incidence matrix B,
which is an N x M matrix, N being the number of vertices and M
being the number of edges, with (7, j)-th element equal to 1 if the j-
th edge is an edge towards vertex ¢, equal to —1 if the j-th edge is
an edge originating from vertex i, and 0 otherwise. It immediately
follows that 17 B = 0 for any incidence matrix B, where 1 is the vector
consisting of all ones. A directed graph is called connected if between
any two vertices there exists a path (a sequence of undirected edges)
linking the two vertices. A directed graph is connected if and only if
ker BT = span 1; see e.g. Bollobas| (1998). Since we will only consider
directed graphs in the sequel ‘graph” will throughout mean "directed
graph’.

Given a graph, we define its vertex space A as the vector space of
all functions from V to some linear space R. In the examples, R will
be mostly R = R in which case A can be identified with R". Further-
more, we define the edge space A, as the vector space of all functions
from £ to R. Again, if R = R then A; can be identified with RM,

The dual spaces of Ag and A; will be denoted by A°, respectively
by Al. The duality pairing between f € Ag and e € A’ is given as

<fle>=3" < fv)le(v) >,
veV
where < |3 on the right-hand side denotes the duality pairing be-
tween R and R*, and a similar expression holds for f € Ajand e € Al
(with summation over the edges).
The incidence matrix B of the graph induces a linear map B from

the edge space to the vertex space as follows. Define B : A} — Ag as
the linear map with matrix representation B ® I, where I : R — R is
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the identity map and ® denotes the Kronecker product. B will be called
the incidence operator. For R = R the incidence operator reduces to the
linear map given by the matrix B itself, in which case we will through-
out use B both for the incidence matrix and for the incidence operator. The
adjoint map of B is denoted as

B*: A0 — AL

and is called the co-incidence operator. For R = R? the co-incidence
operator is given by BT ®I5, while for R = R the co-incidence operator
is simply given by the transposed matrix B, and we will throughout
use BT both for the co-incidence matrix and for the co-incidence operator.

An open graph G is obtained from an ordinary graph with set of
vertices V by identifying a subset V}, C V of N, boundary vertices.
The interpretation of V, is that these are the vertices that are open to
interconnection (i.e., with other open graphs). The remaining subset
Vi :=V — V), are the N; internal vertices of the open graph.

The splitting of the vertices into internal and boundary vertices
induces a splitting of the vertex space and its dual, given as

Ao = Ag; @ Agp, A = A% @ A,

where Ay; is the vertex space corresponding to the internal vertices
and Ay, the vertex space corresponding to the boundary vertices. Con-
sequently, the incidence operator B : A — A splits as

B=B;& B,
with B; : Ay = Ag; and B, : Ay — Ag. For R = R we will simply

write
B;
B [B] |

Furthermore, we will define the boundary space Ay as the linear space
of all functions from the set of boundary vertices V), to the linear space
R. Note that the boundary space A is equal to the linear space Ay,
and that the linear mapping Bj can be also regarded as a mapping
By : Ay — Ay, called the boundary incidence operator. The dual space of
Ay, will be denoted as A®. The elements f, € A are called the boundary

flows and the elements €® € A® the boundary efforts.
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12.2 Mass-spring-damper systems

The basic way of modeling a mass-spring-damper system as a port-
Hamiltonian system on a graph is to associate the masses to the vertices,
and the springs and dampers to the edges of the graph; see Fig.[12.1]

(a)

(b)

Figure 12.1: (a) Mass-spring-damper system; (b) the corresponding graph.

For clarity of exposition we will start with the separate treatment
of mass-spring (Section 12.2.T) and mass-damper (Section 12.2.2) sys-
tems, before their merging in Section[12.2.3]

12.2.1 Mass-spring systems

Consider a graph G with N vertices (masses) and M edges (springs),
specified by an incidence matrix B. First consider the situation that the
mass-spring system is located in one-dimensional space R = R, and
the springs are scalar. A vector in the vertex space A, then corresponds
to the vector p of the scalar momenta of all N masses, ie., p € Ag =
RY. Furthermore, a vector in the dual edge space A! will correspond
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to the total vector g of elongations of all M springs, i.e., ¢ € A = RM,

Next ingredient is the definition of the Hamiltonian H : A x Ag —
R, which typically splits into a sum of the kinetic and potential en-
ergies of each mass and spring. In the absence of boundary vertices
the dynamics of the mass-spring system is then described as the port-
Hamiltonian system

gl _[o BT [%(ap)
| = Sb (12.1)
p -B 0 ][5 (ap)
defined with respect to the Poisson structure on the state space A x A
given by the skew-symmetric matrix

J = l_OB fﬂ . (12.2)

The inclusion of boundary vertices, and thereby of external interac-
tion, can be done in different ways. The first option is to associate
boundary masses to the boundary vertices. We are then led to the port-
Hamiltonian system

OH
. gT
q o (g,p),
. OH
p= —Ba—q(q,p) + Efp, (12.3)
OH
b T
— == .
e o (¢,p)

Here F is a matrix with as many columns as there are boundary ver-
tices; each column consists of zeros except for exactly one 1 in the row
corresponding to the associated boundary vertex. f, € A, are the ex-
ternal forces exerted (by the environment) on the boundary masses,
and e, € A’ are the velocities of these boundary masses.

Another possibility is to regard the boundary vertices as being
massless. In this case we obtain the port-Hamiltonian system (with p;
denoting the vector of momenta of the masses associated to the inter-
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nal vertices)

oOH
;= pTZ— ) 4 BLeb
q 7 apz (qvpz)+ b€
. O0H
pi = _Bz‘a—q(%pi)> (12.4)

OH
= By—(q, pi),
fo baq(%p)

with e® € A? the velocities of the massless boundary vertices, and
fv € Ay the forces at the boundary vertices as experienced by the en-
vironment. Note that in this latter case the external velocities €® of the
boundary vertices can be considered to be inputs to the system and
the forces f, to be outputs; in contrast to the previously considered
case (boundary vertices corresponding to boundary masses), where
the forces f, are inputs and the velocities €’ the outputs of the sys-
te

The above formulation of mass-spring systems in R = R directly
extends to R = R? by using the incidence operator B = B @ I3 as de-
fined before. Finally, we remark that in the above treatment we have
considered springs with arbitrary elongation vectors ¢ € Al. For ordi-
nary springs the vector g of elongations is given as ¢ = BT¢q,, where
q. € A denotes the vector of positions of the vertices. Hence in this
case ¢ € im BT C Al. Note that the subspace im BT x Ay C A! x Ay is
an invariant subspace with regard to the dynamics (12.3) or (12.4). We
will return to this in Section [12.6]

12.2.2 Mass-damper systems

Replacing springs by dampers leads to mass-damper systems. In the
case of massless boundary vertices this yields the followingg equa-

'One can also consider the hybrid case where some of the boundary vertices are
associated to masses while the remaining ones are massless.
Note that these equation follow from ({IZ4) by replacing —¢ by e' and %—ZI (g,p)

by f*.
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tions
Bifl = _piv
Byf1 = fo, (12.5)
oH
el = —Bz'Ta—pi(Pi) - By,

where f,e! are the flows and efforts corresponding to the dampers
(damping forces, respectively, velocities). For linear dampers f; =
—Re!, where R is the positive diagonal matrix with the damping con-
stants on its diagonal. Substitution into (I2Z.5) then yields the port-
Hamiltonian system

) OH
i = _BiRBz'Ta—(pi) — B;RB'¢®,
Di

oH
fy = ByRB! 8—p(pz-) + BI'RBI ¢,

(12.6)

where, as before, the inputs eb are the boundary velocities and f, are
the forces as experienced at the massless boundary vertices. Note that
the matrix
L= [B"] R([BT BI|=BRB"
By i b

is the weighted Laplacian matrix of the graph G (with weights given by
the diagonal elements of R). It is well-known Bollobas| (1998) that for
a connected graph the matrix £ has exactly one eigenvalue 0, with
eigenvector 1, while all other eigenvalues are positive.

12.2.3 Mass-spring-damper systems

For a mass-spring-damper system the edges will correspond partly to
springs, and partly to dampers. Thus a mass-spring-damper system
is described by a graph G(V, & U &), where the vertices in V corre-
spond to the masses, the edges in &, to the springs, and the edges in &,
to the dampers of the system. This corresponds to an incidence ma-
trix B = [Bs Bd}, where the columns of B; reflect the spring edges
and the columns of B, the damper edges. For the case without bound-
ary vertices the dynamics of such a mass-spring-damper system with
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linear dampers takes the form
oH

gl 1 0 Bg dq
L?‘| B [_Bs —BdRBg:| OH : (12.7)
8—p(q,p)

In the presence of boundary vertices we may distinguish, as above,
between massless boundary vertices, with inputs being the boundary
velocities and outputs the boundary (reaction) forces, and boundary
masses, in which case the inputs are the external forces and the outputs
the velocities of the boundary masses.

Remark 12.1. The above formulation of mass-spring-damper sys-
tems with R equal to R or R? can be extended to spatial mechanisms,
that is, networks of rigid bodies in R? related by joints. In this case,
the linear space R is given by R := se*(3), the dual of the Lie alge-
bra of the Lie group SE(3) describing the position of a rigid body
in R3. A spatial mechanism (or multibody system) is a mechanical sys-
tem consisting of rigid bodies related by joints (defined as kinematic
pairs) restricting the relative motion between the rigid bodies. See
van der Schaft & Maschke! (2013) for details.

12.2.4 Hydraulic networks

A hydraulic network can be modeled as a directed graph with
edges corresponding to pipes, see e.g. [Roberson & Crowe! (1993);
De Persis & Kallesoel (2011). The vertices may either correspond to
connection points with fluid reservoirs (buffers), or merely to connec-
tion points of the pipes; we concentrate on the first case (the second
case corresponding to a Kirchhoff-Dirac structure, cf. Section[12.8). Let
x, be the stored fluid at vertex v and let v, be the fluid flow through
edge e. Collecting all stored fluids z, into one vector z, and all fluid
flows v, into one vector v, the mass-balance is summarized as

i = By, (12.8)

with B denoting the incidence matrix of the graph. In the absence of
fluid reservoirs this reduces to Kirchhoff’s current laws Br = 0.



12.2. Mass-spring-damper systems 127

For incompressible fluids a standard model of the fluid flow v,
through pipe e is
Jele = Py — Pj — Ae(Ve), (12.9)

where P; and P; are the pressures at the tail, respectively head, vertices
of edge e. Note that this captures in fact two effects; one correspond-
ing to energy storage and one corresponding to energy dissipation.
Defining the energy variable ¢, := J.v, the stored energy in the pipe
associated with edge e is given as 57-¢2 = §.J.¢. Secondly, Ac(v) is a
damping force corresponding to energy dissipation.

In the case of fluid reservoirs at the vertices the pressures P, at each
vertex v are functions of x,, and thus, being scalar functions, always
derivable from an energy function P, = %%(wv), v € V, for some
Hamiltonian H,(z,) (e.g. gravitational energy). The resulting dynam-
ics (with state variables x, and ¢.) is port-Hamiltonian with respect
to the Poisson structure (I12.2). The set-up is immediately extended to
boundary vertices (either corresponding to controlled fluid reservoirs
or direct in-/outflows).

12.2.5 Single species chemical reaction networks

We have already seen in the last section of Chapter 2l how isothermal
detailed-balanced chemical reaction networks governed by mass ac-
tion kinetics give rise to a port-Hamiltonian system defined on the
graph of complexes, with respect to the Hamiltonian given by the
Gibbs’ free energy, and energy-dissipating relations determined by the
reaction constants and the thermodynamic equilibrium.

For complexes consisting of single species this can be specialized
to the following linear port-Hamiltonian system on a graph having
the same structure as a mass-damper system. In fact, for complexes
consisting of single species we have Z = I,,,, in which case the port-
Hamiltonian formulation of detailed-balanced mass action kinetics re-
action networks given by (2.45) reduces to

# = —BKBT =,
xr

where z* is the assumed thermodynamic equilibrium. Defining the
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diagonal matrix M := diag(z7,- - ,z},) this can be also written as
& =—-BKBTM 'z, (12.10)

which are exactly the equations of a mass-damper system on a graph,
with damping constants given by the diagonal elements of K and
Hamiltonian H(z) = 127 M~ 1z.

12.3 Swing equations for power grids

Consider a power grid consisting of n buses corresponding to the ver-
tices of a graph. A standard model for the dynamics of the i-th bus is
given by (see e.g.Machovski et al.| (2008); Biirger et al.| (2013))

bi=wl—wh, i=1,---,n,
lez = —ai(wg’ - wT) - Z V;V}SZ] [sin(éi - (5]) + g,
J#i

where the summation in the last line is over all buses j which are ad-
jacent to bus ; that is, all buses j that are directly linked to bus i by a
transmission line (defining an edge of the graph). Here §; denotes the
voltage angle, v; the voltage amplitude, w? the frequency, w; := w?—
the frequency deviation, and u; the power generation/consumption;
all at bus 4. Furthermore, w" is the nominal (reference) frequency for
the network, M; and a; are inertia and damping constants at bus ¢, and
S;j is the transfer susceptance of the line between bus i and j.

Define zj, := 0; — 0; and ¢, := E;FE;S;j, if the k-th edge is point-
ing from vertex i to vertex j. Furthermore, define the momenta p; =
M;w;,i = 1,--- ,n. Then the equations can be written in the vector
form

w?”

32 =BT M 1p,
p=—AM"'p — BC Sinz + u,

where z is the m-vector with components z;, M is the diagonal matrix
with diagonal elements M;, A is the diagonal matrix with diagonal
elements a;, and C' is the diagonal matrix with elements c. Further-
more, Sin : R™ — R™ denotes the elementwise sin function, and z* is
the m-vector with k-th component 4;;.
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Defining the Hamiltonian H(z,p) as

1
H(z,p) = 5p" M~ 'p~17C Cosz, (12.11)

the equations take the port-Hamiltonian form

aH(z p)

. T - %,

Lj = [_OB f A} gg + ? u. (12.12)
8—p(zvp)

Note that the Hamiltonian H(z,p) is of the standard ’kinetic energy
plus potential energy’ form, with potential energy —17C Cosz =
— Y crcosz, similar to the gravitational energy of a pendulum;
whence the name ‘swing equations’. Note that, as in the mass-spring
system example, the potential energy is associated to the edges of the
graph, while the kinetic energy is associated to its vertices. A differ-
ence with the mass-spring-damper system example is that in the cur-
rent example the "damping torques’ A%—Ig(z, p) are associated to the
vertices, instead of to the edges.

