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Abstract

In the present work we formally extend the theory of port-Hamiltonian systems to
include random perturbations. In particular, suitably choosing the space of flow and
effort variables we will show how several elements coming from possibly different
physical domains can be interconnected in order to describe a dynamic system per-
turbed by general continuous semimartingale. Relevant enough, the noise does not
enter into the system solely as an external random perturbation, since each port is
itself intrinsically stochastic. Coherently to the classical deterministic setting, we will
show how such an approach extends existing literature of stochastic Hamiltonian
systems on pseudo-Poisson and pre-symplectic manifolds. Moreover, we will prove
that a power-preserving interconnection of stochastic port-Hamiltonian systems is a
stochastic port-Hamiltonian system as well.
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1 Introduction

The mathematical formulation of port-Hamiltonian systems (PHS) and Dirac mani-
folds is long-standing. Starting from its first formulations (Courant 1990; Dalsmo and
Van Der Schaft 1998; Dalsmo and Van der Schaft 1997), it has been generalized along
years to cover a heterogeneous set of applications, spanning from passivity-based
control of mechanical systems (Ortega et al. 2002), to process control (Ramirez et al.
2013), from mechatronics (Morselli and Zanasi 2008), to computer science applied to
motors related problems (Yu et al. 2012).

From a mathematical point of view, the port-Hamiltonian framework is a combina-
tion of coordinate-free geometric Hamiltonian dynamics together with a port-modeling
perspective. In particular, the equations of motion describing the dynamics of a physi-
cal system are given together with the interconnection structure of the network model
which provides a geometric structure, known as the associated Dirac structure, rep-
resenting the energetic topology of the system. In particular, a Dirac structure can
be seen as a generalization of (pseudo) Poisson and pre-symplectic structures. This
implies that PHS are primarily geometric objects, whose main and most general rep-
resentation is implicit and based on a coordinate-free geometric formulation (Secchi
et al. 2007; van der Schaft 2000; van der Schaft et al. 2014).

The classical approach to geometric mechanics is given via Poisson and symplectic
structures (Holm et al. 2009; Holm 2008a, b). Dirac structures overcome both formu-
lations, allowing to describe the underlying structure of the system via a mixed set of
differential and algebraic constraints. Therefore, it is possible to formulate the general
notion of implicit port-Hamiltonian system, the core of it being represented by the geo-
metric notion of Dirac structure, describing the power interconnection of the system.
This is the fundamental reason why the Dirac structure constitutes the key ingredient
for the port-Hamiltonian formalism: it reflects both physical properties and invariants
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of the system. Moreover, they can also be used to study relevant problems related to
non-equilibrium thermodynamics (Gay-Balmaz and Yoshimura 2018, 2020).

The main goal of the present research is to generalize port-Hamiltonian systems
by formally introducing stochastic port-Hamiltonian systems (SPHS). The resulting
class of stochastic systems will be shown to be general enough to include stochastic
dynamics of (controlled) physical and mechanical systems in a random environment
as well as systems characterized by parameters uncertainty that has to be modeled as
random variables.

The need for the proposed SPHS generalization is twofold. On one side, even if
a deterministic time evolution of a system is assumed, it is often unrealistic to accu-
rate estimate the driving parameters characterizing it, so that we are forced to take
measurement errors into account (Lazaro-Cami and Ortega 2008; Tsionas 2002). On
the other side, a system typically interacts with an environment whose behavior and
characteristics are not completely known. This results in a fundamental ignorance
about the real influence of the environment on the system whose dynamics we want
to describe. A possible solution to such an issue can be to analyze the external envi-
ronment as described by a random vector field (Holm and Tyranowski 2016; Holm
2015; Lazaro-Cami and Ortega 2008). We would also like to mention that high sen-
sitivity of some physical systems to certain parameters is often efficiently tackled via
probabilistic methods (Bessaih and Flandoli 1999; Eyink 2001; Flandoli 2018).

The above reasons demand for a setting which allows to include stochastic Hamil-
tonian systems and stochastic dynamics on Poisson and symplectic manifolds. Poisson
Hamiltonian dynamics has been firstintroduced in the stochastic case in Bismut (1982),
and it has been generalized over the years, see Holm (2008b), Lazaro-Cami and Ortega
(2008) and the references therein. In particular, such a treatment starts from classical
deterministic Hamilton equations of motion that, on a Poisson manifold, read as

X ={x, H} = Xpg(x),

being {-, -} the Poisson bracket, H the Hamiltonian of the system, representing the
total energy, while Xy is called Hamiltonian flow. Thus, a random perturbation is
added to the system considering a stochastic Hamiltonian of the form H:=H+hW,
where / is a suitable function, typically referred to as stochastic potential, and W
is the formal time-derivative of a Brownian motion. In its most general formulation,
as recently introduced in Lazaro-Cami and Ortega (2008), one can assume that the
system is perturbed by a continuous semimartingale, so that the Hamilton equations
of motion become

X, = XI:I(X;)(SZt s

where the notation §X indicates that the (stochastic) integration is taken in the
Stratonovich sense, see below for further details, while Z is a general semimartin-
gale.

Stochastic port-Hamiltonian systems (SPHS) have been previously studied only
in Haddad et al. (2018), Satoh (2017), Satoh and Fujimoto (2012), Satoh and Saeki
(2014), Satoh and Fujimoto (2010), and more recently in Cordoni et al. (2021b, a, 2020,
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2022a,b). Nonetheless, all of these results start considering an input—state—output
formulation of the deterministic PHS, then extending the theory from the deterministic
to the stochastic setting just adding a random perturbation represented by a standard
Brownian motion. In particular, none of the mentioned papers address the founding
core of the PHS theory, namely the Dirac structure. Therefore, to the best of our
knowledge, no implicit formulation for SPHSs has been previously given in literature.

In what follows, we largely exploit the theory of stochastic differential equations on
manifolds (Emery 2012; Hsu 2002), and in particular the tools from global stochastic
analysis as introduced in Schwartz (1982), Meyer (1981), in connection with the
analysis of stochastic Hamiltonian dynamics (Lazaro-Cami and Ortega 2008). In order
to generalize the notion of Dirac structure and port-Hamiltonian system, we will
follow an approach similar to the one used in Van Der Schaft and Maschke (2002),
to generalize classical deterministic PHS to distributed parameters, so that flow and
effort variables are defined by means of Stratonovich stochastic vector fields.

This allows us to generalize existing results on SPHS in several directions. First
of all, our stochastic formulation will start at the very core of PHS, i.e., by modeling
the Dirac structure and then by defining SPHS as a purely implicit and coordinate-
free geometric object. Therefore, we will be able to recover the existing notion of
SPHS as a particular case. Then we shall provide a description allowing the noise
to affect the system in different ways. On one side, each port is by itself intrinsically
stochastic and, on the other side, a stochastic port is added to the whole system,
hence describing the noise as an external random vector field affecting the system.
The latter description is equivalent to consider the system embedded in an external
stochastic environment in which the system itself evolves. It is worth mentioning that
such point of view constitutes the typical way in which the noise is considered to enter
into systems, see, in particular, the input—state—output SPHS defined in Satoh (2017),
Satoh and Fujimoto (2012), Satoh and Saeki (2014), Satoh and Fujimoto (2010),
Cordoni et al. (2021b,a, 2020, 2022a,b), where the noise is modeled as an external
random perturbation. Let us further note that our formulation also allows for a more
general source of randomness. In fact, each element of the system can be considered
to be a semimartingale. This means that the noise is not only a possible result of the
interaction between the system and an external random environment: each port may
provide its own random contribution to the whole system. In this sense, the power
exchanged by any port of the SPHS can be a semimartingale itself. As a byproduct of
such an approach, we are also able to treat the noise as an error about parameters.

In order to generalize the well-established theory of deterministic PHS to the
stochastic case, we will consider flow variables to be stochastic random fields per-
turbed by a general semimartingale. In what follows we will also use the notation
Xz« (X), to indicate the space of (Stratonovich) vector fields perturbed by the semi-
martingale Z% on the manifold X', so that the flow variable § f* € Xz« (X) takes the
particular form

SfF =e"(f7, Z1)SZY . (1)

Therefore, our setting generalizes classic deterministic treatment, allowing each port
to be a general semimartingale. We remark that, as it is standard in stochastic analysis,
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Eq. (1) has to be intended as the shorthand notation for

t
g = fo (1%, 29)8 22

being ¢“ a suitable regular enough function referred to as Stratonovich operator
(Emery 2012). In what follows, even if not specified, we will always consider con-
tinuous semimartingale. Following (Emery 2012) it can be seen that the stochastic
integral

t
Py ::/ (es, 8 f),
0

is well-defined and called Stratonovich integral of e along the semimartingale f.
The stochastic integral P; is a real-valued semimartingale and, as standard in the PHS
formalism, it represents the total power exchange through the port. We stress again that,
one of the major contribution of the present work is the fact that in complete generality
we allow the power exchanged by any port to be a semimartingale. It is worth remarking
that, differently from the notation used in the deterministic context, we denote the flow
variable by & f;, whereas f; denotes the semimartingale that generates the flow § f;.
This choice has been done to stress that the flow variable in the proposed setting can
be a stochastic vector field integrated in the Stratonovich sense.

As stated above, the Stratonovich approach to stochastic calculus will be used.
In general, when stochastic dynamics is described over general geometric structures,
such as manifolds, many problems may arise. Between them, the choice of the most
convenient or natural notion of integration to be used. We stress that within stochastic
analysis framework, several notions of stochastic integration can be given. This means
that, case by case, one usually chooses the most suitable one with respect to the specific
mathematical scenario of interest. As a broad classification, and just to limit ourselves
to consider the two most used stochastic theories of integration, it can be said that while
Stratonovich integration enjoys good geometric properties, the /16 integral definition
has good probabilistic properties, such as the martingale property of the Brownian
motion. The geometric nature of Dirac structure suggests the choice of Stratonovich
calculus. The general treatment will be thus carried out in such a setting. To make the
treatment as general as possible, we will show how to translate Stratonovich stochastic
integrals into the corresponding Itd6 formulation; we remark that the 1t6 formulation
is extremely useful to obtain certain estimates, for instance to compute conserved
physical quantities exploiting general probabilistic properties of the Itd integral. For
such a reason, we will show how SPHS in Stratonovich sense can be converted into
the corresponding Itd formulation. We refer the interested reader to Oksendal (2013)
for a complete analysis of links and differences between the two different approaches
to stochastic integration. Last but not least, let us also underline that some very recent
works have appeared attempting to directly use the It6 integral formulation from
a geometric perspective, see, e.g., Armstrong and Brigo (2018) and the references
therein.
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The present work is structured as follows: in Sect. 2 we will introduce main facts
and results on stochastic integration on manifolds used throughout the paper; in Sect.
3 we will recall the main results regarding the theory of deterministic explicit input—
state—output port-Hamiltonian systems, starting from the deterministic PHS and then
introducing explicit stochastic PHS in Sect. 3.2; Sect. 4 will be devoted to generalize
previous results to formally define implicit port-Hamiltonian systems seen as power
preserving interconnections of certain port elements. Section 4.2 presents the formal
definition of stochastic implicit port-Hamiltonian systems and some results are intro-
duced. Subsection 4.4 studies the interconnected stochastic port-Hamiltonian systems,
while Sect. 4.2.3 shows how SPHS, previously considered from the Stratonovich point
of view, can be equivalently defined in terms of Itd integral. Conclusions are drawn in
Sect. 5.