12.4 Available storage

Consider the simplest port-Hamiltonian system on a graph, given as

2= Bu, ueR"™ zeR",
OH (12.13)
— BT— R™
y 83: (l‘), y e Y
where B is the incidence matrix of the graph, and H(z) = 3|z|? is
the Hamiltonian function. Clearly, since H is non-negative it defines a
storage function, and the system is passive. On the other hand it will
turn out that the minimal storage function for the system, called the
available storage (see Chapter[7), is different from H.
Throughout this section we will assumel] that the graph is con-
nected, or equivalently Bollobas| (1998) ker BT = span 1. Based on

3Without loss of generality, since otherwise the analysis can be repeated for every
connected component of the graph.
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Chapter[Zlwe know that the available storage S, is given as

Sa(z) = sup — /0 ' ul (t)y(t)dt, (12.14)

where we consider the supremum over all 7 > 0 and all input func-
tions u : [0, 7] — R™, and where y : [0, 7] — R is the output resulting
from the input function u : [0, 7] — R and initial condition z(0) = x.
Noting that

/ "uT (@) (t)dt = / "W ()BT () dt
0 0

T 1 1
- /0 i () (t)dt = (r)]? = S llz(0)],

we see that the available storage is equivalently given as

Safa) = sup (3 el = 3l (1215

where we take the supremum over all 7 > 0 and all possible states
x(7) resulting from input functions u : [0, 7] — R™. By connectedness
of the graph, we know that from 2(0) = = we can reach, by choosing
the input function suitably, any state x(7) satisfying

172(r) =172 (12.16)

Hence the available storage S,(z) is given by (12.15) where we take
the supremum over all states z(7) satisfying (I2.16)). This corresponds
to minimizing 1 ||lz(7)||? over all z(7) satisfying (I2.16), having the so-

lution )
z(r) = —1121, (12.17)
n
Thus the available storage S, is given by the explicit expression
1, o 171 7 )2 , 1 T( 1 T)
S e (e == n—— . (121
Sufe) = gllll? = 5 (3170 I8P = 507 (1= 3117) 2 1218)

We conclude that for all initial conditions z(0) = x which are such
that 172 # 0 the available storage S,(x) is strictly smaller than the
Hamiltonian ;||z|?. The reason is that, since the system & = Bu is
not controllable, it is not possible to drive every initial state to the
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origin; the position of zero energy. Instead, by extracting the maximal
amount of energy the system is brought from state « to a state «* with
x] =---=ua),satisfying 27 +-- -+ x), =x1 + - + Tp.

Note that the matrix I, — 1117 defines a symmetric weighted
Laplacian matrix for an extended graph; namely the complete graph for
the vertices of the original graph(.

The above analysis can be extended to any port-Hamiltonian sys-
tem (I2.13) for which the Hamiltonian H is non-negative (and thus the
system (12.13) is passive). Indeed, in this case the available storage can
be seen to be

Sa(x) = H(x) — H(v"(z)),
where H(v*(x)) is the solution of minimizing H(v) over all v € R”
satisfying 17v = 17 2. Equivalently, this amounts to the minimization
of
H(v) + 1Ty —172)
over v and the Lagrangian multiplier A € R, yielding the minimizer
v*(x) as the solution of the equations

OH . . OH . .~ 0H
T V@) = 5o (@) = - = S (@), (12.19)

V] +U2+ -+ U, =21+ T2+ + Ty

The first equation of (I2.19) can be interpreted as a consensus condi-
tion on the co-energy variables g—g, el ngi. Note that, as in the case
H(z) = ||z||?, the expression for the available storage is independent
of the graph (as long as it is connected).

Example 12.1. Consider a system of n point masses Mj, --- , M,, in R
with state variables being the momenta p1, - - - , p,, and with Hamilto-
nian equal to the kinetic energy

Hp) =Y L.
=20,

The available storage can be computed

2
1 M; M, Pi Dy

S I D ke B N SN 07 .
«(p) QZM1+---+M,L<MZ- M,

1<)

*A graph is called complete if there is an edge between every pair of vertices.
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This quantity was called the motion energy in Willems! (2013). It
amounts to the maximal energy which can be extracted from the sys-
tem by applying forces 1, - - - , F;, satisfying 377, F; = 0, or equiva-
lently (since 17 B = 0)

p=F = Bu,

where F' is the vector with components F1,--- , F,, and B is the in-
cidence matrix of the complete graph with vertices corresponding to
the masses Mj, - -- , M,. Note that as a result of extracting the maxi-
mal energy the system will end up in a consensus state v = --- = vy,
with v; = {7+ the velocities of the point masses.

The above expression for the available storage can be readily ex-
tended to point masses in R?; replacing the expression

2
(=) wan
Note that contrary to the Hamiltonian function, the available stor-
age is not additive: the available storage of an interconnected port-
Hamiltonian system on a graph is not necessarily the sum of the avail-
able storages of the individual subsystems, as was already noted in
Willems! (2013). A simple example is provided by the juxtaposition
of two systems each consisting of two masses. The sum of the ener-
gies which can be extracted from the two systems separately by apply-
ing for each system two external forces whose sum is zero, is strictly
smaller than the amount of energy which can be extracted from the
four masses by applying four external forces whose sum is zero.

2
PP

M; M,

12.5 Analysis of port-Hamiltonian systems on graphs

In this section we will investigate the dynamical properties of the
mass-spring-damper system as discussed in Section [12.2.3] As we
have seen, many other examples share the same mathematical struc-
ture, and their analysis will follow the same lines.

Thus we will consider a mass-spring-damper system as described
by a graph G(V,&s U &;), where the vertices in V correspond to the
masses, the edges in & to the springs, and the edges in &; to the
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dampers of the system, with incidence matrix B = {Bs Bd} , where
the columns of B; reflect the spring edges and the columns of B,
the damper edges. Without boundary vertices the dynamics takes the

form (see equation (I2.7) in Section[12.2.3)

oH

q 0 BT a—q(q,p)

M - [_Bs —BdRBdT} OH : (12.20)
5, (¢:P)
p

Throughout this section we make the following simplifying assump-
tiorl. The graph G(V, & U &,) is connected, or equivalently ker BT N
ker BdT = span 1.

12.5.1 Equilibria and Casimirs

We start with the following proposition regarding the equilibria.

Proposition 12.1. The set of equilibria £ of (12.20) is given as

oH oH
£ ={(g,p) € A x Ay Bq \@P) € ker Bo, 5 (a,p) € SPan]I}-

Proof. The state (g, p) is an equilibrium whenever

OH OH oH
r=— =0, Bs— B;RBT =~ =0.
s ap (¢,p) =0, 94 (¢,p) + B4RBy R (g,p) =0

Premultiplication of the second equation by the row-vector % (q,p),
making use of the first equation, yields

oTH 7 OH

— B4RBy — =0
8]7 (q7p) d d 8]7 (q7p) )
or equivalently Bg%—g(q, p) = 0, which implies BS%—ZI(q, p) = 0. ™

In other words, for (¢,p) to be an equilibrium, %—Ig(q,p) should
satisfy the consensus conditions corresponding to the mass-damper
graph G(V, & U &), whereas %—I;(q, p) should be in the space of cycles

5Again, this assumption can be made without loss of generality, since otherwise
the same analysis can be performed for each connected component.
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of the mass-spring graph G(V, ;) (corresponding to zero net spring
forces applied to the masses at the vertices).

Similarly, the Casimirs (conserved quantities independent of the
Hamiltonian H, cf. Chapter[8), are computed as follows.

Proposition 12.2. The Casimir functions are all functions C(q, p) sat-
isfying

g—i(q,p) € spanl, %—j(q,p) € ker B;. (12.21)
Proof. The function C(q, p) is a Casimir if
oC oC 0 BT
g \9P) 8—p(q,p)} [—Bs —BdRBf{} =0,

or equivalently

orc orc orc
-— By, =0, — BT + ——(q,p)B4RBY = 0.
i (¢,p) ' oq (¢,p)B; + i (¢,p)BaRBy

Postmultiplication of the second equation by %—g(q, p), making use of
the first equation, gives the result. n

Therefore all Casimir functions can be expressed as functions of
the linear Casimir functions

C(g,p) =1"p, C(q,p) = kT q,k € ker B, (12.22)

This implies that starting from an arbitrary initial position (qg,po) €
Al x Ay the solution of the mass-spring-damper system (12.20) will be
contained in the affine space

) 0
‘A(qo,po) = L)O] + lker 17

i.e., for all ¢ the difference ¢(t) — go remains in the space of co-cycles of
the spring graph, while 17p(¢) = 17 py.

+ (12.23)

im BT
0

12.5.2 Stability analysis

Under generic conditions on the Hamiltonian H(gq,p), each affine

space A(g, p,) Will intersect the set of equilibria £ in a single point
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(¢oo, Pso), which will qualify as the point of asymptotic convergence
starting from (qo, po) (provided there is enough damping present). In
order to simplify the statement of the results we will throughout this
subsection consider linear mass-spring systems, corresponding to a
quadratic and decoupled Hamiltonian function

1 1
H(q,p) = §qTK q+ §pTGp, (12.24)

where K is the positive diagonal matrix of spring constants, and G
is the positive diagonal matrix of reciprocals of the masses. It follows
that the set of equilibria is given as £ = {(¢,p) € A’ x Ay | Kq €
ker B,, Gp € span 1}, while for each (qo, po) there exists a unigue point
(Goos Poo) € € N Agy po)- In fact, goo is given by the spring graph co-
cycle/cycle decomposition

qo =0 + Goo, o € imBI C A',Kqy € ker By C A,  (12.25)
while p, is uniquely determined by
Gpso € spanl, 1Tp, = 1Tp,. (12.26)

This leads to the following asymptotic stability theorem. First note
that the energy H(q,p) = 3¢” Kq + ip” Gp satisfies

T

d oTH OH
—H =—— ByRBY ——
T 1(@p) o (¢,p)B4RBy o (¢,p)

= —p'B4GRBIGp <0,

(12.27)

and thus qualifies as a Lyapunov function; showing at least stability.

Theorem 12.1. Consider a linear mass-spring-damper system with
H(q,p) = %qTK q-+ %pTGp, where K and G are diagonal positive ma-
trices. Then for every (qo, po) there exists a unique equilibrium point
(Goos Poo) € ENA(gy po), determined by ([12.25] [12.26). Define the spring
Laplacian matrix Ly := B;K BI. Then for every (qo,po) the following
holds: the trajectory starting from (qo, pp) converges asymptotically to
(goo, Poo) if and only if the largest G Ls-invariant subspace contained
in ker B! is equal to span 1.
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The condition that the largest G'L -invariant subspace contained in
ker BI is equal to span 1 amounts to pervasive damping: the influence
of the dampers spreads through the whole system. Another feature of
the dynamics of the mass-spring-damper system (12.20) is its robust-
ness with regard to constant external (disturbance) forces. Indeed, con-
sider a mass-spring-damper system with boundary masses (see Sec-
tion [12.2) and general Hamiltonian H (g, p), subject to constant forces

Jo

8—H(q p)
g | 0 BT 9\ ol -
M - [—Bs —BdRBdT] oH @) gl v (12.28)
ap q,p
where we assumeﬁ the existence of a g such that
H _
BS%_q(‘j’ 0) = Efs. (12.29)

Then, the shifted Hamiltonian H(q,p) := H(q,p) — (¢ — Q)T%—I;((j, 0) —
H(q,0) introduced before, satisfies

d - o'H 0H

—H = ————(q,p)BaRBY —— <0. 12.

1 (a,p) o (¢:p)BaRBy a (¢,p) <0 (12.30)
Specializing to H(q,p) = %qTKq + %pTGp, in which case H(q,p) =
2(q—7)" K (q—q)+1p” Gp, we obtain the following analog of Theorem
121

Proposition 12.3. Consider a linear mass-spring-damper system
(I2.28) with constant external disturbance f, and Hamiltonian
H(q,p) = %qTK q+ %pTGp, where K and G are diagonal positive ma-
trices. and with im £ C im B;. The set of controlled equilibria is given
by € = {(¢,p) € A' x Ay | BsKq = Efy,,Gp € span1}. For every
(qo, po) there exists a unique equilibrium point (s, Poo) € €N Aqo,p0)-
Here po is determined by (12.26), while ¢, = ¢+ ¢oo, With g such that
B,KG = Ef, and ¢o the unique solution of (I12.25) with ¢y replaced
by go — ¢. Furthermore, for each (qo,po) the trajectory starting from

°If the mapping ¢ — %—IZ (g,0) is surjective, then there exists for every fosucha g
if and only if im F C im B;.
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(qo, po) converges asymptotically to (goo, Poo) if and only if the largest
G Ls-invariant subspace contained in ker BJ is equal to span 1.

Note that the above proposition has a classical interpretation in
terms of the robustness of integral control with regard to constant dis-
turbances: the springs act as integral controllers which counteract the
influence of the unknown external force f;, so that the vector of mo-
menta p will still converge to consensus.

Thanks to the systematic use of the port-Hamiltonian structure, the
stability analysis given above is readily extendable to the nonlinear
case.

12.6 Symmetry reduction

In this subsection we will show how port-Hamiltonian systems on
graphs, such as the mass-spring-damper systems, can be alternatively
obtained by symmetry reduction from a symplectic formulation, exploit-
ing the invariance of the Hamiltonian function (in particular, of the
spring potential energies).

Let us return to the formulation of a mass-spring system in Section
where the vertices correspond to the masses, and the edges to the
springs in between them. An alternative is to consider the configura-
tion vector ¢. € A =: Q., describing the positions of all the masses.
In fact, this is the classical starting point for Lagrangian mechanics,
where we do not start with the energy variables q and p, but instead
we start with the configuration vector ¢. and the corresponding veloc-
ity vector ¢.. The classical Hamiltonian formulation is then obtained
by defining the vector of momenta p € Ag = Q} as p = Mq. (with
M the diagonal mass matrix), resulting in the symplectic phase space
Q% Q% = A° x Ay. For ordinary springs the relation between ¢, € A°
and the vector g € A! describing the elongations of the springs is given
as ¢ = B”q.. Hence in this case the Hamiltonian can be also expressed
as a function H. of (g, p) by defining

H.(qc,p) := H(Bch,p). (12.31)

It follows that the equations of motion of the mass-spring system (with
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boundary masses) are given by the canonical Hamiltonian equations

_ 0H,

de =", (9e,p),
) O0H.
0H,

b T
= E
€ ap (q67p)7

where, as before, f; are the external forces exerted on the boundary
masses and e’ are their velocities.

What is the relation with the port-Hamiltonian formulation given
in Section[12.2]? It turns out that this relation is precisely given by the
standard procedure of symmetry reduction of a Hamiltonian system/l.
Indeed, since 17 B = 0 the Hamiltonian function H.(g.,p) given in
(12.31)) is invariant under the action of the group & = R acting on the
phase space A° x Ag ~ R2Y by the symplectic group action

(¢esp) = (ge+al,p), a€®=R. (12.33)

From standard reduction theory, see e.g. Marsden & Ratiul (1999);
Libermann & Marle| (1987) and the references quoted therein, it fol-
lows that we may factor out the configuration space Q. := A° to the
reduced configuration space

Q:=A"® (12.34)

Let us assume that the graph is connected, or equivalently ker BT =
span 1. Then we have the following identification

Q:=A"/® ~ BTAD c AL (12.35)

Hence the reduced state space of the mass-spring system is given by
im BT x Ay, where im BT C Al. Furthermore, under the symmetry
action the canonical Hamiltonian equations (12.32) on the symplec-
tic space A° x Ay reduce to the port-Hamiltonian equations (I2.3) on

"This relation can be regarded as the discrete, graph-theoretic, version, of the cor-
respondence between the port-Hamiltonian formulation of the Maxwell equations
(using the Stokes-Dirac structure) and its symplectic formulation using the vector po-
tential of the magnetic field, cf. Marsden & Ratiul (1999);[Vankerschaver et al.| (2010).
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im BT x Ay € A' x Ag obtained before:

. . 0H, OH
¢=B"¢.=B" o (e p) = BTa—p(q,p),

. 0H, _oH
p= aqc(qc,p)JrEfb— Baq

OH
e’ = ETa—p(q,p)-

(¢,p) + Efy, (12.36)

In case the graph is not connected, then the above symmetry reduction
can be performed for each component of the graph (i.e., the symmetry
group is R°9, with cg denoting the number of components of the graph
G), yielding again the reduced state spacel im B x A,

For a mass-spring-damper system, although in the standard sym-
metry reduction framework not considered as a Hamiltonian system,
the same reduction procedure can still be applied. A mass-spring-
damper system in coordinates (¢, p) takes the form

o= 2 (ge,p)
e = 8]9 4cyP),
OH, OH,
) = ——<(qe,p) — B4RBY ——(q. E 12.37
p 8qc(q,p) aRBy ap (qes p) + E fo, (12.37)
OH,

b
=F ) )
e a (ges D)

where H.(q.,p) = H(BIq,p) with ¢ = BIq. the spring elonga-
tions. Here B, and B, denote, as before, the incidence matrices of the
spring, respectively, damper graph. Under the same symmetry action
as above this reduces to the equations (12.20) on the reduced state
space im B x A,.

Furthermore we obtain the following corollary to Theorem [2.1]
regarding to ‘second-order consensus’ (see also |Goldin et al.! (2010);
Camlibel & Zhang! (2012)):

Corollary 12.2. Consider the mass-spring-damper system (12.37) in
coordinates (g, p) where we assume the spring graph to be connected.

®Note that in fact the subspace im B C A' is determined by the Casimirs
kTq,Bk = 0 in the sense that im BT = {q¢ € A° | kTq = 0, forall k € ker B}.
Furthermore, im BT = A' if and only if the graph does not contain cycles.
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Then for all initial conditions ¢.(t) — span1,p(t) — spanl if and
only the largest G Ls-invariant subspace contained in ker B is equal
to span 1, and moreover ker B, = 0.

12.7 The graph Dirac structures and interconnection

Starting point for the definition of port-Hamiltonian systems on
graphs in this chapter is the identification of the Poisson structure
(2.2) corresponding to the incidence matrix of the graph. Inclusion
of the boundary vertices leads to the definition of the following two
‘canonical” Dirac structures.

Definition 12.1. Consider an open graph G with vertex, edge and
boundary spaces, incidence matrix B and boundary incidence matrix
By. The flow-continuous graph Dirac structure D¢(G) is defined as

Dy(G) = {(fl,el,fOi,eOi,fb,eb) € A x Al x Ag; x A% x Ay x A? |
Bifi = foi, Bofr = foe' = —Bf e — BbTeb}. (12.38)
The effort-continuous graph Dirac structure D.(G) is defined as

Do (G) := {(fl,el,fo,eo,fb,eb) € Ar x Al x Ag x A® x Ap x AP |
Bifi = foi, Bof1 = foo + fu, et = —BTe0, e = €%}, (12.39)

By Proposition2.3]both D¢(G) and D (G) are separable Dirac struc-
tures. Note that D¢(G) and D.(G) only differ in the role of the bound-
ary flows and efforts, and that D¢(G) = D.(G) if there are no boundary
vertices.

Interconnection of two open graphs G and G” is done by identify-
ing some of their boundary vertices, and equating (up to a minus sign)
the boundary efforts and flows corresponding to these boundary ver-
tices, resulting in a new graph. For simplicity of exposition consider
the case that the open graphs have all their boundary vertices in com-
mon, resulting in a (closed) graph with set of vertices V{* U Viﬂ uvy,
where V = V' = Vf denotes the set of boundary vertices of both
graphs. The incidence operator of the interconnected (closed) graph is
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obtained as follows. For simplicity of notation consider the case that
R = R. Let G/ have incidence matrices

. BJ]
BJ = i ’ ] = Oé,ﬁ.
lBi

The incidence operator B of the interconnected graph is then given as

B* 0
B=|0 B[, (12.40)
By By

corresponding to the interconnection constraints on the boundary po-
tentials and currents given by

e =e e ff = (12.41)

Comparing the interconnection of open graphs with the composi-
tion of their graph Dirac structures (see e.g. Proposition [6.1) it is
readily seen that the flow/effort-continuous graph Dirac structure of
an interconnected graph equals the composition of the flow/effort-
continuous graph Dirac structures of G* and G°.

12.8 The Kirchhoff-Dirac structure

In this section we consider a third canonical graph Dirac structure,
which results from constraining the flows at the internal vertices to zero
(and thus there is no energy-storage or dissipation associated with the
vertices for the corresponding port-Hamiltonian system).

The Kirchhoff-Dirac structure is defined as

Dic(G) = {(fr,e', fie?) € Ay x AL x Ay x A | (12.42)
Bifi = 0,Byfi = fo, Ie" € A% st ¢! = —BI " — Bt}

Note that, in contrast to the flow /effort-continuous graph Dirac struc-
tures, the Kirchhoff-Dirac structure only involves the flow and effort
variables of the edge and boundary vertex spaces (not of the internal
vertex spaces).
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Proposition 12.4. Dk (G) is a separable Dirac structure.

Proof. The Kirchhoff-Dirac structure is equal to the composition of the
flow-continuous] graph Dirac structure Df(G) with the trivial separa-
ble Dirac structure defined as

{(foi, ") € Agi x A% | fo; = 0}.

The result then follows from Proposition[6.1] u

Port-Hamiltonian systems with respect to the Kirchhoff-Dirac
structure are defined completely similar to the case of the flow/effort-
continuous graph Dirac structure; the difference being that energy-
storing or dissipative relations are now only defined for the flow and
effort variables corresponding to the edges.

12.8.1 Electrical circuits

The prime example of a port-Hamiltonian systen’@ with respect to
a Kirchhoff-Dirac structure is an electrical RLC-circuit, with circuit
graph G. In this case the elements of A; and A' denote the vectors of
currents through, respectively the voltages across, the edges, and the
Kirchhoff-Dirac structure amounts to Kirchhoft’s current and voltage
laws (whence its name). Furthermore, the effort variables e* are the po-
tentials at the vertices, while the boundary flows and efforts fj, eb are
the boundary currents, respectively boundary potentials at the boundary
vertices (the terminals of the electrical circuit).

On top of Kirchhoff’s laws, the dynamics is defined by the energy-
storage relations corresponding to either capacitors or inductors, and
dissipative relations corresponding to resistors. The energy-storing re-

°0Or the composition of the effort-continuous graph Dirac structure with
{(fo,¢%) € Mo x A% | fo =0}

0The terminology ‘port-Hamiltonian” may be confusing in this context, because
‘ports” in electrical circuits are usually defined by pairs of terminals, that is pairs of
boundary vertices with external variables being the currents through and the voltages
across an edge corresponding to each such port. See also the discussion in Willems
(2007, 2010); lvan der Schaft & Maschke| (2009).
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lations for a capacitor at edge e are given by

. Hee
Qe=—1c, Vo= ddTi(Qe), (12.43)

with Q. the charge, and Hc.(Q.) denoting the electric energy stored
in the capacitor. Alternatively, in the case of an inductor one specifies
the magnetic energy Hy.(®.), where @, is the magnetic flux linkage,
together with the dynamic relations

d,=V,, —I = dHLe(d)e). (12.44)
do,
Finally, a resistor at edge e corresponds to a static relation between
the current I, through and the voltage V. across this edge, such that
Vel < 0. In particular, a linear (ohmic) resistor at edge e is specified
by arelation V, = —R.I., with R, > 0.

Alternatively, we can decompose the circuit graph G as the inter-
connection of a graph corresponding to the capacitors, a graph corre-
sponding to the inductors, and a graph corresponding to the resistors.
For simplicity let us restrict ourselves to the case of an LC-circuit with-
out boundary vertices. Define V as the set of all vertices that are ad-
jacent to at least one capacitor as well as to at least one inductor. Then
split the circuit graph into an open circuit graph G¢ corresponding to
the capacitors and an open circuit graph G corresponding to the in-
ductors, both with set of boundary vertices V. Denote the incidence
matrices of these two circuit graphs by

B¢ BL
B¢ .= |"'|, Bl = [ ¢ 1
[BE] By

Assuming for simplicity that all capacitors and inductors are linear we
arrive at the following equations for the C-circuit
By Q=1If,
BQ =0,
ByTyy = C7'Q - Bf Ty
with @ the vector of charges of the capacitors and C' the diagonal ma-
trix with diagonal elements given by the capacitances of the capaci-
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tors. Similarly for the L-circuit we obtain the equations

& = By uy + By
0=BlL'o,
Il = -BfL o,

with ® the vector of fluxes and L the diagonal matrix of inductances
of all the inductors.

The equations of the LC-circuit are obtained by imposing the in-
terconnection constraints ¢f = 1 =: 1; and IF + I} = 0. By eliminat-
ing the boundary currents I, I* one thus arrives at the differential-
algebraic port-Hamiltonian equation

o : o
Bi OL _Q C—IQ BZCT 0 BbCT T/JZL
O Blle| =% 6 |T| 0o B BIT| |V
Bf Bf ' by

12.8.2 Boundary flows and efforts of the Kirchhoff-Dirac struc-
ture

The fact that the internal vertex flows in the definition of the
Kirchhoff-Dirac structure are all zero (and consequently no storage
or dissipation at the vertices takes place) has a number of specific
consequences for the behavior of the boundary flows and efforts (see
Willems| (2010) for closely related considerations).

Assume (for simplicity of exposition) that R = R. From the def-
inition of the Kirchhoff-Dirac structure and 17 B = 0 it follows that

0=17Bf1 = 1] Byfi = —1] i, (12.45)

with 1; denoting the vector with all ones of dimension equal to
the number of boundary vertices. Hence the boundary part of the
Kirchhoff-Dirac structure of an open graph is constrained by the fact
that the boundary flows add up to zero. Dually, we may always add
to the vector of vertex efforts e the vector 1 leaving invariant the edge

"For a formulation of pure R, L or C circuits, and their weighted Laplacian matri-
ces, we refer tolvan der Schaft| (2010).
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efforts e! = BTe". Hence, to the vector of boundary efforts ¢ we may
always add the vector 1.

Proposition 12.5. Consider an open graph G with Kirchhoff-Dirac
structure Dy (G). Then for each (f1, e, £y, e®) € Di(G) it holds that

ﬂgfb =0,
while for any constant ¢ € R

(f1>€1>fbveb + C]lb) € DK(Q)

12.9 Topological analogies

From the above formulation of an RLC-circuit in Section[12.8.T|we con-
clude that the structure of the dynamical equations of an inductor are
structurally different from that of a capacitor. In order to elucidate this
basic difference we zoom in on the description of an inductor and a
capacitor as two-terminal elements. To this end consider the elemen-
tary open graph consisting of one edge with two boundary vertices

T
«, 3, described by the incidence matrix b = {1 —1} . It follows that
an inductor with magnetic energy H(®) is described by the equations

@ — bT |:‘/}a‘| ,
Vs
(12.46)
I,| ,dH
whereas a capacitor with electric energy H(Q) is described as
b = M ,
Is
(12.47)
dH P
— =bl |7

This difference stems from the fact that the energy variable @ of a
capacitor, as well as the current I, takes values in the linear space A,
while the state variable ® of an inductor, as well as the voltage V/,
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takes values in the dual space Al. Recalling from Section [2.2.1] the
description of a spring system

. Vo
qg="b" L}J :
(12.48)
F,|  dH

with ¢ the elongation of the spring, and H(q) its potential energy, we
conclude that there is a strict analogy between a spring and an induc-
to. On the other hand, a moving mass is not a strict analog of a ca-
pacitor. Instead, it can be considered to be the analog of a grounded
capacitor, while the strict analog of a capacitor (12.47) is the so-called
inerter Smith | (2002)

. Fa dH T Ve

where p is the momentum of the inerter and H (p) its kinetic energy,
while F,,, Fg and v, v2 denote the forces, respectively, velocities, at the
two terminals of the inerter. For a further discussion on analogies, see

Appendix

2Thus we favor the so-called force-current analogy instead of the force-voltage anal-
ogy.
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Switching port-Hamiltonian systems

In quite a few application areas (e.g., power converters, robotics, hy-
draulic networks) systems arise which operate in different modes.
Such systems are commonly called switching or multi-modal physical
systems. In many cases of interest it is appropriate to model the fast
transitions between the different modes of operation of these systems
by ideal switches. In this chapter we will investigate how multi-modal
physical systems can be approached from the port-Hamiltonian point
of view. It will turn out that the varying topology of the system cor-
responds to a varying Dirac structure, while the energy-storage and
energy-dissipation is the same for all the modes.

Another aspect of multi-modal physical systems is that often the
modes of the system may involve algebraic constraints on the state
variables, while at the moment of switching the current state does
not satisfy the algebraic constraints of the next mode. This problem
needs to be resolved by the formulation of a jump rule, stating how
the present state should be changed instantaneously in order that it
satisfies the algebraic constraints of the next mode.

A classical example of such a jump rule arises in electrical circuit
theory, and concerns the characterization of the discontinuous change

147
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in the charges of the capacitors and/or in the magnetic fluxes of the
inductors whenever switches are instantaneously closed or opened.
This is sometimes referred to as the charge and flux conservation prin-
ciple, and is usually only discussed on the basis of examples; see
e.g. Seshu & Balabanian| (1964). In this chapter we will state a jump
rule for general switching port-Hamiltonian systems, which will in-
clude the classical charge and flux conservation principle as a special
case. The discontinuous change of the state involved in the jump rule
amounts to an impulsive motion satisfying a set of conservation laws
derived from the general conservation laws of the port-Hamiltonian
system. Furthermore, if the Hamiltonian function is convex and non-
negative it follows that the switching port-Hamiltonian system with
this jump rule is passive.