2 It6é and Stratonovich Calculus on Manifolds

Before entering into details on the port-Hamiltonian formalism, to make the present
work as much self-contained as possible, we will briefly recall the main definition and
results on Itd and Stratonovich calculus on manifolds. It is worth stressing that this sec-
tion does not want to be exhaustive on the topic: we refer the reader to Emery (2012),
Elworthy (1982), Hsu (2002), Lazaro-Cami and Ortega (2008) for a detailed intro-
duction to manifold-valued semimartingales and semimartingale driven Hamiltonian
systems. In order to introduce semimartingale-driven SPHS, we will make extensive
use of the global stochastic analysis as introduced in Schwartz (1982), Meyer (1981)
and deeply investigated in Emery (2007).

Given a general manifold X, we will denote by T, X’ the space of tangent vector
to X atx € X and by TX := J, .y TxX the tangent bundle. The section of the
bundle X — T X is the space of (Stratonovich) vector fields X(X). Moreover, T; X
is the space of cotangent vectors of X" at x and T*X := |,y Ty X represents the
cotangent bundle. The section of the bundle X — T*X is the space of one-forms
Ql().

Further, a field of fangent vectors of order 2 to a manifold X at the point x is a
differential operator of order at most 2 with no constant term, thatis L : C*°(X) — R
such that

LI1(x) =3f)LIF1(x) — 32 (0)LIf1(x) .

The space of tangent vectors of order 2 at x is denoted by 7, X', and the second-order
tangent bundle of X’ is denoted by t X' := |, .y 7. X. We will denote by X, (X) the
space of vector fields of order 2 which is defined as the section of the tangent bundle 7 X'.
Similarly, we can define forms of order 2 €2, (X)) as smooth sections of the cotangent
bundle T*X := | J, .y T4 & Then, for any function f € C*(X), and L € X»(X),
we define the form of order 2 d, f € Q2,(X) as

dyf(L) == L[f].
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We refer the interested reader to Emery (2007), Chapter 6 or also to Lazaro-Cami
and Ortega (2008) for a detailed introduction to the topic. It can be immediately seen
that standard tangent vectors are contained in the tangent vector of order 2, that is
TX C tX (Emery 2007; Emery 2012).

Exactly as for classical tangent vectors of order 1, forms of order 2 are dual to the
space of tangent vectors of order 2. Consequently, we can define a pairing operator
(0,dX) between a 6 € Q3(X) and dX € X,(X). Thus, (Emery 2007), the map
0+ [y(0, dX,) is well-defined, and the stochastic integral [ (6, dX,) is called /16
integral of § along X . Moreover, by Emery (2012), Theorem 6.24, it follows that there
exists a unique linear map 6 +— f(; (65, dX) associating a continuous real-valued
semimartingale to 6.

Thus, for « € Q!(X) and a semimartingale X on the manifold X, the
Stratonovich integral fé (o, 6X) of @ along X is defined to be the semimartingale
fot (dror, d X ). Concerning the case considered in the present work, it is relevant the
T*X —valued semimartingales case, to consider stochastic Hamiltonians. In partic-
ular, the Stratonovich integral of a 7*X —valued semimartingale 8 along X is the
unique real-valued semimartingale such that the following equalities hold true

t
fo (df.8Xs) = f(X1) = f(Xo),

t t Ky
/<Zﬂ,axs>=/ Z(X,)$ (/ <ﬁ,axq>),
0 0 0

for any f € C°°(X) and any continuous semimartingale Z.

Let us introduce the notion of Stratonovich Stochastic Differential Equations (SDE)
on a manifold (Emery 2012). Let M and AV be two manifolds; a Stratonovich operator
from M to N is a family (e(x, 2)),c A rens Such that e(x, z) : oM — TN is a
linear and smooth map. The adjoint of e(x, y) is e*(x, z) : TN — T*M.Itis worth
noticing that the Stratonovich operator e is a map from TM x N to TN, and e is a
section of the fiber bundle T*M & TN over M x N.

Given Z a M —valued semimartingale, we will say that the A’ —valued semimartin-
gale X is the solution to the Stratonovich stochastic differential equation

@

0X; =e(Xy,2)8Z;, 3)

with initial condition X, if
t t
[ osx0= [ zop.az,). @

holds V6 € Q! (N), where (- -) denotes the standard pairing between a form 6 and a
vector field v, defined as

<0’ U) = iv9 ’ (5)
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denoting the insertion of the vector field v into the form 6 according to the standard
rule of exterior calculus (Holm et al. 2009), being i the interior product or contraction
(Holm 2008a, Ch. 3).

To treat SDE on manifolds in Itd sense, we will make use of the notion of Schwartz
operator s, that is a family (s(x, z))yex ;erm) such that s(x, z) : 7, X — R, being
7, X the vector space of tangent vectors of order 2 to X" at x see, Emery (2012), Ch.
6 and Lazaro-Cami and Ortega (2008), Appendix 6.

Similarly to the case of Stratonovich SDE on a manifold, we will say that, given Z
a M —valued semimartingale, the A/ —valued semimartingale X is the solution to the
1t6 stochastic differential equation

dX; =s(X;, Z)dZ; , (6)

with initial condition Xy, if

t t
/ <975Xs> = / <S*(XS7ZS)97(SZS)7 (7)
0 0

holds VO € Q5 (N).

It can be shown (Emery 2007), that to any Stratonovich operator e can be associated
a Schwartz operator s. Consider y (t) = (x(t), y(t)) € M x N a smooth curve such
that e(x(z), y(1))(x(¢)) = y(t), we can define

s(x(@), y@)(Lz@y) := Ly (8)

where, for any h € C®°(M) and g € C®(N), we get

d2
Li € to(yM,  Lzplh] :i= @h(X(I)),
d2
Lyw € N Liolgl = 5580().

It can be seen that the relation (8) completely defines s and furthermore that the
SDE (3) and (6) are equivalent.

3 Explicit Input-State-Output Port-Hamiltonian Systems on
Manifolds

3.1 Explicit Input-State—Output Deterministic Port-Hamiltonian Systems

In order to provide a rigorous generalization of PHS able to take into account for
stochastic perturbations, we first consider a geometric formulation of PHS. In partic-
ular, we exploit the coordinate-free definition of PHS in terms of Poisson or Leibniz
brackets. We would like to underline that this is not the usual starting point in defin-
ing PHS; nevertheless, it emphasizes the main features and mathematical aspects
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that stochastic PHSs should enjoy, giving first insights into a general definition of
implicit stochastic PHS. Therefore, within the present section, we are going to intro-
duce Hamiltonian dynamics in Poisson and Leibniz manifolds. Since latter topic is
well established in literature, we limit ourselves to recall the fundamental results to
give the reader a self-contained treatment, while we refer to Gay-Balmaz and Ratiu
(2008), Holm et al. (2009), Holm (2011), Olver (2000), Vaisman (2012) for an in-depth
analysis of the topic from a pure deterministic perspective.

Consider a n—dimensional differentiable manifold X and the space of smooth real
functions on X, C*° (X); we will denote by

{,}:C®X)x C®X) > C®X),

the Poisson brackets satisfying bilinearity, skew-symmetry, Jacobi identity and Leibniz
rule (Holm et al. 2009).

Properties of the Poisson bracket, and in particular the Leibniz rule, imply that the
value {F, G} (x), with F, G € C®(X), x € X, depends on both arguments only
through the derivative. We can thus associate to a Poisson bracket a controvariant
skew-symmetric 2-tensor called Poisson tensor

B(x): Q' (X)) x Q' (x¥) > C® (),
defined as
B(x)(dF,dG) ={F,G}(x), F,GeC¥(X),
where dF := 9,; Fdx' anddG := 3, Gdx' are the exterior derivatives of the functions
F and G € C* (X), respectively (Holm et al. 2009, Ch. 3), having shorthand denoted
by 0, the partial derivative w.r.t. x’, i.e., 0,i 1= %, while by 0y = (9,1, ..., dxn) the
gradient.
To a Poisson tensor we can associate a morphisms
B*(x): T"xX > TX,
defined as
B(x)dF.dG) = (dF (x), B* @G (x))) . )

A Hamiltonian system on a Poisson manifold (X, {-, -}) with Hamiltonian function
H € C* (X) is thus defined by the differential equation

% ={x,H} = B*dH) =: Xy (x). (10)
Equation (10) is called Hamilton equations of motion and X is called Hamiltonian
vector field generated by the Hamiltonian H. In particular (Holm et al. 2009, Ch. 4),

Eq. (10) is equivalent to requiring

F={F, H}, (11)
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for all differentiable functions F : T*X — R.

Hamilton equations of motion (10) can be further generalized to define an (explicit)
input—state—output port-Hamiltonian system (PHS) on a Poisson manifold (X, {, -})
with Hamiltonian function H € C*° (X) as

12)

¥=Xpx)+ Y, uiXg, (x),
yi = {Ha Hg,‘} ’

with x € R" and where X Hy, is the Hamiltonian vector field associated to the Hamil-
tonian Hg,, u; € U denotes the i — th input and y; € U™ is the i — th output of the
system (Leung and Qin 2001; Tabuada and Pappas 2003).

Using the properties of the Poisson bracket the (explicit) input—state—output port-
Hamiltonian system PHS (12) can be expressed in local coordinates as

{X = J(X)axH‘FZlm:l u;gi(x), (13)

yi =g (\)H,

where J is a skew-symmetric structure matrix of suitable dimensions and g; are m
suitable regular enough functions (Leung and Qin 2001).
We can further include dissipation into the PHS (12) by considering

x =Xgx)+ er'nzl MiXHgi (x) + MRXHgR s
Yi = {Hv Hg,-} ’ (14)
yR={H, Hy} ,

where u® describes the dissipation relation u® = R(x)yX, with R symmetric and
positive semi-definite.
Defining the Leibniz bracket for F, G € C* (X) as
[F, Gl = B(F,G) — (dF, R(x)(dG, g)g), (15)
and setting the structure matrix as

Jx) — RN R)gR(x), (16)

we can define the (explicit) input—state—output port-Hamiltonian system with dissipa-
tion to be

{x = XZ()C) + Z:’nzl uiXHg[ (x), (17)

Yi ={H9Hgi}s

where Xf, is now the Hamiltonian vector field with dissipation defined by the Leibniz
bracket

XL =1, HlL.
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From Eq. (15) it can be seen that the Leibniz bracket is composed by a skew-
symmetric part B and a symmetric positive semi—definite part (dF, R(x)(dG, g)g).
It thus follows, using Eq. (14), that

H(x(t)) = [H, HIL(x()) + Y wilH, Hg}(x(0) <y  (u(@).  (18)

i=1

Equation (18) is known as the passivity property and broadly states that the energy
variation of the system H (x(r)) cannot be greater than the energy supplied to the
system y7 (t)u(t). Such property is crucial in several engineering systems and it is
extensively used to control purposes see, e.g., van der Schaft (2000), Secchi et al.
(2007). In the case of a purely skew—symmetric bracket, i.e., R = 0, the energy is
conserved and we recover the controlled Poisson dynamics (12) so that the inequality
in Eq. (18) becomes an equality. In such a case the system is said to be lossless. These
properties are at the very core of port-Hamiltonian formulation and they cannot be
straightforwardly generalizable to the stochastic case; indeed, particular care must be
taken when noise enters into system.

From the structure matrix for the Leibniz bracket (16) we have that in local coor-
dinates the PHS (17) becomes

{fc = (J(x) — RN HE) + Y0 uigi(x) . (19)

yi = gl (x)a H(x),
with R(x) := (gR ()T R(x)gR (x).

3.2 Explicit Input-State—Output Stochastic Port-Hamiltonian Systems

We are now in position to generalize the notion of (explicit) input—state—output port-
Hamiltonian systems to the (explicit) input—state—output stochastic port-Hamiltonian
systems. We will consider a filtered and complete probability space
(Q, F, (F)ier, ,}P’) satisfying standard assumptions, namely right-continuity and
saturation by P-null sets.

As stated in Sect. 2, we will denote by § Z the integration in the sense of Stratonovich
along the semimartingale Z, and by d Z the integration in the sense of It6. The primary
motivation in using Stratonovich stochastic calculus is by its enjoyed good geometric
properties, particularly concerning the fact that standard chain rule of calculus holds.
This will allows us to prove one of the main properties characterizing port-Hamiltonian
systems, namely: energy conservation. Further, it can be shown that any stochastic
integral in Stratonovich form can be converted into a corresponding Itd integral.
Therefore, in what follows we will show how an analogous treatment can be done
using integration in the sense of Itd.

Manifold-valued SDE, as discussed briefly in Sect. 2, allows us to introduce the fol-
lowing generalization to consider semimartingale perturbed input—state—output PHS
on a Poisson-manifold. Consider (X, {-, -}) to be a Poisson manifold, an (explicit)
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input—output stochastic port-Hamiltonian system with Hamiltonian function H :
X — R, stochastic potential Hy : X — R and driving stochastic martingales Z,
ZN and Z8, is defined as the solution to the manifold-valued SDE

{5)(, = Xy (X)S8Z; + uXp, (X)SZE + Xpy (X)SZV 00,

ve={H. Hg}

where the vector fields have been defined in terms of the Poisson bracket as with the
deterministic input—state—output PHS (12)

Xg():={,H},
XHg(') = {'7 Hg} s
Xay () =1{, Hy} .

Using the fact that 7,R? ~ R3, we can define the Stratonovich operator

e(x,z) :RP > T X,

e(x,z2)(ro, N, rg) = roXp (x) + rnXpy (x) + reuXp, (x) ,

so that Eq. (20) can be compactly rewritten ¢ as

8X; = e(Z;, X)L, ,
yi ={H, Hg} ,

with Z; := (Z;, ZIN , Z¥). The adjoint of the Stratonovich operator e is given by

e*(x,2) : TFX — R,
e*(x,2)(0) :== —dH(B*(0)) (),

where we have defined for short
H:=H+ Hy + uH,.

According to Eq. (7), the semimartingale solution X to Eq. (20) must be intended
as

t t
/ (0,6Xs) = —/ (dH (B*(0))(X,)0, 8Z) , 2
0 0

for any 0 € Q(X).
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Remark 3.1 The generalization of Eq. (20) to the multi-input multi-output case yields

8X; = Xu(X)SZ; + ity uiX, (X08Z{ + Y X, (X082, o)
yi={H Hy}.

As a very particular case, consider the case of an autonomous system, i.e., u = 0,
so that Eq. (22) reads as

1
N.
8X, = Xp(X,)8Z, +ZIXH]{](X,)SZI I (23)
iz

As before, we can introduce the Stratonovich operator

m

e(x, (0. i) = 10X () + ) rf X ().
j=1

and write Eq. (23) for short as
3X: = e(Zy, X4)8Z, ,

with Z; = (Z;, ZtN ). Equation (23) coincides exactly with the stochastic Hamilton
equations of motion on a Poisson manifold as defined in Ldzaro-Cami and Ortega
(2008). A

To take into account dissipation in the explicit SPHS, following (Ortega and Planas-
Bielsa 2004) , we can introduce a tensor map B, : T*X x T*X — R defined as

BL(dF,dG) :=[F,Glr; (24

to which we can associate a vector bundle B’z : T*X — T X by the relation
BL(dF,dG) = (dF, Bi (dG)). (25)
Consider a Leibniz manifold (X, [, -]1), an (explicit) stochastic input—state—output
port-Hamiltonian system with dissipation and with Hamiltonian function H : X — R,
stochastic potential Hy : X — R and driving stochastic martingales Z, ZV and Z%,

is defined as the solution to the manifold-valued SDE

8X, = XL(X)8Z, + uxg,g (X1)8ZF + X},N (X,)8ZN |

(26)
i =[H, Hglpr,

where
X5 =1 Hlo, Xp, () :=1[, Hele, X, ()= [ Hyle .
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Analogously as seen for the Poisson case, Eq. (26) can be written in terms of a
Stratonovich operator e whose adjoint is given by

e*(x,2) T X - R3,
e*(x,2)(0) := —dH (B} (0))(x),
where
H:=H+ Hy +uH,.

According to (7), the solution semimartingale X to (20) has to satisfy
t 13 R
/0 (0,8X5) = —/0 (dH (B} (0))(X,)0., 8Zs) , (27)

for any 0 € Q1(X).
As in the deterministic case, from the structure matrix for the Leibniz bracket (16)
we have that in local coordinates the SPHS (26) becomes

<8Xt = (J(Xy) — R(X;)o H(X)dZ, + ug(X,)8Ztg + E(XI)SZIN ’ (28)

ye =g (X0 H(Xy),

with R(x) := (g® ()T R(x)gR (x).

Example 3.1 In this example we compare the deterministic modeling of a n—degree
of freedom (n—DOF) manipulator with its stochastic version where noise is included
into the system.

(i) - Deterministic n—DOEF. Let consider the n-degree of freedom (n-DOF) and
gravity-compensated manipulator

M(q)G+C(q,q9)q + Rq =u, (29)
where g = (ql, ..., q") € R" is the set of generalized coordinates, C is the Coriolis
and centrifugal term and u is the generalized command force (de Wit et al. 2012).

By introducing the generalized momentum p = M(¢)q, p = (p', ..., p*) € R,
the system (29) can be rewritten using the SPHS formalism (Secchi et al. 2007) as

() = (s ) Gi) ()
p(1) —1 —R(q,p)) \9p,H g (30)

vy =(0g") ngl =M @p=4q,

where R(q, p) is the dissipation matrix and
Lo
Higq,p)=5p M (q)p,
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is the kinetic energy. Since the robot is gravity-compensated we do not have to consider
the potential energy in the definition of the Hamiltonian H. It is trivial to see that Eq.
(30) can be written in the form of Eq. (19) with x := (q, p) as

x=(J(x) = R(x)oH(x)+ g(x)u,
y =gl (x)dcH(x),

(ii) Stochastic n—DOF Usually, the n—DOF system (29) interacts with an unknown
external environment, so that a new term is added in the r.h.s. of Eq. (29). The effect of
the environment on the system is often unknown so it can be modeled as a stochastic
process. The most classical assumption is that the environment is described by a
Brownian motion W (Cordoni et al. 2021a), and Eq. (30) can be compactly written as
08X = (J(Xy) — R(X1)0x H(X,)dt + g(X()udt + E(X)SW; . 31)
ye =g (X H(X,),

where X is the stochastic counterpart of x.
Such equation recovers, apart from the choice of integration, the classical definition
of SPHS in Satoh (2017), Satoh and Fujimoto (2012), Satoh and Saeki (2014), Satoh
and Fujimoto (2010), Cordoni et al. (2020), Cordoni et al. (2021a).
Nonetheless, more general types of noise can be considered so that a general semi-
martingale Z" may replace the Brownian motion, obtaining
3X; = (J (X)) = RX)IBH (X3t +g(Xpudt + X037 1)
v =gl (X H(X,).

Equation (32) coincides with (28) where Z and Z¢ are the deterministic processes
given by (¢, w) — .
(iii) Stochastic n—DOF with stochastic Hamiltonian We can assume that also the
energy of the system, and thus the Hamiltonian, is perturbed by a stochastic semi-
martingale Z, so that we obtain the more general case of

(33)

8X; = (J(X;) — R(X1)d: H(X)8Z; + g(X)udt +&(X,)6ZN .
v =gl (XD H(X,).

(iv) Stochastic n—DOF with stochastic Hamiltonian and stochastic control We
can finally assume that also the control is perturbed by a stochastic noise recovering
the most general formulation as in (28),

(34)

8X, = (J(X;) — R(X)H(X)SZ, +ug(X)8ZF +&(X)8ZN .
yi =g  (Xp)oxH(X,).

A
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Before entering into details concerning the energy conservation property of SPHS,
we prove the following change of variable formula.

Proposition 3.2 Let X be the solution to the SPHS (26), then for any ¢ € C*(X) it
holds

So(X,) = o, H1L(X)8Z; + ulp, H L (X)8ZF + (@, Hy1L(X)SZY 35)
ye = [H, Hglp .
Proof Notice that, using (Emery 2012, Prop. 7.4), it holds
t
/0 (. 5X,) = (X)) — f(X0).
Taking thus 6 = d¢ in Eq. (27), we have that
t A
- [ wan (Bjap) .52,
0
1t
_ /0 (dH. B (dp))(X,). 5Z,)
t
- fo ((dHy B} (dp))(Xy), 8ZY)
t
—/0 u((dH, B} (d@))(X,), $ZE)
= [o, H1L.(X)8Z; + ¢, HN1L(X)SZN + ulp, Hglr(X)8ZE ,
where the last equality follows from Egs. (24)—(25). O

Concerning energy conservation and passivity discussed in Eq. (18) in the determin-
istic case, their generalizations to the stochastic case are not trivial. Broadly speaking,
the noise can inject energy into the system so that specific conditions on the noise must
be imposed to obtain losslessness and passivity. In particular, due to the presence of
the semimartingale Z, SPHS (26) is not dissipative under standard requirement of the
structure matrix R being symmetric and positive semi-definite. This aspect will play
a central role in developing some aspects of implicit SPHS and it will be clarified in
subsequent sections. It is worth stressing that it is difficult to obtain specific conditions
under which passivity or energy conservation holds for the general case; we will limit
ourselves to underline the main aspects and more detailed will be given later on when
implicit stochastic PHS will be introduced.

Three relevant considerations are in order regarding energy conservation and pas-
S1vVIty:

(i) Consider the case of a stochastic system with no dissipation and no external control,
so that we recover the case of an autonomous stochastic Hamiltonian system on a
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(ii)

(iii)

Poisson manifold. From a physical point of view, it is natural to look for conditions
under which P—a.s. energy conservation holds, that is,

SH(X,) =0.

In the deterministic case, it is trivial to see that energy conservation holds due to
the skew-symmetric property of the Poisson bracket. As deeply argued in Lazaro-
Cami and Ortega (2008), the presence of a stochastic Hamiltonian can destroy the
energy conservation property of the system, because

SH(X,) = {H, Hy}sZ" .

To obtain the energy conservation property the additional condition that the
stochastic potential Hy must be an involution w.r.t. the Hamiltonian H, mean-
ing that {H, Hy} = 0, is required.