This chapter is largely based on/van der Schaft & Camlibell (2009),
to which we refer for some of the proofs and for further extensions.

13.1 Switching port-Hamiltonian systems

For the definition of a switching port-Hamiltonian system we need the
following ingredients. We start with an overall Dirac structure D on
the space of all flow and effort variables involved:

DCFyxEXFrxErXFpxEp X FgxE&g. (13.1)

The space F, x &, is the space of flow and effort variables correspond-
ing to the energy-storing elementdl, the space Fr x Egr denotes the space
of flow and effort variables of the energy-dissipating elements, while
Fp x Ep is the space of flow and effort variables corresponding to the
external ports (or sources). Finally, the linear spaces Fg, respectively
Es := F§, denote the flow and effort spaces of the ideal switches. Let s
be the number of switches, then every subset # C {1,2,..., s} defines
a switch configuration, according to

k=0, iem, fl=0, jénm. (13.2)

'Note the slight change in notation with respect to other chapters: we have re-
served the notation Fs and Es for the flow and effort spaces of the switches, and F
and &, for the flow and effort spaces of the energy-storing elements.
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We will say that in switch configuration =, for all i € 7 the i-th switch
is closed, while for j ¢ w the j-th switch is open.

For each fixed switch configuration 7 this leads to the following
subspace D, of the restricted space of flows and efforts F, x &, x Fr x
E R X F p X E p:

D, = {(fmezafRaeR:fPaeP) | 3fs € Fs,es € Es
st.ely=0,i€m, fg =0,j ¢m, and (13.3)
(f:l??exafR7eR7fP7eP7f57eS) GD}

For every m the subspace D defines a Dirac structure. Indeed, every
switch configuration 7 given by (I3.2) defines a Dirac structure on the
space of flow and effort variables fg, eg of the switches, and D, equals
the composition of this Dirac structure with the overall Dirac structure
D. Since the composition of any two Dirac structures is again a Dirac
structure (cf. Chapter[6)) it thus follows that D, is a Dirac structure for
every switch configuration 7.

The dynamics of the switching port-Hamiltonian system is defined
by specifying as before, next to its Dirac structure D, the constitutive
relations of the energy-storing and energy-dissipating (resistive) ele-
ments. We will restrict to linear resistive structures given by the graph
of a resistive mapping (see ChapterH).

Definition 13.1. Consider a linear state space X = F,, a Dirac struc-
ture D given by (13.1), a Hamiltonian H : X — R, and a linear resis-
tive structure fr = —Rer with R = RT > 0. Then the dynamics of the
corresponding switching port-Hamiltonian system is given as

.. OH
(—ﬂj‘(t), %(l‘(t)), _ReR(t)> eR(t)> fP(t)a eP(t)) € Dx (134)
at all time instants ¢ during which the system is in switch configura-
tion 7.

It follows from the power-conservation property of Dirac struc-
tures that during the time-interval in which the system is in a fixed
switch configuration

d
—H = —cjRep + cpfp < epfp, (13.5)
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thus showing passivity for each fixed switch configuration if the Hamilto-
nian H is non-negative.

spring & damper
d klx in series

spring & damper
in parallel
Y o foot fixed to ~_/
ground

sum of forces

zero on foot k

Figure 13.1: Bouncing pogo-stick: definition of the variables (left), flying phase (mid-
dle), contact phase (right).

Example 13.1. Consider a pogo-stick that bounces on a horizontal
plate of variable height (see Figure [I3.T). It consists of a mass m and a
mass-less foot, interconnected by a linear spring (with stiffness k and
rest length z¢) and a linear damper d. The states of the system are x
(length of the spring), y (height of the bottom of the mass), and z = my
(momentum of the mass). The total energy is

2

1 1
H(z,y,z2) = §k($ — 20)% +mg(y + yo) + g

where ) is the distance from the bottom of the mass to the center of
mass. This leads to the constitutive relations given as

fx‘ = _ia fy = _y7 fp = _p7 fR = _llieRa
ez = k(z — z0), e, =mg, e, = %,

where fr, er are the flow and effort variables associated to the damper
(energy dissipation), and d is the damping constant. Furthermore, the
overall Dirac structure of the system is described by the linear equa-
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tions
fy:fz_f37 frR = [z fp:ez+ey+eR7
es+ez+er=0,¢e,=—f,.
Here the third equation f, = e, + e, + eg represents the total force
balance on the mass m. In the switch configuration eg = 0 (no external
force on the foot) the pogo-stick is in its flying mode, while for fg = 0
the foot is in contact with the horizontal plate. Hence the equation
es+ez+er = 0 expresses that for eg = 0 (flying mode) the spring force
on the mass-less foot balances the damping force, while for fg = 0
(contact mode) f, = f, and eg represents the constraint force exerted
by the ground.

The conditions (13.4) for a particular switch configuration 7 may
entail algebraic constraints on the state variables x. These are charac-
terized by the effort constraint subspace defined for each switch config-
uration 7 as follows (see also Chapter[8):

C7r = {ex € S:E | Hf:mfpw evaPaeP7 s.t.

(13.6)
(fe»€x, frRyer, fP,ep) € Dr, frR= —ReR}.

The subspace@ Cr determines, together with H, the algebraic constraints
in each switch configuration 7. Indeed, from (13.4) it follows that

oH

Ox
for all time instants ¢t during which the system is in switch configura-
tion 7. Hence if C, # &, then in general (depending on the Hamilto-
nian H) this imposes algebraic constraints on the state vector z(t).

(z(t)) € Cx, (13.7)

Example 13.2 (Pogo-stick continued). In the example of the pogo-
stick the subspace C; is equal to &, for any of the two switch config-
urations, and hence there are no algebraic constraints. This changes,
however, if the mass of the foot is taken into account. Indeed, by as-
suming a mass M > 0 of the foot, there is an additional state variable

Note that Cr may depend on the linear resistive structure, but not on the energy
storage constitutive relation.
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py (momentum of the foot) with kinetic energy 3p3,, and the equa-

tion eg + e, + er = 0 changes into fi; = es + e, +er with far = —par,
while furthermore, an extra equation e,,, == f, — f, with ey = EM

is added to the equations of the overall Dirac structure.
In the contact mode 7 given by fg = 0, this means that e¢,,, =
fy — fz = 0, so that

Cr= {(65076%61076101»1) ‘ €pm = 0}7

implying the obvious algebraic constraint 24 = ¢, = 0.

13.2 Jump rule for switching port-Hamiltonian systems

Next, we define for each 7 the jump space
\77r = {fz ‘ (fz7070707070) € DW} (138)

The following crucial relation between the jump space J, and the
effort constraint subspace C, holds true. Recall that 7, C F, while
Cr C E;, where &, = F*.

xT

Theorem 13.1.

JIx=Cy, (13.9)
where 1 denotes the orthogonal complement with respect to the dual-
ity product between the dual spaces 7, and &,.

The jump rule for a switch configuration 7 is now formulated as
follows.

Definition 13.2 (Jump rule). Consider the state = of a switching
port-Hamiltonian system at a switching time where the switch con-
figuration of the system changes into 7. Suppose z~ is not satisfying
the algebraic constraints corresponding to 7, that is

OH

—(x7) € Cr. 13.10
(2 7) ¢ (13.10)
Then, the new state 2™ just after the switching time satisfies
H
a2t —az € Ty, a—(er) € Cy. (13.11)
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This means that at this switching time an instantaneous jump
(‘state transfer’) from z~ to 7 with Tyanster == 2t — 27 € J, will
take place, in such a manner that 22 (z+) € C;.

The jump space J; is the space of flows in the state space X = F,
that is compatible with zero effort e, at the energy-storing elements
and zero flows fg, fp and efforts e, ep at the resistive elements and
external ports. Said otherwise, the jump space consists of all flow vec-
tors f, that may be added to the present flow vector corresponding to
a certain effort vector at the energy storage and certain flow and effort
vectors at the resistive elements and external ports, while remaining
in the Dirac structure D, without changing these other effort and flow
vectors. Since D, captures the full power-conserving interconnection
structure of the system while in switch configuration 7, reflecting the
underlying conservation laws of the system, the jump space J. thus
corresponds to a particular subset of conservation laws, and the jump
rule formulated above proclaims that the discontinuous change in the
state vector is an impulsive motion satisfying this particular set of con-
servation laws.

For physical systems one would expect that the value of the Hamil-
tonian H (z1) immediately after the switching time is less than or equal
to the value H (z ™) just before. This property is ensured whenever the
Hamiltonian is a convex function.

Theorem 13.2. Consider a switching port-Hamiltonian system with
H a convex function. Then for any 2~ and z satisfying the jump rule

(I3.11)
H(z") < H(z™). (13.12)

The proof is based on the fact that a function f : R" — R is convex
if and only if [Rockafellar & Wets! (1998)]

0
FW)2 f@r+ < @)y >,
x
for all z,y. Application to H with z = 2™ and y = 2~ yields
H(z™)> H(xM)+ < %—Z(aﬁ) |27 — a2t >.

However, by (I311) < %2 (z%) |2~ — 2 >= 0, since J = C}.
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Corollary 13.3. Consider a switching port-Hamiltonian system satis-
fying the jump rule, with its Hamiltonian H being a convex function.
Then for all t5 > #;

Hiz(t2)) < HG(t) + [ cBOfp(0)t

1
and thus the system is passive if H is nonnegative (see Chapter[7).

If the Hamiltonian H is a quadratic function H(z) = 227 Kz (and
thus the port-Hamiltonian system is linear), then the jump rule re-
duces to

Ttranster = ¢ — 1~ € Jn, Kat € C. (13.13)
If K > 0 then it follows from Theorem[I3.2land Corollary [13.3]that the
switching port-Hamiltonian system is passive. Furthermore, for each
z~ there exists a z satisfying (I3.13), and moreover if K > 0 this 2™
(and the jump iransfer) is unique. Indeed, the property 7. = Ct implies
MKz =0forall A € J, and all z € X with Kz € C,, or equivalently
MKz =0forallz € CK .= {x € X | Kz € C;} and all \ € J,. Thus,
J,: is the orthogonal complement of the subspace CX where the inner
product on X is defined by the positive definite matrix K. Hence it
follows that the vector 2 satisfying (I3.13) is unique.

The jump rule in the linear case also allows for a variational charac-
terization (see also!Camlibel & Zhang | (2012); Gerritsen et al.| (2002)).

Theorem 13.4. Let K > 0. A state 2™ satisfying (I3:13) is a solution
of the minimization problem (for given x ™)
1 \T _
. mnin, E(az -z ) K(x—2x7), (13.14)

and conversely if K > 0 then the unique solution of ({I3.14) is the
unique solution to (I3.13).

Furthermore, an application of Dorn’s duality Mangasarian| (1969);
Camlibel! (2001) yields (see also ICamlibel! (2001); Gerritsen et al.
(2002))

Theorem 13.5. Let K > 0. Then the jump A = 2+ — 2~ is the unique
minimum of 1
min o (7 + MK (27 + N). (13.15)

AETx
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13.3 Charge and flux transfer in switched RLC circuits

In this subsection we will show how the jump rule for switching
port-Hamiltonian systems, as formulated above, includes the classi-
cal charge and flux conservation principles for RLC-circuits with switches
as a special case, and in fact formalizes these principles in an insightful
way.

Consider an RLC-circuit with switches with an arbitrary topology.
It can be described as a switched port-Hamiltonian system as follows
(see also [Escobar et al.| (1999)). First consider the directed graph asso-
ciated with the circuit. Identify every capacitor, every inductor, every
resistor and every switch with an edge. Furthermore, associate with
every external port an edge (between the terminals of the port). De-
note the incidence matrix of this directed graph by B; cf. Section 12.1.
The incidence matrix has as many columns as there are edges, and as
many rows as there are vertices in the graph. By reordering the edges
we partition the incidence matrix as B = [BC B;, Br Bs B p} ,
where the sub-matrices B¢, Br,, Br, Bs correspond, respectively, to
the capacitor, inductor, resistor, and switch edges, and Bp corresponds
to the external ports. Then Kirchhoft’s current laws are given as

Belc + Brlp, + Brlg + Bglg + Bplp =0, (13.16)

with I¢, I, IR, Is, Ip denoting the currents through, respectively, the
capacitors, inductors, resistors, switches, and the external ports. Cor-
respondingly, Kirchhoff’s voltage laws are given as

Vo = B,
Vi = Bl v,
Vr = Bh, (13.17)
Vs = B,
Vp = By,

with Vo, Vi, Vg, Vs, Vp denoting the voltages across the capacitors, in-
ductors, resistors, switches, and ports, respectively, and v being the
vector of potentials at the vertices.
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Kirchhoff’s current and voltage laws define a separable Dirac
structure D on the space of flow and effort variables given as

fe = (Ic, VL),
ez = (Vo, 1),
fR = VR7
er = Ig,

13.18
fs = Vs, ( )
es = Ig,
fP — VP7
ep = Ip.

The constitutive relations for the energy storage are given as

(@. @) = ~(Ic, VL),

OH OH (13.19)
(V07IL) = <%>a—q))7

where @) is the vector of charges at the capacitors, and ® the vector of
fluxes of the inductors. For a linear RLC-circuit

1 1
H(Q,®) = 5QTO—IQ + 5<1>TL—1o1>, (13.20)

where the diagonal elements of the diagonal matrices C' and L are the
capacitances, respectively, inductances, of the capacitors and induc-
tors.

Similarly, the constitutive relations for the linear (Ohmic) resistors
are given as

Vi = —RIR, (13.21)

with R denoting a diagonal matrix with diagonal elements being the
resistances of the resistors.
For every subset 7 C {1,---,s} (where s is the number of
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switches) the Dirac structure D; is defined by the equations

0 = Bele + Brlp + Brlr + Bsls + Bplp,

Vo = By,
Vi = B,
Vi = Bk, (13.22)
Vs = B&v,
Vp = BLy,

Vi=0,ien, IL=0jémr.

Thus, all switches corresponding to the subset 7 are closed, while the
remaining ones are open.
The constraint subspace C for each switch configuration  is given

as
Cr ={(Ve,Ir) | 31c, V1, VR, IR, Vs, Is,Vp, Ip

such that (I3.21) and (13.22) is satisfied }.