Concerning energy conservation, it is often more realistic to study when a weaker
notion of energy conservation holds, named weak energy conservation and defined
as

EX, —EXy=0. (36)

Weak energy conservation is easier to be satisfied in real application and for this
reason it is the most natural definition of energy conservation usually considered
for stochastic systems.

Consider now the case when no external noise is considered in Eq. (35), i.e.,
Hy = 0, and the semimartingale perturbing the control is the trivial deterministic
semimartingale Z{ := t. Recalling that the Leibinz bracket is decomposed in
the present case into a purely skew-symmetric bracket {-, -}skew and a symmetric
positive semi-definite bracket {-, -}sym, that is,

['7 ]L = {'v '}SkCW - {'a '}sym-
Then by, Eq. (35) with ¢ = H, we have

SH(X;) = —{H, H}sym(X/)8Z; + ule, Hy]L(X)d1,
Vi = [‘/)» Hg]L .

From a control perspective, itis desirable to require the system to be P—a.s. passive,
that is,

SH(X,) < ylust.

Analogously to strong energy conservation, we will refer to the above condition as
strong passivity. Notice that, even if {-, -}sym is symmetric positive semi-definite,
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the presence of the semimartingale Z does not allow to infer that
{H, H}sym(X:)8Z;(w) = 0. (37

Condition (37) does not hold for the vast majority of relevant examples, where
even the most trivial case of a Brownian motion B does not satisfy such inequality
P—a.s. Consequently, usually within the stochastic setting, a weaker notion, named
weak passivity, is considered

EX, —EXo <Eylu,. (38)

It is immediate to see that weak passivity (38) is valid in a much broad range of
situations and for this reason the weak notion is usually considered in literature.
This topic will be expanded and treated in more details later as it plays a key role
in the implicit definition of a stochastic PHS.

3.3 It6 Explicit Input-State-Output Stochastic Port-Hamiltonian Systems

In the present Section we will show how the SPHS in the Stratonovich form can be
converted into the corresponding SPHS in It6 form.

Proposition 3.3 Ler X be the solution to the Stratonovich PHS (35), and let Z, zN
and Z€ such that

(2,2, =(2,Z"), = (ZV, z2°), =0, (39)

being (Z7, Z'), the quadratic covariation between Z' and Z/ at time t.
Then X admits an equivalent It6 formulation as

de(X)) =le. HIL(X)dZ, + (e, Hl, H11d(Z, Z),
+ulg, Hlp(X)dZ; + ulle, Hylr, Hyl d(Z8, Z8),
+lo, HvlL(X)dZ) + [, HylL, Hyled(ZN, ZV),,
Vi =[H, H,]L .

(40)

Remark 3.4 1t is worth stressing that conditions (39) are not necessary to prove the Itd
representation (40). In fact, a similar result holds dropping such conditions and adding
cross terms to Eq. (40). The choice of assuming conditions (39) has been purely made
to avoid heavy notation. A
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Proof Consider a second-order vector L € R™, so that we have

d d
s(x, 2)(L)[] = T (do(x(1)), x(1)) = T (do(x (1)), e(x(1), z(1))z(1))
=0 =0

2(de(x(1)), X5 (x (1))
+ | e ), X, x()ur)
Ili=0 #

Nido(x), Xf,, (x(1))) .
=0

dr

+d
dr

Let focus for the moment only on the first term in the right-hand side of the equation.
We have

3| HdeG), X5 (x (1)) = 2(0)(dp(x(1)), X5 (x(1)))
t=0
+ 2(0)(d(de(x (1)), X (x (1)), %)
= 7(0)(dp(x (1)), Xk (x (1)) + 2(0)(d(do(x (1), XE (x(1))), e(x (1), 2(1))z(1))
= 7(0)(do(x (1)), X5 (x(1))) + 2(0)2(0)d(de (x (1)), Xk (x (1)), Xk (x (1))
= (o). Xf () Lz + (@ (r(e), Xfy (r(1), Xfy (x(1), Lz)

(42)
Using now the fact that
(do(x (1)), X7 (x (1)) = [, HIL(x(1)),

it follows from Eq. (42) that

d . I
I ZZOZ(dw(X(l)),XH(X(I)» 43)

= (lg, HlL(x(0) + [[¢, H], H]L(x (1)), Lz) .

Similar computation holds for both the second and the third term in Eq. (41). Hence,
evaluating s*(x, z) (d2¢), for a given function ¢ € C*°(X), and exploiting Egs. (41)-
(42)—(43) together with condition (39), we have

(" (x, D) (dap(x)), Lz) = ((dag(x)), s (x, 2) L) = s(x, 2)(Lz)[9]
= (lo, HlL(x (1) + [[¢, H]L, H]L(x(7)), L)
+(lo, Hlo (x(0)us + @, Helous, Hlpu (x(1)), ng
+ ([o. ANl (x(@) + [lo, Hy]L, Hy]L(x (1)), Lz) .

44)
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Therefore, we obtain, for any ¢ € C*°(X)

do(X;) = (dag, dX;) = (s* (X, Z)(d2), dZ;)
=lo, Hlo(X)dZ; + ¢, H]L, H]1d(Z, Z),

2 ¢ e (45)
+ulp, Hgl(X)dZ; + ulle, Helr, Hglpd(Z%, Z8);
+lp. HVL(X)dZ) + (g, Hylr. Hylpd(z", ZV),
and the claim follows. O

4 Implicit Port-Hamiltonian Systems
4.1 Implicit Deterministic Port-Hamiltonian Systems

Having provided, in Sect. 3.1, a geometric formulation of PHS, we can generalize the
given definition of PHS to introduce the notion of implicit PHS (Secchi et al. 2007; van
der Schaft et al. 2014). As briefly mentioned, the definition of implicit PHS is based
on the notion of Dirac structure, hence we first need to introduce some fundamental
concepts (van der Schaft et al. 2014).

Let F be a general finite-dimensional linear space and £ := F* be its dual. The
product space £ x F is the space of power variables

P:={e f), (f,e)e FxE&,;

where (e, f) denotes the duality product, while F is usually referred to as the space
of flows f, whereas £ is the space of efforts e. We can also introduce the following
bilinear symmetric form

((Ce1, f1), (e2, P2))) = (e1, fo) + lea, fi) = el fo+ed fi1.

In what follows, given a linear subspace S C £ x F, we will define the orthogonal
complement S to be

Sto= {(e,f) cEXTF : (e, )G ) =0, Y@ f)eé’x]—'} :

Therefore, we may describe a physical system as the interconnection of storage
elements (fs,es) € Fs x Eg, of resistive elements (fgr,eg) € Fr X Er and the
environment or the control system (fc,ec) € Fc x Ec. In this particular case the
general space of flows is given by F := Fgs x Fr x Fc and the space of efforts
E = &g x Eg x Ec. The latter allows us to introduce the notion of separable Dirac
structure (van der Schaft 2000, Ch. 6).

Definition 4.0.1 A (constant) separable Dirac structure D on F is a linear subspace
D C F x & such that D = D+,
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Consider for the moment the particular case where the relation between resistive
elements can be written in input—output form, i.e., there exists amap F : R"® — R"R
such that

fr=—F(er), ekhF(eg)>0. (46)

Also, the interconnection of the energy storing elements to the storage port of the
Dirac structure is obtained setting

d
fs=—x, es=—H(x), (47)
X

so that we obtain the following definition for the implicit PHS.

Definition 4.0.2 (Implicit port-Hamiltonian system) Let F be the space of flows and
£ its dual; let H : X — R be the Hamiltonian function representing the energy of the
system, with D a Dirac structure. Then an implicit port-Hamiltonian system is given
by

a
<_X.7 B_H(x)a _F(eR)7 €R, va eC) €D.
X

4.1.1 Implicit Deterministic Port-Hamiltonian Systems on Manifolds

In this section we consider PHS with non-constant geometry. In order to achieve such
a generalization, we will consider Dirac structure on differentiable manifolds.

Given a n—dimensional manifold X with tangent bundle 7 X’ and cotangent bundle
T*X we will define TX @ T*X to be the smooth vector bundle over X’ with fiber
atx € X given by T, X x T X. We will say that (X, ) belongs to a smooth vector
subbundle D € TX & T*X if (X(x),0(x)) € D(x), Vx € X, thereafter using the
shorthand notation (X, ) € D.

We can also introduce the orthogonal complement w.r.t. the standard pairing
between forms and vector fields as

Dt ={(X,0) : (0,X)+(0,X) =0, V(X,0) e D},

where (-, -) denotes the standard duality pairing between forms and vector fields as
defined in Eq. (5).

Therefore, we have the following definition, which generalizes Definition 4.0.1
(Dalsmo and Van Der Schaft 1998, Definition 2.1).

Definition 4.0.3 (Generalized Dirac structure) A generalized Dirac structure D on a
smooth manifold X’ is a smooth vector subbundle D C TX @ T*X suchthat D = DL,

Definition 4.0.3 implies that a generalized Dirac structure D on a smooth manifold
X is a smooth vector subbundle D C TX @ T*X such that D(x) C T X x T, X is
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a constant Dirac structure, in the sense of Definition 4.0.1, for every x € &, see van
der Schaft et al. 2014, §ec. 3. B
Notice that, taking X = X and # = 0 we immediately obtain that

0,X)=0, Y(X,0)eD.

We thus can introduce the following definition of implicit port-Hamiltonian system,
with general space of flows F and efforts £.

Definition 4.0.4 (Implicit generalized port-Hamiltonian system) Let F be the space of
flows and X be a smooth n-dimensional manifold X', H : X — R be a Hamiltonian
function and D be a Dirac structure. The implicit generalized port-Hamiltonian system
(X, F,D, H) is defined by

(—)&, 8—H(x), f, e> e D).
dx

It can thus be shown that the explicit PHS with dissipation (19) is a PHS as defined
in Definition 4.0.4.

Proposition 4.1 Consider D defined as

(_X705 vaeRa fcaec) GD,

if and only if
X(x)=(J(x)— Rx)O+gx)fC, 48
c T (48)
e- =g ()0,
suchthat J = —JT and R > 0, then D is a Dirac structure.
Proof Let (—X,0, fR, eR, fC ) € D' we have that
— (0. X) — (0. X) + @®, £+ (e®, )+ @ 1O + (€L FC) =0,
for any (—)_(, 6, fR eR, fC, éc) satisfying (48).
Choosing f€ = f® =0, and setting
eR =9,
R =Rx)ek, (49)
¢ =u
we have that, V 8, it holds
— (6, X)— (0, J(x)0) + (8, R(x)e®y + (g7 (x)0,u) = 0. (50)
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Thus, it immediately follows, with 6 = 9, H(X;) and X = x,
x=({(x)—R(x))9H(x)+ gu, 51
and inserting Eq. (51) into Eq. (50) we obtain
e“ =g (0 H(x),
sothat (—x,dH, fR ek, f€ ¢C) eD. o
Proposition 4.1 motivates the following definition.

Definition 4.1.1 (Input—state—output port-Hamiltonian system) Let X be a smooth n-
dimensional manifold, and H : X — R be a Hamiltonian function, then

x=[J(x) = R(X)]0H(x)+ g(x)u,

(52)
y=g" () Hx),
with J(x) = —JT(x) and R(x) = RT(x) > 0, is called input—state—output port-
Hamiltonian system.
Notice that
d
G H=—0"HOR®MLH® +y"u < yu, (53)

or equivalently in integral form

t t
H(x(t)) — H(x(0)) = —f <8XTH(x)R(x)8xH(x) +yTu> ds 5/ vy uds(54)
0 0

This equation states that the internal energy of the system is always less or equal
to the external energy supplied to the system. In particular, Eq. (53) expresses what in
literature is known as passivity property of PHS (see, e.g., van der Schaft 2000).

4.2 Implicit Stochastic Port-Hamiltonian Systems

The main goal of the present section is to formally introduce the definition of implicit
stochastic port-Hamiltonian system (SPHS). We would like to underline that, to the
best of our knowledge, no formulation of implicit SPHS has been provided in literature
so far. We will show that our definition generalizes already existing definitions of
explicit input—state—output SPHS as introduced in Sect. 3, see Haddad et al. (2018),
Satoh (2017), Satoh and Fujimoto (2012), Satoh and Saeki (2014), Satoh and Fujimoto
(2010), Cordoni et al. (2021b), Cordoni et al. (2020), Cordoni et al. (2021a), Cordoni
et al. (2022b), as well as stochastic dynamics on Poisson manifolds, see Lazaro-Cami
and Ortega (2008).
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As done in Sect. 3, we will first introduce the general notion of explicit stochastic
port-Hamiltonian system as a controlled Hamiltonian system on Poisson or Leibniz
manifold. Then, inspired by the general theory of explicit SPHS on manifolds, we will
generalize the theory to define implicit stochastic port-Hamiltonian system.

This section is devoted to generalize to the stochastic setting the definition of implicit
port-Hamiltonian system of Sect. 4.1.1. We assume that the flow corresponding to
each port is a semimartingale, so that the noise can enter into the system not only
through a stochastic external random field but also as a random perturbation of any
port connected to the system.

We use Stratonovich calculus since it allows us to exploit standard rules of differ-
ential calculus and exterior calculus on manifold. In what follows, we will consider
X : I — X tobe an integral curve of a Stratonovich vector field § X, with initial con-
dition X¢, being I C R. We recall that (Emery 2012), for any differential 1-form @
on X we can associate in a unique way the real-valued semimartingale that represents
the integration of 6 along the vector field 6 X, denoted as

t
/ 0.5X,) . (55)
0

The integral (55) is called Stratonovich integral of 6 along § X .
We introduce the orthogonal complement of abundle D C TX @ T*X w.r.t. the
above introduced pairing between forms and vector fields as

Dt ={(X,.0) CTX®T*X :

t _ r o (56)
/(9,8Xs)+/ (9,8Xs>=O,V(8X,,«9)eD,tel}.
0 0

The following definition generalizes Definition 4.0.3.

Definition 4.1.2 (Generalized stochastic Dirac structure) A generalized stochastic
Dirac structure D on a manifold X is a smooth vector subbundle D C TX @ T*X
such that D = D+.

Notice that taking §X = §X and § = 6 we immediately obtain that
t
/(G,SXS):O, V(X;,0)eD, Vtel. (57)
0

The following generalizes Definition 4.0.4.

Definition 4.1.3 (Implicit generalized stochastic port-Hamiltonian system) Let X" be
an n-dimensional manifold X with generalized Dirac structure D, H : X — R the
Hamiltonian function perturbed by the semimartingale Z. An implicit generalized
stochastic port-Hamiltonian system (X, Z, D, H) on X is given by

(X, dH(X;)) €e D(X;), VYtel.
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Next examples highlight how this definition includes main cases considered in the
deterministic setting.

Example 4.1 (i) Let (X, B) bea Poisson manifold, with B* : T*X — T X the Poisson
morphism introduced in Sect. 3, then

Dy = {(8X, 0) : 5X(x) = B*0(x)8Z, 0 € T*X} :

defines a Dirac structure. In particular, the defined Dirac structure leads to the
Hamilton equations

8X, = B*(dH)(X,)8Z,,

or, equivalently, in integral form
t
X, = Xo+ / B*AH)(X)5Zy
0

(i) Let (X, w) be a symplectic manifold, that is  is a closed (possibly degenerate)
two-form, with o : TX — T*X the canonical musical isomorphism, then

D, = {(ax,e) 087 = o' (5X), 6X € TX} ,

is a Dirac structure.
A

Since Definition 4.1.3 is based on both Stratonovich calculus and exterior calculus,
it allows us to obtain the remarkable energy conservation property, which is one of
the founding aspects of port-Hamiltonian systems. In particular, we have that

t
H(X;) — H(Xp) = / (dH,8Xs), (58)
0
or in shorthand notation

SH(X,) = (dH, 8X,) .

We can thus introduce the port variables associated with internal storage (8 f,5, e),
interconnecting the energy storing elements to the storage port of the Dirac structure
by setting

8f5 =—8X,, e =dH.

The energy balance reads
t t
H(X,) — H(Xo) = / (dH, 8X,) = — / (€.815), (59)
0 0
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and the total energy is preserved along solutions of the Hamiltonian system. We remark
that the particular notation 8 £ emphasizes the fact that the flow of the storage port
is a Stratonovich vector field over X .

The latter, implies one of the major novelty of the proposed approach. Since the flow
variable 8 X is a stochastic Stratonovich vector field, the power P, exchange through
the port

t
P, ::/ (dH, §Xs),
0

is a real-values semimartingale. Therefore, as previously mentioned, in the considered
setting each port element can be intrinsically stochastic.

Remark 4.2 1t is worth remarking that Definition 4.1.2 of Dirac structure has been
called generalized to differentiate it to the original definition in Courant (1990) on
Dirac manifold where a certain closeness assumption has been made. In particular,
in later development of the theory, closeness assumptions was dropped, mainly with
the aim of including non-holonomic constraints into the definition of Dirac structure.
Using Definition 4.1.2 of generalized Dirac structure, we are able in Example 4.1
to consider a (pseudo)-Poisson bracket, that is a Poisson bracket that does not sat-
isfy Jacobi identity, and pre-symplectic geometry considering a two-form that is not
necessarily closed.

To recover the original definition in Courant (1990), we can require the closeness
of the Dirac structure according to the next definition.

Definition 4.2.1 ((Closed) Dirac structure) A generalized Dirac structure D on X is
called (closed) Dirac structure if for arbitrary (8X!, 01), (§X?,6,) and (X3, 63), it
holds

(£5x102,03) + (£5x2603, 01) + (£5x361,62) =0,

being £5x,0 the Lie-derivative of the form 6 along the Stratonovich vector field §X;.

It is worth stressing that, due to the geometric nature of our definitions, the Lie-
derivative of the form 6 along the Stratonovich vector field 5§ X; can be defined through
the Cartan magic formula (Holm et al. 2009), as

£5x,0 = d(isx,0) +isx,do .

4.2.1 Interconnection of the Dirac Structure with Other Ports
PHS’s are mainly seen as interconnection of different port elements, possibly repre-

senting different physical systems. In the present section we will introduce the general
formalism needed to connect several ports through a stochastic Dirac structure. The
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main idea follows what previously provided introducing the stochastic implicit PHS
in Definition 4.1.3, and resembles how one can formally define distributed parameter
PHS’s (Van Der Schaft and Maschke 2002). In order to be able to incorporate stochas-
ticity into the implicit stochastic PHS, we will consider particular choice for effort and
flow spaces.

In what follows, we will consider the flow space Fz« := Xz« (X) to be the space
of Stratonovich vector fields on X perturbed by a general semimartingale Z*. As to
emphasize that any flow element is in fact a Stratonovich vector field, we will denote
any element belonging to Fz« as § f¢. Similarly, we will consider the space of efforts
to be the dual of the space of flows, so that £ := Q! (X) is the space of 1—forms on
X. As already discussed above, to any element (e, § f) € £ x Fz« we can associate
a natural pairing (Holm et al. 2009). We stress that in general we can consider flow
variables, resp. effort variables, to take values in the set of Stratonovich vector fields
X(WN), resp. 1-forms Q(N), over a different manifold .

Let us underline that in the implicit SPHS, it is possible to consider other ports
besides energy storage ones, such as resistive ports (R) and control ports (C). In the
following we will thus denote by Fz« the space of Stratonovich vector fields on X
generated by a semimartingale Z%, « = R, C, and by &,, @ = R, C, be the space of
1-form on X.

Remark 4.3 In the general implicit form, there is no need to specify the perturbing
semimartingale Z“ for the port «: since § f* is a Stratonovich vector field, the whole
theory would follow analogously. Nonetheless, we have chosen to specify the perturb-
ing semimartingale also in the implicit form to emphasize the connection to explicit
SPHS. A

A dissipation effect can be further taken into account by terminating the resistive

port with a dissipation element satisfying an energy-dissipating relation R. In general
such a relation is defined as a subset

R C .7:ZR X ER s
such that it holds

t
fo<e§,3ff>5o, tel. (60)

A relevant case is the one when the resistive relation can be expressed as the graph of
an input—output map, so that, given a map §R : Q' (X) - X 7zr (X)), we require

t
f<e§,8R(e§>> =0, (61)
0
and we can impose the following connection

SfR .= —5R(eF).
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Definition 4.3.1 (Implicit generalized stochastic port-Hamiltonian system) Let X’ be
an n-dimensional manifold X, Z = (Z, ZR&, Zc) be a semimartingale, H : X — R
be a Hamiltonian function and D be a generalized stochastic Dirac structure. Let also
F = Fzi x Fz. be the space of flows § f and £ = F* be the corresponding dual
space of efforts. The implicit generalized port-Hamiltonian system (X, Z, F,D, H),
with resistive structure R, is defined by

(—ax,, dH ., 5 fR R 51C. e,C) e D(X,).
with the resistive relation
(af,R, e,R) e R(X,).

Since the resistive port is required to satisfy the dissipation relation (60), we obtain
the power balance

t t t
H(X,) — H(Xq) = / (dH, 5X,) = f (R, 5 1Ry + / (.8 £€)
0 0 0

< ft<ef,8ff>-
0

Notice that the condition for the resistive port (60) is usually too strong to be
satisfied in practice, since it requires that energy dissipation occurs along all possible
realizations of the system. In order to weaken it, we introduce a different formulation
of Dirac structure with the weaker resistive relation of requiring that the energy being
dissipated in mean value.

The weak energy-dissipating relation Ry is defined as a subset

RwC}—ZRXgR,

such that
t
B [ el <0, ©2)
0
Similarly, if there exists a map SR : QI(X) = X(X), so that
t ~
B [ ek oRel) = 0. (©3)
0
we can obtain energy dissipation imposing the following interconnection,

SfF = —8R(f).

N
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Therefore, in the weak setting the resistive port is required to satisfy a weak dissi-
pation condition of the form (62), and the mean power balance reads

t
EH(X,) = EH(Xo) +]E/ (dH, 8X,)
0
t t
— EH(Xo) +E / (R, 5fF) + E / (€., 8£€)
0 0

t
<EH(Xo) + Ef (e 81)
0
implying that energy is required to be preserved and dissipated in mean value. We
stress that we will always consider the weak relation since it is the most suitable
to many applications, nonetheless similar arguments will still hold imposing strong
energy dissipation relations.