Furthermore, the jump space 7, is given as the set of all (I¢, V) sat-
isfying for some 1) the equations

(13.23)

0 = Belc + Bglg,

0 = BLy,
VL = nga

0 = Bk, (13.24)
VS = nga

0 = BEvy,

Vi=0,ien, IL=0jé&m.
Hence the jump space can be written as the product of the space
{Ic |35, I, =0,j ¢ m, Bolo + Bsls = 0},
with the space

{V | 3¢ such that Vi, = BT4,0 = BLy,0 = Bk,
0= BLy, Vs = BLly, Vi=0,icr}.
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It follows that for RLC circuits with switches the jump (state trans-
fer) splits into a charge transfer Q7 — Q™ = Qtranster and a flux transfer
Pt — &7 = PDanster- The charge transfer Qansfer corresponding to
the switch configuration 7 is specified as follows. The direction of the
charge transfer Qransfer is determined by

BC’Qtransfer + BSIS = 07 Ifg = 07 ] € T, (1325)

corresponding to Kirchhoff’s current laws for the circuit with switch
configuration m, where the inductors and resistors have been open-
circuited, and the currents through the external ports are all zero. This
recovers and formalizes [Frasca et al.| (2010) the classical charge con-
servation principle. On the other hand, the amount of charge transfer
Qtransfer 1s determined by

C_I(Q_ + Qtransfer) - ng
for some ¢ satisfying Vs = B, Vi=0,i € .

Furthermore, the direction of the flux transfer ®;,,nser 1S determined
by the equations

0= ng,
(I)transfer = B}fi/%
0 = BLy, (13.26)
Vs = By, Vi=0,iem,
0 = By,

corresponding to Kirchhoff’s voltage laws for the circuit corresponding
to the switch configuration 7, where the capacitors and the resistors
have been short-circuited, and the voltages across the external ports are
all zero. This formalizes the classical flux conservation principle. On the
other hand, the amount of flux transfer is uniquely determined by the
condition

BC’IC + BLL_I((I)_ + (I)transfer)
+BrlIg + Bsls + Bplp =0,
for some I, IR, Ip, Is with Ié =0,j¢m.
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Since in the case of a linear circuit the Hamiltonian H(Q,®) =
1QTC71Q + 39T L1 splits as the sum of a quadratic function of the
charge  and the flux ®, the variational characterization of the jump
(state transfer) rule also splits into the variational characterization of
the charge transfer principle, given as the minimization of

1
min —
Q,0-1Qecy 2

Q-Q)'c QR -Q), (13.27)

where C) denotes the projection of the subspace C;. on the space of
voltages Vi, and the variational characterization of the flux transfer
principle, given as the minimization of

1
i (@ - )L (D —d), 13.28
o0 5 ) L ) (13.28)
where C! denotes the projection of the subspace C, on the space of
currents I7y,.

13.4 The jump rule for switched mechanical systems

As a second example consider mechanical systems subject to linear
damping and kinematic constraints, written in port-Hamiltonian form
as (see e.g. Chapter[2)

Tt
p = ———(q,p) = R(a,p) 5~ (a,p) + A[@A + B(g)F,
0q op (13.29)
OH :
= AT(q)==
0 (q) gﬁ (¢:p),
= BT (¢)=—
v (q) n (¢:p),
with ¢ = (¢1,--- ,¢n) the vector of generalized position coordinates,
p = (p1, - ,pn) the vector of generalized momenta, ' € R™ the

vector of external generalized forces, v € R™ the vector of conju-
gated generalized velocities, and H (g, p) the total energy of the sys-
tem (which usually can be split into a kinetic and a potential energy
contribution). Furthermore, 0 = AT(q)%—IZ(q, p) = AT (q)q denotes the
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kinematic constraints (such as rolling without slipping) with corre-
sponding constraint forces A € R*, where s is the number of kinematic
constraints (equal to the number of rows of the matrix AT (g)).

The damping is characterized by the n x n matrix R(g,p) which
is assumed to be symmetric and positive semi-definite, that is, RT =
R > 0. This implies the usual energy-balance

dH oHT o OH T -
at __oid < TF
o (¢,p) % (q,p)R(q,p)—ap (¢,p) +vTF <oTF

We throughout assume that the matrix R(q,p) admits a factorization
R(g,p) = P'(¢,p)RP(q,p), R=R">0,

for some r x n matrix P(q,p) and constant r x r matrix R.
A switching mechanical system arises if the kinematic constraints can
be turned on and off. Denoting fs := A and replacing the kinematic

constraints in (13.29) by

es = AT@)%—];(q,p), (13.30)

this defines a switching port-Hamiltonian system as before, where
any subset 7 C {1,---,r} defines as before the switch configuration
ey =0,i € m, fg = 0,7 ¢ m. Thus in switch configuration 7 each i-th
kinematic constraint, with i € 7, is active, while the other kinematic
constraints (corresponding to indices not in ) are inactive.

It follows that the effort constraint subspace C, in this case is given
as

Cﬂ' = {e$ ‘ Elfz;ngeR,F,fS, Wlth
f§:07j€ﬂ-7 fR:_ReRa eR:PT(Q7p)%_IZ(Q7p)

0

—fo= [_I ﬂ ez + P(q,p)fr + B(q)F + A(a) fs

eg = AT(q)%—g(q,p), eg =0,i €7}

Furthermore, the jump space 7 is given as

jwz{fw|fw61m[ }

o
Az (q)
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where the matrix A,(g) is obtained from the matrix A(q) by leaving
out every j-th column with j & 7.

Thus jump rule in this case amounts to a jump in the momentum
variables p given as

o0H

Ptransfer = p+ —-p € AW(Q)7 Az(Q)a—p(%p—’_) =0

If H can be written as the sum of a kinetic and a potential energy
H(q,p) = ip" M~ (q)p + V(g), with M(q) > 0 denoting the general-
ized mass matrix, then a variational characterization of the jump rule
is given by defining p™ to be the unique minimum of

. 1 \NT rs—1 —
min S =p7) M (g)p—p7) (13.31)
AR (@M (g)p=0 2
Furthermore, since in this case the kinetic energy is a convex function
of the momenta, it follows from Theorem [13.2land Corollary [13.3 that
the switching mechanical system is passive if the potential energy is
non-negative.






14

Distributed-parameter systems

The aim of this chapter is to introduce the main concepts behind
the extension of finite-dimensional port-Hamiltonian systems of the
previous chapters to distributed-parameter systems. Dynamic mod-
els of distributed-parameter systems are defined by considering not
only the time but also the space as independent parameters on which
the physical quantities are defined. They allow to model objects such
as vibrating strings or plates, transmission lines, or electromagnetic
fields and mass and heat transfer phenomena. A port-Hamiltonian
formulation of classes of distributed-parameter systems is presented,
which incorporates the energy flow through the boundary of the spa-
tial domain of the system. Instrumental for its contraction is the no-
tion of an infinite-dimensional Dirac structure associated with the ex-
terior derivative and based on Stokes’ theorem. The theory is exempli-
fied using the telegrapher’s equations for an ideal transmission line,
Maxwell’s equations on a bounded domain with non-zero Poynting
vector at its boundary, and a vibrating string with traction forces at
its ends. Finally, some properties of the Stokes-Dirac structure are
reviewed, including the analysis of conservation laws. For further
details we refer to van der Schaft & Maschke| (2002), on which this
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chapter is largely based. A detailed treatment of linear distributed-
parameter port-Hamiltonian systems on a one-dimensional spatial
domain, including well-posedness and stability theory, can be found in
Jacob & Zwart! (2012).

14.1 The Stokes-Dirac structure

We start by introducing the underlying geometric framework for the
port-Hamiltonian formulation of distributed-parameter systems on
a bounded spatial domain, with non-zero energy flow through the
boundary. The key concept is the introduction of a special type of
Dirac structure on suitable spaces of differential forms on the spatial
domain and its boundary, making use of Stokes’ theorem. Through-
out, let Z be an n-dimensional smooth manifold with smooth (n — 1)-
dimensional boundary 0Z, representing the space of spatial variables.

Denote by Q*(Z), for k = 0,1,--- ,n, the space of differential k-
forms on Z, and by Q%(9Z), for k = 0,1,--- ,n — 1, the space of k-
forms on 9Z!Y Clearly, Q*(Z) and Q%(0Z) are (infinite-dimensional)
linear spaces (over R). Furthermore, there is a natural pairing between
QF(Z) and Q"*(Z) given by

<Ma>:LﬂAa(€m, (14.1)

with a € Q%(Z), 8 € Q"*(Z), where A is the usual wedge product of
differential forms yielding the n-form /5 A «. In fact, the pairing (I4.1)
is non-degenerate in the sense that if < f|la >= 0 for all ¢, respectively
for all 3, then 3 = 0, respectively a = 0.
Similarly, there is a pairing between QF(0Z) and Q" 17%(92)
given by
<Ma>:/‘ﬁAm (14.2)
0z
with a € Q¥(02), 8 € Q" 17%(0Z). Now, let us define the linear space

Fpg = OP(Z) x QU(Z) x Q" P(92), (14.3)

"Note that Q°(Z) and Q°(9Z) are the spaces of smooth functions on Z and 97,
respectively.
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for any pair p, ¢ of positive integers satisfying
p+qg=n+1, (14.4)
and, correspondingly, let us define
Epq =Q"P(Z)x Q"YZ) x Q"0Z). (14.5)

Then, the pairing (I4.1) and ([4.2) yields a (non-degenerate) pairing
between F, , and &, 4. As for finite-dimensional systems, symmetriza-
tion of this pairing yields the bilinear form on 7, ;, x &, 4, with values
inR

< (f;,f;,fg,e;,eé,e},), (fg,fg,fg,eg,eg,eg) >
::/Z[e;Af5+e;Af§+e§Af;+e§mﬂ (14.6)
[ nsi+edng].
where fori =1,2,
£ € W(2), [} € 2(2), ¢ € O(Z), ¢ € I(2)
fi € QV(02), ¢ € 0U9Z),

The spaces of differential forms QP(Z) and Q9(Z) represent the en-
ergy variables of two different physical energy domains interacting
with each other, while Q""?(0Z) and Q" 9(0Z) will denote the bound-
ary variables whose (wedge) product represents the boundary energy
flow. The following theorem is proved in ivan der Schaft & Maschke
(2002), based on "integration by parts” and Stokes’ theorem. Recall that
d denotes the exterior derivative, mapping k-forms into £ + 1-forms
(and generalizing in R? the vector calculus operations grad, curl, div).

Theorem 14.1. Consider F,, and &, , given in (I14.3) and (I4.5), re-
spectively, with p, ¢ satisfying (14.4), and bilinear form <, > given by
(14.6). Let (-)|spz denote the restriction to the boundary 0Z, then the
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linear subspace

D= {(fpafmfbaep7eqaeb) € F}Lq X Spvq

Al ] e

al-0 e[ ])
ep 0 —(—1)"1 €ql02 ’

is a Dirac structure.

The subspace (14.7) is called a Stokes-Dirac structure.

14.2 Distributed-parameter port-Hamiltonian systems

The definition of a distributed-parameter Hamiltonian system with re-
spect to a Stokes-Dirac structure can now be stated as follows. Let Z be
an n-dimensional manifold with boundary 07, and let D be a Stokes-
Dirac structure as in Theorem [I4.Tl Consider furthermore a Hamilto-
nian density (energy per volume element)

H:QP(Z)xQUZ) x Z = Q" (Z),
resulting in the total energy

H::/HER.
Z

From (I4.1), we know that there exists a non-degenerate pairing be-
tween QP(Z) and Q"7P(Z), respectively between Q9(Z) and Q"79(Z2).
This means that 2" 7P(Z) and "7 9(Z) can be regarded as dual spaces
to QP(Z), respectively Q29(Z) (although strictly contained in their func-
tional analytic duals). Let o, 0, € QP(Z) and g, Oay € Q4(Z). Then,
under weak smoothness conditions on H, we have

H(oyp + Oy, 0 + 00yy) = /ZH (ap + Oy, ag + Oarg, 2)

:/ H (ap, g, 2) +/ [6pH A Dy + 0,H A Dy (14.8)
Z Z

+ higher order terms in da,, day,
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for certain differential forms

o0pH € Q"7P(2),

dgH € Q"7 Y(Z).
Furthermore, from the non-degeneracity of the pairing between Q(2)
and Q"7P(Z), respectively between Q9(Z) and Q""9(Z), it immedi-
ately follows that these differential forms are uniquely determined.
This means that (6,H,6,H) € Q" P(Z) x Q" 4(Z) can be regarded
as the (partial) variational derivatives (see e.g. Olver! (1993)) of H at
(ap,0q) € QP(Z) x Q4(Z). Throughout this chapter we assume that
the Hamiltonian H admits variational derivatives satisfying (14.8).

Now, consider a time-function

(ap(t), ag (1)) € QP(Z) x QU(Z), tER,

and the Hamiltonian H (o, (%), oy (t)) evaluated along this trajectory. It
follows that at any time ¢

dH /
dt  Jz

The differential forms %, % represent the generalized velocities
of the energy variables oy, a,. In a similar fashion as for finite-

dimensional systems, we set

S,H A % + o, H A (14.9)

oo
fp:_a—tp7 ep = 0pH,

P (14.10)
fq:_ﬁ—tq’ eq = 0gH,

where, as before, the minus sign is included to have a consistent en-
ergy flow description.

Definition 14.1. The distributed-parameter port-Hamiltonian sys-
tem with n-dimensional manifold of spatial variables Z, state-space
WP (Z) x Q4(Z) (with p+ g = n+ 1), Stokes-Dirac structure D given by
(14.7), and Hamiltonian H, is given as

9 [ap] [0 (=1)rd] [s,H
SOt lag|  |d 0 | |6H|

=l -] ]
€p 0 _(_1)n—q 5qH‘8Z ’

(14.11)
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with r = pg + 1.

By the power-preserving property of any Dirac structure, it im-
mediately follows that for any (fp, fq, fo, €p, €4, €p) in the Stokes-Dirac
structure D

/Z[epf\prreq/\fq]+/aZ€b/\fb=0-

Hence, by substitution of (I4.10) and using (I4.9), we obtain the fol-
lowing proposition.

Proposition 14.1. Consider the port-Hamiltonian system (14.11).
Then, the associated power-balance satisfies
dH
ai / en A fo, (14.12)
dt oz

expressing that the rate of change of energy on the domain Z is equal
to the power supplied to the system through the boundary 07, i.e.,

The system (I4.1T)) represents a (nonlinear) boundary control sys-
tem in the sense of e.g. Fattorini! (1968). Indeed, we could interpret f;,
as the boundary control inputs to the system, and ¢, as the measured
outputs (or the other way around). This feature is illustrated in the
following examples.

Example 14.1 (Telegrapher’s equations). Consider a lossless trans-
mission line with spacial domain Z = [0, 1] C R. The energy variables
are the charge density 1-form Q = Q(t, 2)dz € Q([0,1]), and the flux
density 1-form ¢ = p(t, 2)dz € Q*([0, 1]); thusp = ¢ = n = 1. The total
energy stored at time ¢ in the transmission line is given as

_ [P Q%(t2) | Pt 2)
with
Qt, z)
ooH _ C(z _ Vi(t,z)
S, H o(t,2) I(t,2) |’
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where C(z) and L(z) are the distributed capacitance and distributed
inductance of the line, respectively, whereas V (¢, z) and I(t, z) rep-
resent the corresponding voltage and current. The resulting port-
Hamiltonian system is given by

d
0 lQ(t, z)] R [V(t,z)]
ot lo(t,z)| |9 I(t,z) |’

which represents the well-known telegrapher’s equations, together
with the boundary variables

lfl?(t)] _ [vazm] lesml - [mm}
fiw)] L) e It 1))

The associated power-balance reads

i
dt

which is in accordance with (I£12).