4.2.2 The General Case

In order to generalize Hamilton equations (26), we augment the Dirac structure with
a new type of port, that we will call noise port, with flow space Fz,, the space of
Stratonovich vector fields perturbed by Zy, and effort space Ey. As it will be seen

later on, within the explicit formulation, this port will play the role of external random
field perturbing the system.

Definition 4.3.2 Let X be an n-dimensional manifold X, Z = (Z, ZR, Z€, ZV) be
a semimartingale, H : X — R be a Hamiltonian function and D be a general-
ized stochastic Dirac structure. The implicit generalized port-Hamiltonian system
(X,Z,F,D, H) is defined by

(—8X,,dH,(SftR,ef,éfC,e,C,Sf,N,er) e D(X,). (64)

Figure 1 shows a graphical representation of this definition.
We can also introduce the (weak) resistive relation

(355, ef) e R (X)),
so that the, weak energy balance reads as
t
EH(X,) —EH(Xg) = E/ (dH, 5§ Xy)
0
t t t
=E/0 <e§V,5fSN>+E/O <e§,5ff)+E[ (€, 815

0
t t
SE/ <eSN,5fSN>+E/ (€,815),
0 0
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Resistive
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(R)

Power—conserving
interconnection

D

External element —
Noise

(N)

Energy—storing
element

©)

External element —
control

©

Fig.1 Implicit port-Hamiltonian system with dissipation, external control and interaction Hamiltonian

In many applications, we deal with passive systems, i.e., systems where the total
(average) energy in the interval [0, ] must be less or equal to the (average) energy

injected into the system,

t
BH(X,) ~ EH(X0) <E [ (.50
0

In the deterministic case, imposing an energy dissipation relation is sufficient to
guarantee the passivity of the PHS, whereas in the present case, in order to guarantee
passivity, we are forced to further require the stronger condition that both the resistive
port and the noise port satisfy a dissipativity condition. In particular, we can define

an energy-dissipation relation
RY C Fzp x Fzy x Er X En
such that it holds

t t
E/ (ef,&ff)JrlE/ . 5Ny <o.
0 0
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Thus, endowing the stochastic PHS (64) with the (weak) energy-dissipation relation
R]V\(, we obtain the passivity property for the SPHS

t
EH(X,) — EH(Xo) = E/ (dH, 8X,)
0

=E/Q£ﬁﬂﬁ+ﬁ/%¥ﬁﬁ%+ﬁ/?£ﬁﬁ%
0 0 0

t
sE/wﬁwﬂ,
0
(66)

As above, we can consider the situation where the general resistive rglation can be
expressed as the graph of an input—output map, so that, given two maps § R : Q') —»
X(X) and SRY : Q1(X) — X(X) we require

t t
IE/ (eR, sR(eF) —i—]E/ (eN, 8RN (e5H)) > 0. (67)
0 0
By imposing the connection

SfR .= —sR(eF,
SfN .= —sRN (),

we would thus obtain the (weak) passive relation (66).

Remark 4.4 In Eq. (67) the joint dissipativity condition for both resistive and stochastic
ports is more general than requiring that dissipativity holds for both ports separately.
In fact, many concrete applications satisfy a dissipativity condition for the resistive
port, at least in the weak setting. Nonetheless, it is much harder to find applications
where also the stochastic port does satisfy a similar dissipativity condition, even if
required to hold just in weak form. Nonetheless, Eq. (67) is more general since the
dissipativity of the resistive port can "absorb" non-passive behaviors at the stochastic
port so that the whole system remains passive; a similar reasoning has been used in
Cordoni et al. (2021a) to define stochastic energy tanks in a bilateral teleoperation
setting. A

The next proposition gives an alternative representation for the Dirac structure.

Proposition 4.5 Let F := Fz, x Fz. x Fz, be the space of flows 8 f and £ = F*
be the corresponding dual space of efforts e, set

D= {815, 8fR 6fC, 81N, el ek eC eNye Fx & :
8ft =—Jefaz,—GR5f, —Gctsfl —GnofN, (68)
= Gyer = Gge) =Gye/l,
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where Gg : Fz, — Fz,,0 = R, C, N, such that
(€3, God ) = (Ghed, 8 £7),
and J such that J = —JT; then D is a Dirac structure.

Proof Let us first prove D C D=. For the sake of brevity we will prove the case
with G¢ = G N = 0, the general case being analogous. Let (§ f, ,0 ft ,e, , ) and
(Sf, , Sft , e, , € R) € D be as defined in Eq. (68); since they belong to D it holds

t t t t
[eoisye [[@ors+ [ R o+ [ et arh
0 0 0 0
t t t t
=—f <ef,Jéfazs>—/ <e5,GR3ﬁR>—/ <é§,1efazs>—f @5, Grsfl
0 0 0 0
t t
+ [k o+ [ @k arh.
0 0

(69)
Thus, we have that
! 7R "R <R
| €8, 6u05, >=/< hes o7 = [ ek s h.
0 0 0
so (69) becomes, using the skew-symmetry of J,
t B t 1 B t
/<e§,8ff>+/ <é§,aff>+/ <e§,aff>+/ (ef. 8 1)
0 0 0 0 (70)

t t
=—/ (€3, JéfSZs)—/ (@5, Je38Z) =0,
0 0

and thus (85,8 R, 5, ef) e DL
Let us then prove that D+ C D; let (8f5,8fR,e5,eR) € D, then for all
& f5,8fR, & &Ry e Ditholds

t t t t
0=/ <e5,6ff>+f <é§,8f§>+/ <e_§,8f;R>+/ (@R, 5 1F)
0 0 0 0
t t t
=—/ <e§,fa§azs>—f <e§,GR6f;R>+/ (@3,8£5) (71)
0 0 0
t t
+/ <e§,af§>+/ @R, 5 £R)
0 0
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Choosing &5 = 0, &R = 0, it follows that

t t
oz_/ (ef,GRsﬂRH/ (eR, 5 fF)
Ot Ot B t
=—/< wed SRy + /(ef,éva)=/(eR Gires, 8 fly,
0 0 0

and from the non-degeneracy we get ef = G’;eef
Still exploiting (71), choosing 8 f8 = 0 and since (8f5,8 /K, &5, ef) e D, it

follows
t t t
0= [ sesza ¢ [ @Sord 4 [ @on
0 0 0

t t t
zf (35,5f§)+/ @3, JeféZs)+f (@5, GR8f5) (73)
0 0 0

t
= / (@5,8f5 +JeS8Zy + G5 f5),
0

(72)

where the last term in the second equality in Eq. (73) follows from the fact that since
(6f5,8fR, &5, &Ry e Ditholds

so that, again by non-degeneracy we end up with
SfS =—JeSsZ, — GRofS,
and the proof is thus complete. O
Let us consider the particular case with
SfR=—Relsz,, sfN =6z, sf° =usz’,

such that
t B t
E/ (eR ReRszy) —]E/ (N, fNszNy >0, (74)
0 0

then the following definition can be given.
Definition 4.5.1 (Stochastic input—state—output port-Hamiltonian system) Let X’ be an

n-dimensional manifold X, Z = (Z, ZR, z€, ZN¥) be a semimartingale, H : X — R
be a Hamiltonian function and D be a generalized stochastic Dirac structure. The
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stochastic input—output port-Hamiltonian system with stochastic Dirac structure in
Eq. (68) is given by

5X, = (i + GRRG*,;) dH(X)8Z; — GeursZC — Gy& sz,
el =GRdH(X,), (75)
e =GrdH(X)).

According to Emery (2012), we have denoted the Stratonotich operator as
e(x,z): T,R" - T, X;

by identifying 7,R™ ~ R™, for a given R” — valued semimartingale Z, we can define
the X —valued SDE as

3X,=e(Xt,Zt)Z;, tel.
Equation (75) can be rewritten in term of Stratonovich operator. Consider Z

. . . N
to be a R—valued semimartingale, whereas Z, resp. ZC, is a R"" —valued, resp.

c . . .
R"" —valued, semimartingale, with m = 1 + nV + n€. Denote for short the vector
fields

(7+GrRGY)dH = V5,

n¥ n¥ (76)
GN€t=ZV,N, Gc=ZV,-C,
i=1 i=1
where V‘}‘,a =S, N, C,are vector fields over X'. Let {ef, ..., €7« } be abasis for R,

a=N, C;fory = (yS, yN, yc) e R x R”N X R"C, we can define the Stratonovich
operator as

nN nC
e(x, %, YN,y =¥V = Y MV @) = Yy Ve
i=1 i=1
=5, (%) — N (x, ) ON) — e (x, 2 (YO),

(77)
so that Eq. (75) can be formally defined as a Stratonovich SDE over the manifold X
as

8X, =5 (X, )87, — eV (X;, ZN)SZN — o€ (X, ZE)5ZE . (78)
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Notice that, Eq. (78) implies that, for any ¢ € C*°(X),

t nV o )
P(X1) — p(Xo) = fo VS (X387, — 3 /O (VN (X870 +
i=1
19

C
n ¢
-y / (VEulg)(X)8ZEH .
X 0
i=1

Example 4.2 (i) As in Example 4.1 let (X, B) be a Poisson manifold, with B* :
T*X — T X the Poisson morphism introduced in Sect. 3, then

Dy =|(B%.0) : 0 e T*¥|
defines a Dirac structure which leads to the Hamilton equations
8X, = B*(dH)(X,)8Z; + B*(dHN)(X)8Z" + uB*(dHc)(X,)8 ZE .
Notice that, in the autonomous case, namely when u = 0, previous equation
coincides with Hamilton dynamics on Poisson manifold as in Bismut (1982),
Lazaro-Cami and Ortega (2008).

(ii) Let (X, B) be a Leibniz manifold, with B¥ : T*X — TX the associated
morphism as defined in Eq. (25), then

Dy = {(Bfe,e) 1 0e T*X}
defines a Dirac structure leading to
8X, = B} (dH)(X,)8Z; + B (AHN)(X)SZYN + uB¥ (dHc)(X)8ZE, (80)
so that stochastic Hamilton dynamics introduced in Eq. (26) can be framed

within the SPHS setting as well.
A

Therefore, we can prove that Definition 4.5.1 generalizes the classical deterministic
PHS given in Eq. (19).

Proposition 4.6 Consider D defined as
(—oXi.aH. o fF R 6fC . C o f) V) e DX,

if and only if

(81)

8X, = (J(Xy) — R(X)) 9 H(X)8Z: + g(X)u8ZE + £(X)SZY ,
e€ =gT(X)aH(X,),
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with J = —JT, then D defines a Dirac structure.