- / Ceufodz = (. 0)V(£.0) — It )V (£ 1), (14.13)
0

Similar equations as the telegrapher’s equations hold for a vi-
brating stringlvan der Schaft & Maschke! (2002), or for a compressible
gas/fluid in a one-dimensional pipe.

Example 14.2 (Shallow water equations). The dynamical behavior of
water in an open canal with spatial domain Z = [a,b] C R can be

described by
9 |h LY hi 0 |h
ot |v g vl| oz |v|’

with h(t, z) the height of the water at position z at time ¢, v(z,t) the
corresponding velocity, and g the gravitational constant. These shal-
low water equations can be written as a port-Hamiltonian system by
recognizing the internally stored energy

H(h,v) = /b % [mﬂ + ghz] dz,

a
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yielding
1
ep, =0 H = 51)2 + gh (Bernoulli function),
ey = 0, H = hv  (mass flow).

Hence, in a similar fashion as the telegrapher’s equations, we obtain

o

C 0 [nt)| |0 | [onH

ot [v(t,2)| |9 | [6H]|’
0z

with boundary variables —hv|j,; and (%02 + gh)lja,)- The associated
power-balance is obtained by taking the time-derivative of H, i.e.,

%/a §[hv +gh]dz_—hv<§v +gh>

— 1 2
- (59)

which expresses that the power flow through the boundary of the
channel equals velocity x pressure + energy flux through the bound-

ary.

[a,b]

1 1
—v (—th + —gh2)
[a,b]

Y

14.3 Presence of sources and dissipation

Energy exchange through the boundary is not the only possible way a
distributed-parameter system may interact with its environment. An
example of this is provided by Maxwell’s equations (Example [14.3),
where interaction may also take place via the current density J, which
directly affects the electric charge distribution in the domain Z. In or-
der to cope with this situation, we augment the spaces 7, ; and &, , as

defined in (I4.3) and (I4.5), respectively, to
Fo = Fpg x Q(S),
ap e e . nfs) (14.14)
Eqp i=Epg X (S),

for some m-dimensional manifold S and some s € {0,1,--- ,m}, with
fs € Q°(S) denoting the externally supplied distributed control flow,
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and e; € Q"7%(S) the conjugate distributed quantity, corresponding
to an energy exchange

/ es A fs. (14.15)
S

The Stokes-Dirac structure (14.7) is then extended to
f p — 0 (_ 1)T d €p
fq d 0 €eq

| _ |1 0 €ploz
E{ RIS b B

+ G(fs)?

with G denoting a linear map

G = l gp ] L Q3(S) = QP(Z) x QI(Z), (14.17)

with dual map (again we consider Q" P(Z) and Q"7 9(Z) as dual
spaces to QP(Z) and Q"79(Z), respectively)
G* = (G, Gy) - Q" P(Z) x Q"U(Z) — Q"3(9),
satisfying
[ len A Golt) + e A Gol1)] = [ [Gpten) +Gilen)] A £
foralle, € Q" P(Z), e, € Q"79(Z), and fs € Q°(95).
Proposition 14.2. Equations (14.16) determine a Dirac structure
D* CFpyx &y

with respect to the augmented bilinear form on F,; . x &, which is

P.a’
obtained by adding to the bilinear form (14.6)) the term

/S esnf2+einfl]. (14.18)
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Then, substitution of (14.10) into D* given by (14.16) yields a port-
Hamiltonian system with external variables ( f3, fs, €5, €5), with (f3, ep)
the boundary external variables and ( fs, e5) the distributed external vari-
ables. Furthermore, the power-balance (I4.12) extends to

dH
— :/ ep A\ fp —|—/ es N\ fs, (14.19)
dt YA s

with the first term on the right-hand side denoting the power flow

through the boundary, and the second term denoting the distributed
power flow. We conclude this section with the following example.

Example 14.3 (Maxwell's equations). Let Z C R? be a 3-dimensional
manifold with boundary 0Z, defining the spatial domain, and con-
sider an electromagnetic field in Z. The energy variables are the mag-
netic field induction 2-form o, = B € Q*(2) :

1 . :
B = §Bij(t, z)dz" N\ dz?,

and the electric field induction 2-form oy, = ® € Q*(2) :

D= %Dij(t, 2)dz" A d.
Furthermore, the associated magnetic and electric field intensities are
givenby 9 = H;(t,z)dz' € Q1(Z) and € = E;(t, 2)dz* € Q}(Z), respec-
tively. These 1-forms are related to the energy variables through the
constitutive relations of the medium (or material equations) xB = puH
and x® = €€, with the scalar functions p(t, z) and (¢, z) denoting
the magnetic permeability and electric permittivity, respectively, and
* denoting the Hodge star operator (corresponding to a Riemannian
metric on Z), converting 2-forms into 1-forms.

Then, the Hamiltonian H is defined as

1
H:/ZE(QEACDJM@/\%),

where one readily verifies that 6,H = €&,6,H = $), and the corre-
sponding Stokes-Dirac structure (n = 3,p = 2,¢ = 2) takes the form

R E R A A
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Under the assumption that the current density J in the medium
is zero, and explicitly taking into account the behavior at the bound-
ary, Maxwell’s equations are then represented as the port-Hamiltonian
system with respect to the Stokes-Dirac structure given by (I4.20), as

o [@] [o —d [60H
ot M B ld o] [@H} ’ (14.21)
fo| _ |90Hl|oz
[GJ B L;Q%Hbzl ' (14.22)

and the power-balance (14.19) takes the form

dH
dt YA 87 oz

with &€ A § a 2-form corresponding to the Poynting vector (see
Ingarden & Jamiolkowskil (1985)).
In the case of a non-zero current density, we have to modify (14.21)

o [0] [o —d| [60m]  [1].
with I denoting the identity operator from J € Q%(2) to Q%(Z). (Thus,
in the notation of ([417), fs = J, S = Z, and Q°(S) = Q?(Z).) Further-
more, we add the equation
_ opH | _
es=—[0 1] l o H] = ¢, (14.24)

yielding the augmented power-balance

dH /
— = — (’E/\YJ—/Q‘E/\S,
dt YA VA

which is known as Poynting’s theorem.

Energy dissipation can be incorporated in the framework
of distributed-parameter port-Hamiltonian systems by terminating
some of the ports (boundary or distributed) with a resistive relation.
For example, for distributed dissipation, let R : Q"7%(S) — Q*(S) be
a map satisfying

/ es AN R(es) >0, Ves e Q"%(5).
S
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Then, by adding the relation
fs = —R(es)

to the port-Hamiltonian system defined with respect to the Dirac
structure D*, we obtain a port-Hamiltonian system with dissipation,
satisfying the differential dissipation inequality

dH
—:/ eb/\fb—/es/\R(es)g/ ep N fp.
dt oz s 87

Example 14.4 (Maxwell’s equations (cont'd)). In order to incorporate
energy dissipation into the Maxwell equations (I4£23), we decompose
the current density into J = Js + J, and impose Ohm’s law

*Js = o€,

with o(t, z) the specific conductivity of the medium.

14.4 Conservation laws

In Chapter [§ we introduced the notion of a conserved quantity—
independent of the Hamiltonian—called a Casimir function. In this
section, this notion is extended to distributed-parameter systems, and
for non-zero boundary conditions gives rise to certain conservation
laws. For, consider the distributed-parameter port-Hamiltonian sys-
tem as defined by (I4.11). Conserved quantities that are independent
from the Hamiltonian H are obtained as follows. Let

C:OP(Z)xQUZ)x Z >R (14.25)
be a function satisfying

(14.26)



14.4. Conservation laws 175

Then, the time-derivative of C' along the trajectories of (I4.11) is given
by

dO /6CA +/5CAMQ

/6CA d(S,H) — /50Aa5H)

- ”{/ddHAdC) 1”{/d%0A%H)
Z

—/ ey A fy +/ &5 A fo,

where we have denoted, in analogy with (14.7),
s =0,Cloz, e =—(=1)"""6,Cloz.
In particular, if in addition to (14.26), the function C' satisfies

5PC|8Z = 07

(14.27)
5q0|8Z = 07

then % = 0 along the system trajectories of (I4.11) for any Hamilto-
nian H. Therefore, a function C satisfying (14.26) and ([14.27) is called
a Casimir function. If C satisfies (14.26)), but not ([14.27), then the time-
derivative of C is determined by the boundary conditions of (14.11),
and therefore is called a conservation law for (14.11).

Example 14.5 (Telegrapher’s equations (contd)). In the case of the
telegrapher’s equations, the total charge

1
OQ:/O Q(t,z)dz

is a conservation law. Indeed
dCq Lar

at o az(t z)dz = I(t,0) — I(t,1).

Similarly, differentiating the total magnetic flux

1
CSD:/ o(t, z)dz
0
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with respect to time yields

dCy, Lov

— = — —(t,2)dz =V (t,0) — V(t,1).

7= | Gt = V(Lo - vt
For a further discussion on Casimir functions and conserva-

tion laws, also for the extended Dirac structure (I14.16), we refer to

van der Schaft & Maschke! (2002).

14.5 Covariant formulation of port-Hamiltonian systems

A covariant formulation that is well-known for Maxwell’s equations
(see Ingarden & Jamiolkowski! (1985)) can be generalized to general
distributed-parameter port-Hamiltonian systems (I14.1)), defined with
respect to a general Stokes-Dirac structure D. Define on Z x R, with
space-time coordinates (z, t), the following p-form and g-form

Y i=ap+ (—1)"0,H A dt,
Vg i= aq + 0pH Adt,

respectively. Then the first part of the equations (I4.I1]) can be equiva-
lently stated as

Laody, =0,
(14.28)

at
L —
% ’Yq 07

with d denoting the exterior derivative with respect to space-time
(z,t). Indeed, (14.28) means that d~, and dv, do not depend on ¢, i.e.,

CZ’YP = /8p7
deq = /BQ7

for certain (p+1)— and (¢+ 1)—forms (3, respectively 3,, not depend-
ing on t. Writing out (14.29) yields

(14.29)

day + 290 5 dt 4 (<17 (S, H) A dt = By,
ot (14.30)

dorg + 299 A it + (5, H) A dt = B,

ot
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with d denoting the exterior derivative with respect to the spatial vari-
ables z, resulting in the equations of a port-Hamiltonian system (I4.11)

% (y e, ),
a(zf (14.31)
——1 = d(5,H
at ( p )7
together with the conserved quantities (cf. Chapter B) doy, = 5,
and da, = f,. Furthermore, the boundary variables of the port-

Hamiltonian system (I4.11) can be re-formulated as

(Z'%Vq) ’82 = b,

(ia0)],, = (Ve
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Control of port-Hamiltonian systems

In the previous chapters, we have witnessed that one of the advan-
tages of the port-Hamiltonian (pH) framework is that the Hamiltonian
can be used as a basis to construct a candidate Lyapunov function,
thus providing insight into various system properties like stability,
passivity, finite L gain, etc.. Another key feature of pH systems is that
a power-preserving interconnection of pH systems results in another
pH system, with total Hamiltonian being the sum of the Hamiltonian
functions and with a Dirac structure defined by the composition of
the Dirac structures of the subsystems. These features have led to a
research focus on the control of port-Hamiltonian systems.

15.1 Control by interconnection

Consider a plant pH system, with state space &}, Hamiltonian H,, :
X, — R, resistive (energy-dissipating) port ( fr, er), and external port
(fp,ep), and a controller pH system, with state space A, Hamiltonian
H.: X. — R, resistive port (fR, er), and external port (fp, ep). From
Chapter [6, we know that the composition of Dirac structures via a
power-preserving interconnection is again a Dirac structure. Indeed,

179
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any interconnection between the plant and the controller through their
respective external ports satisfying the power-preserving property

epfp+epfr =0, (15.1)

results in a closed-loop pH system, with state space X}, x X, Hamilto-
nian H, + H,, resistive port ((fr,er), (fr, €r)), satisfying the power-
balance H, + H. = ek fr + €k fr. Using standard Lyapunov stability
theory, we immediately infer that since both ek fr < 0 and ek fr < 0,
and (z,77) € &) X X, is a minimum of H), + H, then (z}, ;) will be
a stable equilibrium of the closed-loop system. Moreover, the equilib-
rium (z,, z;) is asymptotically stable under an additional zero-state
detectability condition on the plant and/or controller system.

Example 15.1. Consider a controlled version of the spinning rigid
body of Example [3.T}

. OH

Px 0 —Pz Dy Opa gz

N oH

Py| = | Pz 0 —DPzx Opy + |9y | U,

pz _py Pz 0 OH 9z
Ip=

with control v and natural output

OH . OH . OH
Y=09cs7 — T97  TY9273 -
Opz Y 8py Op.

Since for v = 0, H(p) = 0 and H(p) has its minimum at p = 0. Thus,
the equilibrium point p; = 0, for k € {z,y, 2}, is stable. To render the
closed-loop asymptotically stable, we apply the feedback

Dk
u = — _ — —_—
y=-> 0k I
k
yielding convergence to the largest invariant set contained in
Pk
k k

which actually is p = 0 if, and only if, g, # 0 for all k € {z,y, z}.

@::{pER3|H(p):O}:{pER3
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The above example shows that a pH system having its energetic
minimum at the origin can be asymptotically stabilized by intercon-
necting it with a static controller pH system (i.e., H. = 0), which, in
general terms, has the form ep = K, fp, with K; = K:{ a positive
definite damping injection matrix, through a power-conserving inter-
connection fp = —ép and ep = fp. Note that in the example, we set
Ky=1,and fp =uw,ep =y, fp = 4, and ép = 7. Asymptotic stabil-
ity of the origin can be inferred provided a detectability condition is
satisfied.

Another application of control by interconnection is energy trans-
fer control.