Proof Consider (—8X;,0,8fR,eR, 6 fC,eC, 8N, eV) € D+, we have that

—(0,8X,) —(0,8X,) + (@R, 5 £ Ry + (R, 6 FF)
+ (@, 8£5) +(eC, 8 F8) + @, 8 f Ny + eV, 8 fNy =0,

forany (—8X,,0,8 K, eR 8 £, eC, 8 £V, &) satisfying (81).
If8fC =8fF=58fN =0, we get

ek =0,
SER = R(X)eRsZ,,
sz ( tge t (82)
8fE =u8Z
(SftN = étSZ[N
that, V0, implies
—(0,8X,) — (0, J(X)O8Z,) + (0, R(x)eR8Z,) )

+ (8T (X0, u8ZE) + (55 (X0, (X8 ZN) = 0.
Thus, it immediately follows, with 8 = 9, H(X;),
8X: = (J(X)) — R(X1) 0 H(X)8Z, + g(XDu8ZE +£(X)8Z)Y . (84)

and inserting Eq. (84) into Eq. (83) we obtain

eR =0,H(X)
eC =gl ()a, H(X,),

and thus (—8X,, dH, 5 fR, eR, 5 fC e, 8 fN,eN) e D. o

4.2.3 On It6 Definition for Implicit Stochastic Port-Hamiltonian Systems

All results regarding implicit SPHS can be introduced exploiting the notion of tangent
and cotangent bundle of order 2. The latter implies that the corresponding implicit
stochastic Hamiltonian system is defined in Itd sense. In particular, Definition 4.0.3
can be directly generalized to consider It6 stochastic vector fields as follows.

Definition 4.6.1 (Generalized stochastic Dirac structure of order 2) A generalized

stochastic Dirac structure of order 2, D>, on a manifold X is a smooth vector subbundle
D CtX®1t*X such that D; = Dzl, being Dj- the orthogonal complement defined
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as

Dy = {(dX;,0) CTX ® T X :

t t
/(G,d}_(s)—i—/ 6,dX;) =0,V (dX,, 0) €Dt el}.
0 0

Then, exactly as in Sect. 4.2, we can connect different ports in a power preserving
manner using It stochastic vector fields. In what follows, with a slight abuse of
notation, we will denote for short by Fze := xzz“ (&) the space of 16 vector fields on
X perturbed by a general semimartingale Z%; to emphasize that any flow element is
a Ito vector field, we will denote any element belonging to Fze« as df. Consequently,
E = Qp(X) is the space of form of order 2 on X'. Thus, to any element (e, df) €
& x Fz« we can associate a natural pairing (Holm et al. 2009).

Definition 4.6.2 Let X be an n-dimensional manifold X, Z = (Z, Z%, VA ZN) be
a semimartingale, H : X — R be a Hamiltonian function and D, be a general-
ized stochastic Dirac structure of order 2. The implicit generalized port-Hamiltonian

system (X, Z, F, Dy, H) is defined by
<_Xmad2H1df[Rv e[Radf[C7 e[C’dftN’ e[N) € DZ(XI) .

This definition can be endowed with (weak) resistive relation (as in Definition 4.3.2)
of the form

(df[Rve[R7df[Nve[N) € RW(XI)a

requiring that

E/l(ef,dst) +]E/[(eﬁv,dfsN> <0.
0

0

Same computation as in Proposition 4.5 allows us to obtain a input—state—output
form as in Definition 4.5.1. We will omit details, for the sake of brevity, while showing
how one can reformulate SPHS in Definition 4.5.1 in Itd form.

Proposition 4.7 Let X be the solution to the Stratonovich SPHS (75), and let Z, Z N
and Z€ be such that

(2,2, =(2,Z"), = (Z",z2%), =0, (85)
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where (Z7, Z1); is the quadratic covariation between Z' and Z7 at time t. Then X
admits an equivalent formulation in terms of It6 integration

dX; =V35(X)dZ, + £ysV5(X)d(Z, Z),

nv N
1 R
=) Vi (Xndz' -5 > £ VY (Xd(zN, ZN),
i=1 ij=1 (86)
C

C
n n
Y VeXpuldzE — 3 > £V]gViC(Xl)utd(ZC”, zCy, .
i=1 i,j=1

Remark 4.8 The condition (85) is considered only to avoid heavy notation, a similar
result being true also dropping it. A

Proof Recall that Eq. (75) is formulated in terms of the Stratonovich operator using
(77) and for any ¢ € C*°(X) Eq. (79) holds.
Let us consider a second-order vector L; € R, we thus have

(do(x(®)), e(x(1), 2(1))z(1))

=0

. d
(do(x(1)), x(1) = —

d
s(x, 2)(Lp)lel = — 5

dr

=0

S(do(x (1)), V)
t=0

(87)

t=0

Y Mdee), V)
i=1

nC
> :Cide(x). VEul) .
=0

The first term in the right-hand side of Eq. (87) can be rewritten as

T S(de(x (1)), VS (x (1))
t =0

= 25(0)(dg(x(1)), VE(x(1))) + 25 (0)(d(dp (x(1)), VE(x(1))), %)

= 250)(de(x (1)), VE(x(1))) + 25 (0)(d(de(x (1)), VE(x(1))), e(x (1), 2(1)2 (1))
=250 (de(x (1), Vi (x (1) + 25 (0)2° ) d(de(x (1)), VS (x(1))), VE (x (1))
= ((dp(x(), VS @)Lz + (@dep(x (), VS (1)), VS (1), Lz)

(88)

Similar computation holds for all the other terms in Eq. (87). Therefore, evaluating
s*(x, z)(d2g), for a given function ¢ € C*°(X), we have, exploiting Egs. (87)—(88)
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together with condition (85), that

(5*(x, (A2 (x)), Lz) = ((dagp(x)), s(x, 2)Lz) = 5(x, 2)(Lz)[e]
= (1o, V5), Lz) + ((@(dg, V5), V5), Lz)

l’lN
- < > (de, V), L’z’>

ij=1

nN
— < Y (dide, V), Vi), L> (89)

ij=1

C
1/ < .
—§<§ <d<o,V,-Cu;>,Lz>

i,j=l1

C
1/ < , ;
-5 < > dide. Viup), VEu]), L~Z~> .

ij=1
Hence, for any ¢ € C*°(X), we obtain

do(X,) = (dog, dX;) = (s*(X;, Z,)(dr), dZ;)
= (dg, VS)(X)dZ; + (d(de, VS), V) (X)d(Z, Z),
nN

— > (de, V) (Xdz)
i=1

_ 2 Z (do, VY). V) (X)d(zN, ZMN), (90)
tj 1

n€

=Y e, VE)(XuldZ
i=1

1 : . L .
=5 2 (e, Viuy), Viu) (X)d(Z2, Z€Y), .
i,j=l

Using the fact that for the Lie derivative of a function ¢ along a vector field V it
holds, see Remark 4.2,

fvp =ivdg = (dg, V),
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and considering ¢(X;) = X; in Eq. (91), we get finally

dX; = V5(X)dZ, + £ysV3(X)d(Z, Z),

nN VlN
1 L
=Y VV¥xndz) - 3 > £V§yVlN(X,)d(ZN”, zZN:y,
i=1 ij=1 On

n€ C

=Y VEXDuldzZE - 3 > £V¢u{Vic(Xt)u;d(ZC”, ZCy,
i=1 ij=1 "

and the claim is proved. O

4.3 Passivity and Power-Preserving Property

We are now ready to address the energy conservation property, and more important in
port-Hamiltonian systems, the passivity property. In particular, when one generalizes
a deterministic input—output system to the stochastic case, the standard notion of
passivity has several possible generalizations, leading to different possible definitions.

Definition 4.8.1 (Strong/weak passivity) Let H € C*°(X) be the total energy of the
system. The SPHS (26) X is strongly, resp. weakly, passive if

t
H(X,) < H(Xo) + / ul ()y(s)8ZE (92)
0

resp.
t

EH(X,) < EH(X) +E/ ul (5)y(s)8ZE , (93)
0

forall + > 0.

Remark 4.9 In Eq. (93), we introduced the passivity property in the sense of
Stratonovich integration. The choice is motivated by the intuition behind the defi-
nition of SPHS.In fact, passivity means that the total energy variation is equal or less
to the total power supplied to the system, integrated along system trajectories. Since
the system is formulated in terms of Stratonovich integral, we have to therefore con-
sider the total power supplied perturbed by the corresponding control semimartingale
ZC€ . in the sense of Stratonovich.

Nonetheless, we would like to underline that, particularly when one considers weak
passivity, computing the expectation of a Stratonovich integral might be difficult.
Therefore, as standard when dealing with energy conservation in stochastic Hamil-
tonian dynamics, the easiest way is to reformulate the Stratonovich integral in terms
of the Itd integral so that one can exploit the good probabilistic properties of the Itd
integral.
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Assuming for instance the SPHS to be given as (81), so that it can be converted
into the equivalent formulation in terms of Itd integral using Proposition 4.7, we thus
have

t
EH(X,) < EH(Xo) + E / u(Xy)y(s)d ZE
0
t
+ %E f B, (g(Xo)u(Xy)) g(Xo)u(X)d(2C, ZC), |
0

where we have denoted by u the control in feedback form as a function of the state X.
The weakly passivity requires that the process

(H(xt)—ﬂz / tu(s>ax (g(Xy)u(Xy)) g(Xu(Xs)d(ZC, 2€), — / tuT(xx)y(sMZ_E) ,
0 0

teRt

is a super-martingale.
Clearly, in the trivial case of ZtC (w) :=t, passivity reduces to the classical require-
ment

t
EH(X,) < EH(Xo) —HE/ ul (s)y(s)ds .
0

A

As briefly mentioned, strong passivity is a too strong assumption in many concrete
situations. In fact, the presence of an external random noise implies that the system
does not in general conserve energy. Lazaro-Cami and Ortega (2008) shows that,
for Hamiltonian dynamics on a Poisson manifold, if the random perturbations are
involution w.r.t. the energy of the system H, thatis { H, Hy} = 0, then the Hamiltonian
system preserves the energy. In the present case, since we are considering Hamiltonian
dynamics driven by the Leibniz bracket, even requiring that the stochastic Hamiltonian
is an involution w.r.t the energy of the system H, will not ensure neither energy
conservation nor passivity of the system.

Differently to the deterministic case, where considering the dissipation matrix R to
be positive definite allows to conclude that the PHS is passive, in the stochastic setting
this is not the case since the noise driving the system may lead to an increase of the
internal energy. To see that, it is enough to consider the energy conservation relation
for a SPHS as given in Proposition 4.6 with £ = 0

t t
H(X,) — H(Xo) = —/ 8XTH(XS)R(XS)BXH(XS)SZS+/ ul y87€ . (94)
0 0

Therefore, even requiring R to be strictly positive definite we could not infer from Eq.
(94) the strongly passive condition

t
H(X,) — H(Xo) < / uTy52C
0
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because, also by just considering the trivial case of diffusive semimartingale Z :
(w,t) — (t + Wi(w)), W; being a standard Brownian motion, the passivity fails.

In order to guarantee strong passivity for the SPHS, we would have to require the
stronger condition

t
f 3y H(Xs)R(X)d H(X)8Zs(w) = 0,
0

along all possible realizations w.

This is the main motivation why energy dissipation is usually required to hold in
mean value instead of w—wise. In fact, a positivity condition on the structural matrix
R does not guarantee passivity, but the requirement

t
]E/ 9] H(X;)R(X)d, H(X:)8Zs = 0,
0

is satisfied by a significantly larger number of semimartingales.

We stress that, due to the generality of the present setting, a complete characteri-
zation of the passivity property of SPHS is beyond the scope of the present work; in
particular passivity will be object of further development in a future study. Nonethe-
less, next examples show that our definition of (weak) passivity leads, with some
simplifications, to existent definitions of stochastic passivity.