15.2 Energy transfer control

Consider two pH systems ¥; (without internal dissipation) in input-
state-output form

OH;
i = Ji(wi) 5 — (@) + gi(wi)us,

PP O
Yi = gf(xi)aa—li(xi), 1=1,2,

both satisfying the power-balance H;(z;) = y! u;. Suppose now that
we want to transfer the energy from the port-Hamiltonian system ¥,
to the port-Hamiltonian system X, while keeping the total energy
Hy + H; constant. This can be done by using the following output

feedback .
0 _
U Y21 0 Y2

which, due to the skew-symmetry property of the interconnection ma-
trix, clearly satisfies (I5.I)). Hence, the closed-loop system composed
of ¥y and X is energy-preserving, that is H; + H, = 0. However, if
we consider the individual energies then we notice that

Hy(x) = =y y1ya y2 = ~lll*[ly2|* <0, (15.3)
implying that H; is decreasing as long as ||y1|| and ||y2|| are different
from 0. Conversely, as expected since the total energy is constant,

Hy(x) = y3 yoyi y1 = w2l I*llnal1* = 0, (15.4)
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implying that H is increasing at the same rate. In particular, if H; has
a minimum at the zero equilibrium, and ¥; is zero-state detectable,
then all the energy H; of X; will be transferred to 3, provided that
||y2|| is not identically zero.

If there is internal energy dissipation, then this energy transfer
mechanism still works. However, the fact that H, grows or not will
depend on the balance between the energy delivered by ¥; to X
and the internal loss of energy in ¥, due to dissipation. We con-
clude that this particular scheme of power-conserving energy trans-
fer is accomplished by a skew-symmetric output feedback, which is
modulated by the values of the output vectors of both systems. Of
course this raises, among others, the question of the efficiency of
the proposed energy-transfer scheme, and the need for a systematic
quest of similar power-conserving energy-transfer schemes. We refer
toDuindam et al.| (2004) for a similar energy-transfer scheme directly
motivated by the structure of the example (control of a snakeboard).

15.3 Stabilization by Casimir generation

Stabilizing a system at the origin, which often coincides with the open-
loop minimum energy, is generally not an enticing control problem.
Of wider practical interest is to stabilize the system at a non-zero set-
point. Indeed, suppose that we want to stabilize a plant pH system
around a set-point z,. We know that for any controller pH system, the
closed-loop power-balance satisfies

H,+ H.=ehfr+enfr <0. (15.5)

If ), is not a minimum of H), a possible strategy is to consider Casimir
functions C : &), x A, — R to generate a candidate Lyapunov func-
tion for the closed-loop system of the form V := H, + H. + C. The
design is then completed by selecting the controller in such a way that
V has a minimum at (z;, z}). As discussed in Chapter[8, Casimirs are
conserved quantities that are completely characterized by the Dirac
structure of the system. Since we are interested in the Casimir func-
tions that are based on the closed-loop Dirac structure, this strategy
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controller  |at——

Figure 15.1: Feedback interconnection of a plant and a controller port-Hamiltonian
system.

reduces to finding all the achievable closed-loop Dirac structures. A
comprehensive analysis is given in/Cervera et al. (|2JEL7|).

Another way to interpret the generation of Casimir functions for
the closed-loop system is the following. Let us, for ease of presen-
tation, assume that the plant can be represented by an input-state-
output pH system of the form

by = Upley) = Ray)] 522 ) + gy
o, (15.6)

Y= 95(%)87(%),
p

with z, € &) and u,y € R™. Furthermore, if the controller is also an
input-state-output pH system of the form

Te = [JC(336) - RC(xcn 66_1;[:

0H
— T C
y= gc (336) 8:1:C (336)’

(wc) + ge(e)u,
(15.7)

with z, € X, and u,y € R™, then the interconnection of the plant
system ([@5.6) with (I5.7) via the standard power-preserving feedback
interconnection v = —y and u = y, as shown in Fig.[I5.]] yields the
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closed-loop system

lm.p] _ ljp(xp) — Ry(xp) _gp(mp)QZ(mc)] Oy "
Te gc(mc)gg(xp) Jc(xc) - Rc(mc) 0H, (IL’ ) '
Oz, ¢
om, (15.8)
ly] _ [gg(xp) 0 ] dzp 7
g | 0 gl(xe)| | 0H, ’
0z, (we)

which is again a pH system with Hamiltonian H)(z,) + H.(z.).
The main idea then is to design the controller system such that the
closed-loop system (15.8) has useful Casimirs. If both the plant and
the controller are lossless, i.e., R,(z,) = 0 and R.(z.) = 0, we thus
look for functions C(z4, x.) satisfying
laTc ar'c ]

(zp, Tc) a—mc(zm Tc)

Oy,
- (15.9)
l To(@p)  —gp(ap)g! <xc>] 0
gc(l’c)gg(%) Je(zc) ’
such that the candidate Lyapunov function
V(xp, xc) = Hp(zp) + He(z:) + Clap, ) (15.10)

has a minimum at (z;,, z77) for a certain z7. Subsequently, one may add
extra damping, directly or in the dynamics of the controller, to achieve
asymptotic stability.

Example 15.2. Consider a pendulum with normalized Hamiltonian
1
H(q,p) = 5p* +1 - cosg
actuated by a torque u, with output y = p (angular velocity). Suppose
we wish to stabilize the pendulum at ¢* # 0 and p* = 0. Apply the
nonlinear integral control




15.3. Stabilization by Casimir generation 185

which is a port-Hamiltonian controller system with J. = 0. After in-
terconnecting the pendulum with the controller by setting u = —y

and u = y, we proceed by searching for Casimirs C(q, p, &) which are
found by solving

0 1 0
c‘;_cg_cg_(g_lo_lz[oo%
¢ 9 0 1 0

leading to C(q, p, &) = K(¢q — £), and candidate Lyapunov functions

Vig.p.€) = 3p* +1 - cosq+ Ho(6) + Klg - ),

with the functions H. and K to be determined. For a local minimum,
determine K and H, such that

e Equilibrium assignment:

L)
8_q(Q707£)_Slnq + 8q (q 5)_07
v, . o
a_p( 7075 ) 07
ov , . w  OH. oK , , PP
e Minimum condition:
cos q +W(q -¢) 0 _8q8§(q - &%)
0 1 0 > 0,
K PK 9%H.,

which provides many possibilities to accomplish the stabilization task.

Example 15.3. A similar approach can be applied to distributed-
parameter systems. Consider for instance the shallow water equations
of Example[14.2]

0
A L B e s W Y
at |v(t, z) 9 0| [6H ’
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with boundary variables hv|(,; and —(%v2 +gh)|a,5) and Hamiltonian

H(h,v) = %/b [mﬂ + ghﬂ dz.

An obvious ‘physical” controller is to add to one side of the canal, say
the right-end b, an infinite water reservoir of height h*, corresponding
to the port-Hamiltonian ‘source” system

Te=1U
_ OH.
y - 8:];0 (xC)7

with Hamiltonian H.(z.) = gh*z., via the feedback interconnection
1
u=1y=hbowb), j=—u= 5112(1;) + gh(b).

By mass-balance, we find that

b
/ Mz, t)dz + .+ K

is a Casimir for the closed-loop system. Thus, we may take as a candi-
date Lyapunov function

b

1
V(h,v,2.) = 5/ [th —I—ghz} dz + gh*x.

a

i ( / etV + a:) + %g(h*)2(b _ )

— %/b [th +g(h — h*)ﬂ dz,

which has a minimum at the desired set-point (h*, v*, z}), with v* = 0
and z} arbitrary.

Note that if we restrict the motion of (I5.8) to the subset
Q= {(xp,zc) € Xp x Xe|Clmp,zc) = K}, (15.11)

with C(xp, z.) = 2.—S5(xp), where S(z,) is differentiable and « is some
constant, the candidate Lyapunov function (I5.10) reduces to a shaped
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closed-loop Hamiltonian Hy,(x))+ H.(S(x,)+ k). This is accomplished
if, along the trajectories of (15.8), the functions S(x,) are such that

C"(ﬂvp,a:c)\Q =0.

Hence the dynamic feedback reduces to a state feedback scheme, and
we are thus looking for solutions S(z) of the partial differential equa-
tions (PDE’s)

P Ip(@p) — Rp(zp) _gp($p)gg($c) _
[ axp( ») Incl l golw)gT(xy)  Julre) - Ruleo) 0, (15.12)

which, under the assumption that R(z,) > 0 and R.(x.) > 0, are char-
acterized by the following chain of equalities van der Schaft! (2000).

Proposition 15.1. The system of PDE’s (15.12) has a solution if and
only if

(15.13)

Jp(xp)a—xp@p) = —gp(xp)gg(xc).

15.4 The dissipation obstacle and beyond

Surprisingly, the presence of dissipation may pose a problem. Indeed,
if R,(zp) > 0and R.(z.) > 0, the set of PDE’s (I5.9) extends to

orc orc
[8—%(%’ Ze) —c(ﬂfm ajc)‘|

T (15.14)
% lJp(xp) — Rp(zp)  —gp(zp)ge (2) 0
96(336)95(5310) Je(zc) — Re(e) 7
which implies
orc oC orc oC

T%(xp,xc)Rp(xp)a—%(xp,xc) = 8—%(%7%)1%(:(%)8—%(%»%)-
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However, since R,(z,) and R.(x.) are semi-positive definite, we have

By(ay) (a7 =0, Rela) S (a2 = 0.
The same condition is also appearing in (I5.13) when we consider
Casimirs of the form (I5.IT). This restriction is known as the dissipation
obstacle, which, roughly speaking, dictates that the Casimir functions
cannot depend on the coordinates that are subject to dissipation. This
means that dissipation is admissible only on the coordinates of the
closed-loop system that do not require shaping of the Hamiltonian.

Example 15.4. Consider the levitated ball system of Example 2Z.4land
assume that the inductance of the coil is given by L(q) = k/(1 — q),
with k£ some real parameter depending on the geometry of the coil.
Then, the desired equilibrium is given by

(", 0", ¢*) = (¢",0,£+/2kmyg),

which suggests that both ¢ and ¢ need to be shaped in order to stabi-
lize the system at the desired equilibrium. However, we can not find
any useful Casimir since

0 0 O
oC
oc 2c 20115 o ol _pp o g
q p(pOOR

The dissipation obstacle stems from the assumption that both
the plant and controller dissipation structures satisfy R,(z,) > 0
and R.(z.) > 0. Although these properties are necessary to ensure
that the plant and the controller are both passive systems, they are
merely sufficient for passivity of the closed-loop system. Indeed, in
Koopman & Jeltsemal (2012) it is shown that removing the passivity
constraint on the controller naturally resolves the dissipation obsta-
cle. Furthermore, using the Casimir relation between the plant and
controller states as in (I5.11) guaranties stability of the closed loop.
Another method to circumvent the dissipation obstacle is discussed
in Section[I5.71
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15.5 Passivity-based control

In the previous sections, we have considered the control of pH sys-
tems from the perspective of interconnecting a plant pH system with
a controller pH system. The aim is then to design a controller system
that generates a suitable candidate Lyapunov function to ensure sta-
bility of the closed-loop system. In the remaining sections, the control
of pH systems is considered from the notion of passivity. In the past
two decades, passivity-based control (PBC) has emerged as a model-
based non-linear control design method that respects, and success-
fully exploits, the physical structure of a system. In essence, the PBC
methodology exploits the property that physical systems satisfy the
energy-balance, i.e., stored energy equals the difference between the
supplied energy and the dissipated energy, to arrive, via control, at a
modified energy balance satisfying: desired stored energy equals the
difference between a new supplied energy and a desired dissipated
energy. Hence, PBC aims at energy shaping plus damping injection by
rendering the closed-loop passive with respect to some desired stor-
age function.

For ease of presentation, we will assume that the plant system can
be represented as an input-state-output pH system of the form

b = () = R@) DL (1) + glapu,
o (15.15)
Y= gT(l’)%(l’)’

where z € X and u,y € R™.

15.6 Energy-shaping and damping injection
For a plant system (15.15), the energy-shaping and damping injection

(ES-DI) objective is to obtain a target closed-loop system

0Hy
Oz
where R;(z) is the desired dissipation matrix given by

Ry(z) = R(z) + g(z)Ka(x)g" (2),

i = [J(z) — Ry(2)] S (a), (15.16)
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in terms of a damping injection matrix Ky(z). The desired closed-
loop Hamiltonian Hy(x) is obtained by augmenting the open-loop
Hamiltonian with an additional energy H,(x) such that Hy(x) =
H(z) + H,(x) has a minimum at the desired equilibrium, i.e.,

x* = argmin{Hg(x)}. (15.17)

The target closed-loop dynamics (I5.16) can then be achieved by the
static state feedback control

u(a:) = uEs(az) + UDI(IL’),

where
urs(x) = (4" (2)g() ' g" () (@) ~ R@)] G2 (0),
upi(2) = ~Ka()g" () 512 ),

represent the energy-shaping and damping injection components of

the control, respectively. The added energy H,(x) us a solution to the
set of PDE’s

g+ (@) [J(z) - R(z)]| 0Ha

9" (x) Ox

where gt (z) is a left-annihilator of g(z), i.e., g*(z)g(x) = 0, of max-

imal rank. Among all possible solutions (I5.I8), the one satisfying

(I5.17) is chosen.

Example 15.5. Consider a (fully actuated) mechanical system with
total energy

() =0, (15.18)

H(q,p) = 5p" M~ (q)p + P(q),
where M(q) = M?(q) > 0 represents the generalized mass matrix.
Assume that the potential energy P(q) is bounded from below. The
associated pH equations are given by

=1 8] [+ ]
P —Iy 0] (2L B(q)|
- -, Lop]
J=—JT 9(q)
i _ _%_I;'
y=10 BY(a)] | o
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Clearly, the system has as passive outputs the generalized velocities:

- OH B ‘
H(g,p)=u'y= uTBT(Q)a—p(q,p) =u"' M (g)p=u"q.

Considering (15.18), the simplest way to ensure that the closed-loop
energy has a minimum at (¢, p) = (¢*, 0) is to select

Hy(q) = —P(q) + %(q — ") Kplg— ¢*) + &,

where K, = KpT > 0 is the energy-shaping gain and « is an arbitrary
constant. This, in turn, provides the energy-shaping part of the control

oP

ugs(q) = a—q(q) - Ky(q—1q),

and the resulting closed-loop energy

1 _ 1 " «
Ha(g,p) = ngM Y(q)p + Sa—a )T K,y (q — q").

To ensure that the trajectories actually converge to (¢*,0), we need to
render the closed-loop asymptotically stable by adding some damp-
ing
oH
— K, —— — Ky

upi(p) B (¢,p) dg;
where K; = K1 > 0. Note that the energy-balance of the system is
now

Halq(t), p(t)] — Halg(0),p(0)] = — /Ot ¢" (1) Kag(r)dr.

Observe that the controller obtained in Example is just the
classical PD plus gravity compensation controller. However, the de-
sign via energy-shaping and damping injection provides a new inter-
pretation of the controller, namely, that the closed-loop energy is (up
to a constant) equal to

Ha(w) = H(@) - [ 7 (y(rar

i.e., the difference between the plant and the controller energy. For
that reason, the ES-DI methodology is often referred to as energy-
balancing (EB) control.
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15.7 Interconnection and damping assignment

As with the conventional Casimir-based control method, a major
drawback of the ES-DI approach is the solvability of the PDE’s (15.18),
which is also stymied by dissipation obstacle. A generalization of the
ES-DI method that circumvents the dissipation obstacle is provided by
the interconnection and damping assignment passivity-based control
(IDA-PBC) method.

For a plant system (I5.15), the interconnection and damping as-
signment passivity-based control (IDA-PBC) design objective is to ob-
tain a closed-loop system of the form

0Hg4
Ox
where the desired interconnection and the dissipation matrices sat-
isfy skew-symmetry and symmetric positive semi-definiteness respec-
tively, ie., Jy(z) = —J7 () and Ry(z) = R} (), with Ry(z) > 0, re-
spectively. As before, the desired closed-loop Hamiltonian is defined
by Hy(x) = H(x) + Hq(x), where the added energy H,(x) satisfies

0H,

i = [Ja(z) — Ra2)] G2 (x), (15.19)

[J(2) + Ja(z) — R(z) —Ra(2)]

(z) =

Ox
[Ja(2) — Ra(a)] o0

where J,(z) := Jy(z) — J(x) and R,(x) := Rq(x) — R(x).

(15.20)
(z) + g(x)u(z),

Proposition 15.2 (Ortegaetal.! (2001b)). Consider the system
(15.15) and a desired equilibrium z* to be stabilized. Assume that we
can find functions u(z) and H,(z), and matrices J,(z) and R,(x) sat-
isfying (I5.20) and such that the following conditions occur.

e Equilibrium assignment: at 2* the gradient of H,(x) verifies

OH,, ., OH, .

e Minimum condition: the Hessian of H,(z) at * satisfies

82Ha( oy 0*H
922 W Ox2

(%) > 0. (15.22)
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Then, z* will be a (locally) stable equilibrium of the closed-loop sys-
tem (15.19). It will be (locally) assymptotically stable if, in addition,
the largest invariant set under the closed-loop dynamics contained in

{m ex agfd (a;)Rd(g;)%(x) — 0}

Ox
Remark 15.1. Note that if the interconnection and damping matri-
ces of the open-loop system are not changed, i.e., J;(z) = J(z) and
Ri(z) = R(z), or equivalently, if J,(z) = 0 and R,(z) = 0, then the
IDA-PBC methodology reduces to the ES-DI scheme outlined in the
previous section.

equals {z*}.

Example 15.6. Consider again the levitated ball system of Example
2.4l Suppose that we first try to stabilize the system by only shaping
the Hamiltonian without altering the interconnection and damping
matrices. Then, the PDE (15.20) reduces to

0H, _ 0H, OH,
9g 0, o 0, 9o u(x),

which means that H, can only depend on ¢. Thus, the resulting
closed-loop Hamiltonian will be of the form
)

H — Y20 ().
a(a,p, ¢) mgq+ o+ e (¥)

Even though, with a suitable selection of H,, we can satisfy the equi-
librium assignment condition, the Hessian of H, at (¢*,0, £1/2kmg)
will never be positive definite. The source of the problem is the lack
of an effective coupling between the electrical and mechanical subsys-
tems. Indeed, the interconnection matrix J only couples position with
velocity. To overcome this problem, we propose to enforce a coupling
between the flux-linkage ¢ and the momentum p. For, we modify in-
terconnection structure to

0O 1 O
Jg=1-1 0 —af,
0 o O
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where « is a constant to be defined, so that (I5.20) becomes

0H,
Op =0,

_0H, _a(‘)Ha N ).
dq oo PR
0H, OH, p

a o —R&p —am—l—u(x).

The third equation defines the control, whereas the second one can be
solved to obtain

3
¥ 1 2
Hula.0) = ot 5pl -0+ @ (a4 2).

where ®(-) should be chosen such that (I5.21)) and (I5.22)) are satisfied.

In the latter example, the control is obtained from (15.20), where
Jq is selected based on physical intuition and R; = 0. The remaining
unknown ‘parameter’ H,(x) is then selected such that the closed-loop
energy H,(z) = H(x)+ Hy(x) has its minimum in the desired equilib-
rium point. In general, the control that achieves the closed-loop con-
trol objective (I5.19) is given by

u(@) = (47 (2)g(x)) " g7 (2)

< (1a(o) — Ra@) 4@~ () - RE@I 7).

where the desired closed-loop Hamiltonian H;(x) and the desired in-
terconnection and damping matrices are obtained by solving the so-
called matching condition

oH
o
such that H;(x) has its minimum at the desired equilibrium.

Solving the matching condition (I5.23) can be a tedious process.
The following observations about the choice of the desired intercon-
nection and dissipation matrices of (I5.19) can be of help in the pro-
cess:

ot

g (2)[J(2) — R(z)] g+ (2) [Ja(z) — Ra()] 5y (1523)
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e The desired interconnection matrix J;(z) and the dissipation
matrix R;(x) can be freely chosen provided they satisfy skew-
symmetry and positive semi-definiteness, respectively.

e The left-annihilator matrix g*(x) can be considered as an addi-
tional degree of freedom. Hence for a particular problem it can
be appropriately chosen to reduce the complexity of the match-

ing condition (I5.23).

e The desired Hamiltonian H,(x) can be partially or completely
fixed to satisfy the desired equilibrium condition (I5.17).

Using combinations of the stated options, there are three major ap-
proaches to solve the PDE'’s of (15.23):

e Non-parameterized IDA-PBC: In this general form, Jg(x) and
R;(x) are fixed and the PDE’s (15.23) are solved for the energy
function H,(z). Among the admissible solutions, the one satis-

fying (15.17) is chosen.

o Algebraic IDA-PBC: The desired energy function H,(z) is fixed
thus rendering (I15.23)) an algebraic set of equations in terms of
the unknown matrices J;(x) and Ry(x).

o Parameterized IDA-PBC: Here, the structure of the energy func-
tion Hy(x) is fixed. This imposes constraints on the unknown
matrices Jy(z) and R;(z), which need to be satisfied by (I5.23).

For a detailed discussion about these approaches and some motivat-
ing examples, we refer to Ortega et al.| (2001b, 2008), and the refer-
ences therein.

15.8 Power-shaping control

We conclude this chapter by briefly highlighting an appealing alter-
native to energy-shaping called power-shaping. Power-shaping PBC is
based on the Brayton-Moser framework presented in Chapter[I1l The
idea is as follows. Recall from Section [IT.4] that if Q(z) + Q7 (z) < 0,
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then P(z) < u”y'. Hence, integrating the latter from 0 to 7, yields the
power balance inequality

P(2(r)) — P(2(0)) < /0 "Wl () (1)dt. (15.24)

Usually, the point where the mixed-potential has a minimum is not
the operating point of interest, and we would rather stabilize another
admissible equilibrium point. Thus, we look for a control law such
that the power supplied by the controller, say P,, can be expressed as
a function of the state 2. Indeed, from (15.24) we see that the mixed-
potential function P(z) is shaped with the control u(z), where

g(z2)u(z) = VPy(z2).

This yields the closed-loop system Q(z)z = %Pd(z), with total Lya-
punov function Py(z) := P(2) 4+ P,(z). The equilibrium will be stable
if it corresponds to the minimum of the total Lyapunov function.

So far the method of power shaping is shown to be applicable to a
large class of nonlinear RLC circuits system [Ortega et al.| (2003), and
is extended to a class of nonlinear systems in (Garcfa-Canseco et al.
(2010); [Favache and Dochain! (2010). The application of power shap-
ing to switched power converters is a topic of future research. Another
control application in which the generation of passive input-output
maps is of interest is PI control. In Hernandez-Gomez et al.| (2010) it
is shown that under certain conditions a passive system can be sta-
bilized by a simple PI controller. A general Brayton-Moser based PI
control method is discussed in|Dirksz and Scherpen! (2012).
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A

Proofs

A.1 Proof of Proposition

Let D satisfy (2.5). Then for every (f,e) € D
0=< (f,e),(f,e) >=<e|f>+<e|f>=2<e|f>
By non-degeneracy of <, >
dim D = dim(F x &) — dim D = 2dim F — dim D
and hence property (2.5) implies dimD = dim F. Conversely, let D
be a Dirac structure and thus satisfying Properties 1 and 2 of 2.1l Let
(£ e%), (f%, e®) be any vectors contained in D. Then by linearity also
(f*+ fb e + €®) € D. Hence by Property 1
O:<€a+€b|fa+fb>

—<et|fP>t<el i<t | fr>+<e > (A1)

=< | o>+ <] fre=< (f% e, (f° ) >,
since by another application of Property 1, < e? | f@ >=< €’ | f* >=0.
This implies that D C D--. Furthermore, by Property 2 and dim D+ =
2dim F — dim D it follows that

dim D = dim DY,
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yielding D = D For the alternative characterization we note that we
have actually shown that Property 1 implies D C D--. Together with
the fact that dim D'+ = 2 dim F — dim D this implies that any subspace
D satisfying Property 1 has the property that dimD < dim F. Thus,
as claimed before, a Dirac structure is a linear subspace of maximal
dimension satisfying Property 1.

A.2 Proof of Proposition

It is immediately seen that any subspace K x K1 satisfies (2.7), and
is a Dirac structure. Conversely, let the Dirac structure D satisfy (2.7).
Define the following subspaces

Fo=A{feFI|(f0)eD} Fi={feF|eeckst (fe) €D}
E={ec&|(0,e) € D} E={ec&|3f € Fst. (f,e) € D}

It is readily seen Dalsmo & van der Schaft! (1999) that for any Dirac
structure & = (Fo)*, & = (F1)+. We will now show that (2.7) implies
that 7o = F; =: K (and hence & = & =: K1). Clearly, 7o C Fi. Let
now (fq,eq) € D and thus f, € F;. Then for all (f,e) € D

<L (fa:0), (frrer) >=<ep| fa>+<0| fy >=<ep| fa >=0

by 2.7). Hence, also (f,0) € D and thus f, € Fy. By definition Fy x
& C D, and hence K x K+ C D. Finally, since the dimension of K x K+
equals the dimension of F equality results.

A.3 Extension of Proposition

Finally, we mention the following adaptation of the first definition of
a Dirac structure (Definition 2.T), which also applies to the infinite-
dimensional case, and is in the spirit of the definition of a maximal
monotone relation as discussed in Chapter [0l

Proposition A.1. D C F x £ is a Dirac structure if and only if it sat-
isfies Property 1 in Definition 2.1 and is maximal with respect to this
property, that s, if some subspace D’ satisfies Property 1 while D C T/,
then D =D'.



B

Physical meaning of efforts and flows

In science and engineering, the ideas and concepts developed in
one branch of science and engineering are often transferred to other
branches. One approach to transferring ideas and concepts is by the
use of analogies. Historically, the first attempt to relate mechanical and
electrical systems was due to James Clerk Maxwell and Lord Kelvin
in the 19th century by using the similarity between force and volt-
age, as is also apparent from the early use of the term electromotive
force (emf). This force-voltage analogy implies that a mechanical mass
is analogous to an electrical inductor. Once the force-voltage analogy
had been established, some scientists started to address some of its
limitations. These limitations led to the alternative force-current anal-
ogy (often referred to as the Firestone or mobility analogy), which im-
plies that a mechanical mass is analogous to an electrical capacitor.
For a further discussion, see [Jeltsema & Scherpen/ (2009) and the ref-
erences therein.

Throughout the present work it is shown that a physical system
can be characterized by interconnections between energy storage el-
ements, energy dissipating elements, and the environment. One re-
markable feature of the storage elements in each domain is that their
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Figure B.1: Structure of a storage element.

structure is identical. Indeed, an inductor and a capacitor, for example,
although being dual elements, can both be characterized by a port-
Hamiltonian representation of the form

i—f
dH
€= %(‘T)a

which corresponds to the structure shown in Fig.[B.1l

In contrast to common port-based modeling approaches, such as
the standard bondgraph formalism Paynter (@) or classical energy-
and power-based approaches [Jeltsema & Scherpen dM), the port-
Hamiltonian framework uses only one type of storage, continuing
the work of Breedveld Breedveld| (|128_4|) on port-based modeling of
thermodynamics. From this perspective, it is natural to discriminate
among domains depending on the kind of energy that a certain part
of the system can store and split the usual physical domains into two
subdomains. Consequently, we do not speak of electrical, mechanical,
or hydraulic domains, but of electric and magnetic, mechanical kinetic
and mechanical potential, or hydraulic kinetic and hydraulic potential
subdomains. The chemical and thermic domains have no dual sub-
domains, which is related to the irreversible transformation of energy
in thermodynamics. This subdomain classification is based on the
generalized bond graph (GBG) framework introduced in
M),‘ Duindam et al. dg)gd), where f is referred to as the flow (rate of
change of state) and e as the effort (equilibrium-determining variable).
By considering only one type of storage, the state variables associated
to each subdomain are all treated at the same footing. Table[B.Ilshows
a complete overview.

The energy associated to each of these subdomains is then com-
puted as follows. Let e = ®(x) represent the constitutive relationship
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Table B.1: Domain classification in port-Hamiltonian framework.

physical subdomain flow f € F efforte € € storage state x € X
electric current voltage charge
magnetic voltage current flux linkage

potential translation velocity force displacement
kinetic translation force velocity momentum
potential rotation angular velocity torque angular displacement
kinetic rotation torque angular velocity angular momentum
potential hydraulic volume flow pressure volume
kinetic hydraulic pressure volume flow flow tube momentum
chemical molar flow chemical potential number of moles
thermal entropy flow temperature entropy

of a one-port energy storing element. Then, the associated Hamilto-
nian is computed as

H(z) = / ®(x)de,

which essentially represents the area underneath the curve in the
(e, z)-plane. Note that the resistive elements in each subdomain are
simply represented by relationships between e and f of the form
R(e, f)=0.

An advantage of considering only one type of storage is that the
concept of mechanical force has no unique meaning as it may play the
role of an “input’ (rate of change of state or flow) in the kinetic domain
or an ‘output’ (equilibrium-determining variable or effort) in the po-
tential domain. Hence, from a port-Hamiltonian perspective, the dis-
cussion which analogy—when it exists—is superior is left a non-issue.

Another (mathematical) advantage is that the state space manifold
X of the port-Hamiltonian system is one single object, with the flow
variables all belonging to the tangent space T, X at a given state x
and the effort variables belonging to the co-tangent space T); X'. This is
especially important if the state space is not a linear space.

Notice, however, that in the treatment of Chapter[12 the state vari-
ables may either belong to the vertex space or its dual, respectively, to
the edge space or its dual. For example, the state variable correspond-
ing to a capacitor naturally belongs to the edge space, while the state
variable corresponding to an inductor naturally belongs to the dual of
the edge space. This is very much in line with the use of through and
across variables MacFarlane | (1970).
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