Example 4.3 (i) Let consider the particular case of Z;(w) = t, ZIC (w) := t and
ZtN (w) := W;(w) with W; a standard Brownian motion. Then by (Protter 2005,
Th. 32) it follows that the input—output SPHS

95)

§X: =I[J(Xy) — R(X)]0x H (X)) + g(Xr)uy) 6t + §(X1)éWy
v =g (X)aH(X,).

is a Markov process. Using Proposition 4.7 we can derive the corresponding It6
formulation to be

{dx, = [1706) = ROOIBH (X)) + g (Xus + § X)) EXD]dr +EXNAW, g

oo =g (XD HX,).

Using the martingale property of W together with It6 formula, we obtain the
relation

t
EX, — Xo =/ ELH(X,)ds
0
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(i)

being L the infinitesimal generator associated to X defined as

1
LH(x) :=0] H(x) ([J(X) — RO H(x) + g)us + 5 (3x$(X))$(X)>
o7)

[ 2
+ ES (x)oy H (x),
see, e.g., Oksendal (2013), Protter (2005).
By requiring

1 1
3 H(x) (R(x)axmx) -5 (axs(x»soc)) - Eéz(x)afH(x) >0, (98)

we would obtain the system to be weakly passive. Let us underline that condition
(98) goes in the direction highlighted in Eq. (67) where a dissipation condition
is imposed jointly on the resistive and stochastic ports.

Let consider stochastic perturbations for both resistive and storage port, with
Z;(w) :=t + B;, where B is a standard Brownian motion independent of W.
Therefore, Eq. (96) becomes

dX; = [[J(X)) — R(X)]0xH (X)) + g(Xpu + 5 (9:6(X,)) E(X,)] dt
+1 @ [J(X)) — REXD19:H(X)) [J (X)) — R(X)] 0 H(Xdi oo
+[J(X:) — R(X) 9 H(X,)dB; + &(X)dW;

i =gl (XDaH(X,),

and denoting for short by u the drift in Eq. (99), we obtain the infinitesimal
generator of the form

LH(x) = 3] Hx)u(x) + % ([J (x) = R(x)] 8, H (x))* 9 H (x)
+ %sz(x)afH(x) .
The condition
LH(x) <0,

guarantees that X is weakly passive.

4.4 Interconnection of Stochastic Port-Hamiltonian Systems

The present section is devoted to prove that the composition of N Dirac structures
is again a Dirac structure. We will start showing that the composition of two Dirac
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Fig.2 Interconnection of implicit port-Hamiltonian system

structures is again a Dirac structure; clearly this immediately generalize by induction
to the fact the composition of N Dirac structures is again a Dirac structure.

Let Dy C TXA X T* Xy x FxEand Dg C TXp x T*Xp x F x £ be two
Dirac structures perturbed by two semimartingales Z 4 and Zp, being X4 and X'p two
general manifolds. The particular form for the Dirac structures implies that D4 and
Dp shares a common port F x &, through which they are connected.

Equating flows and efforts through the shared port 7 x &, i.e.,

8fa=—0fp, ea=ep,

where § f4 and e4 are the flow and effort connected to the port F x £ in Dy and
similarly holds for Dpg, we have that the composition of the two Dirac structures, i.e.,

Dy oDy i={ (X', 04, 8XF . 0%) € Ty x T"Xp x TXp x T*Xp
(100)
(sx.6%, =5 f5.en) € Daand (6XF, 0%, 55, e5) € Da).

is again a Dirac structure, see Fig. 2 for a graphical representation.
We have the following result.

Proposition 4.10 Let Dy C TXAXT*Xsa x FxEandDp C TXg x T*Xg x F x &
two Dirac structures, then Dy o Dp C TXg x T*X4 x TXp x T*Xp as defined in
Eq. (100) is a Dirac structure.

Proof In what follows we will denote for short D := D4 o Dp.
Let us first prove that D C D+ o o
Let (X7, 04,8XE,08) € D, thenforany (8X*, 64, 8XF,0%) € D we have that

<<(5X,A,9A, (SX,B,GB) , (55(;*,9'/*, 5}'(,3,9'3)» = (8XA,0%) + <5)'(A,9A)(101)
+(6Xx2.0%) + (5xF.0%).

Since we have that (X7, 04, 8X2, 08), (X, 04,56X2,08) € D, there exist
(8f,e)and (81, e) such that

(sx7.0% ~sf.¢) eDa. (6XF.0%.57,0)) €D,
T T (102)
(sxg“,eA, —8f,é> €Dy, (5Xﬁ,93,5f,é)) € Dy.
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Therefore, Eq. (101) can be rewritten as

(XA, 0% + (XA, 0% + (5XB,08) + (5XB, 05
= (8X, 0%) + (86X, 0%) — (81, 8) — (8] €) (103)
+ (5XB,08) + (6XB,08) + (5f.&) + (5f.e) =0,

where the last equality follows from Eq. (102) together with the fact that D4 and Dp
are Dirac structures. Therefore, we have that (6 X ;4, 04, 8X tB, 0B ) e DtandD c D+
is proved.

Let us now prove conversely that D+ C D.

Let (X7,04,8X%,08) € DL, then

0= (58X, 6% + (XA, 0% + (XB,05%) + (sXB,05), (104)
for all (8)?;4, 64, 8)_(13, Q_B) € D, that is there exist 8f and e such that
(5)‘(;“,5A, =y é) €Dy, (aXf,éB,af, é) €Dy
By choosing § X% = 0% = 0 Eq. (104) becomes
XA, 0% +(8X2, 0% =0.
If (8X, 64, —58f,&) € Dy and ((8X), (6#), =38 f. &) € Dy, then we have
(55(;‘ — (8XAY, 84 — @), 0, 0) €Dy.
Defining the linear operator T4 as
T4 (35{{‘, g4, 57, é) = (6X2, 6% + (8X4, 04y,
we have that
T4 (5)‘(;“ — (6X1Y .84 — @Y. 0, 0) =0,
so that the linearity of 7' in turn implies
TA (35(;“, g4 57, é) =74 ((5)’(;‘)’, @AY, = f, é) .
Consequently, by the linearity of 74, we infer that there exists § f4 and e# such that
T4 (8%1,6%, =57.2) = (6f4.2) + (6], ),
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or equivalently using the definition of 74 we have that there exist § f4 and e such
that

BX1 0% + (8X1 oM + (5f4, &) — (5F. ") =0. (105)
Repeating the same reasoning, choosing § X4 = 64 = 0 we obtain

(6XB,08) 4+ (5XB,08) + (5B, &)+ (8f,eB)y =0. (106)
Substituting now Egs. (105)—(106) into Eq. (104) we get

0=(8f, ey —(8f% &) —(5F,eB) — (518, &) = (8f, e* —eB) — (514

+51%.e), (107)
so that we can conclude that § f4 = —§ f2 and ¢4 = %, and therefore, we have
shown that D+ C D and the proof is complete. O

This proposition can be generalized to consider N implicit SPHS with state space
X;, Hamiltonian H; and flows effort space F; x &;, by defining the interconnection
Dirac structure as

N
DiCc X Fix&EXFxE).
i=1

We thus have that D := x| D; is a Dirac structure on X := x| X}, so that
by Proposition 4.10 we have that D o D; is a Dirac structure on X’; Fig. 3 shows a
representation of interconnected port-Hamiltonian systems.

Proposition 4.11 The interconnection of N SPHS with state space X;, Hamiltonian H;
and flows effort space F; x &; connected through an interconnection Dirac structure
D; and perturbing semimartingale Z!, defines a SPHS with Dirac structure D o Dy
and Hamiltonian H := Y~ | H;.

Example 4.4 The interconnection of two port Hamiltonian systems of the form given
in Eq. (81),

3

85X, = (J(X,) — R(X,) 8 H(X)8Z; — Y1 &(X)8Z)" — (X)u,8ZE
v  =gl(XDaH(X,),
8X: = (J(X0) — R(X)) 0:H(X)8Z — Y1, &(X0)8Z," — g(Xn)as Zf .
oo =8l (XndxH(X,),

through the power preserving connection

I
<1

u=-—u, y
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€1
f
€2 e
(X, F2, Dy, Hy, Z5) | Dy
fa f
€
T
Fig. 3 Interconnection of implicit port-Hamiltonian system
leads to a stochastic PHS of the form
5X, = (J(X0) = R(X) 0 H(X)8Z — Y1y & (X082, — g(X)AdZf
X, = (J(X) — R(X)) 9 H(X)S8Z, — Y i, Ei(Xz)tSZtN” + (XA ZE

gl (XDaH(X) =gl (XnosHX)).
A

Example 4.4 N explicit semimartingale port-Hamiltonian systems in local coordi-
nates of the form (81),i =1, ..., N, on a general n; —dimensional manifold &;.

In general, we could consider a power-preserving interconnection of the SPHS, that
is a subspace

IXL . XN e Flx oo x FVN x gl x L €N

such that power is preserved, namely

N
(5f,1,...,af,N,e,1,...,e,N)el=>2/o (e, 8fy=0. (108)
i=1

Notice that the interconnection I, as given above, defines a Dirac structure.
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4.5 Examples
4.5.1 The Mass-Spring System
Consider the mass—spring system
miX = —kx+ F, (109)
where x is the position of the system, m its mass, F' the applied force and k the stiffness

of the spring. Defining p = mx as the momentum and g = x, it is easily seen that
X = (p, q) defines a PHS with respect to the energy

H(p,q) = équ + %%2
of the form
{X = Jo,H(X)+ gF,
y =gTaH(X),
with

(01 (0 _ (kg
(80 =) s (3)

Let Z;(w) =t + Wy, being W; a standard Brownian motion, we can generalize Eq.
(109) to consider a stochastic term

(5%) =< 0 )81+< " >8W,' (110)
3 pr —kq; + F —kq; '

dq; b Lo
( >=( m kz'" )dt+( m )dw,. (111)
dp: —kqi — 55 pr + F —kq;

or in Itd form

Denoting by
g :=Eq;, p:=Ep,
we obtain, using the fact that the integral w.r.t. W; is a martingale,

. ks

¢ _——

m  2m’

- _ k _
pr=—kq — —p: + F.
2m
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Since p = mq, we have
= = k = -
mqr =mpy = =54 — kg + F,
which is the equation for a damped harmonic oscillator.

4.5.2 The n-DOF Robotic Arm

Consider an-DOF fully actuated mechanical system with generalized coordinate g, see
Secchi et al. (2007) for the deterministic treatment; let p = M (g)q be the generalized
momenta, and H (p, ¢) be the Hamiltonian

1
H(p.q) = EpTM*%q)p +V(g),

with the structure matrices

0 I, (0 0 [0 o
J‘(—In 0)’ R‘(OD(M))’ g‘(B(q))’ S=J-R

The stochastic n-DOF robot with model noise is

{5Xz = S(X1)0x H(X)81 + S(X1)0x H(X)8W; + g(X1)u, 0t + S(Xz)SBz(llz)

yo =GT(XpaHX,),

with X; = (pr, q;) and where we considered the semimartingale Z; (w) := t+o W;(w),
being o > 0 and W; a standard Brownian motion, Z,N (w) := By, with B; a standard
Brownian motion independent of W;, and Z,C (w) =1t.

Equivalently in Itd form we get

dX, = (S(X)d H(X;) + 023 (S(X1)dxH (X)) S(X,)d, H(X,)) dt
+3: EX)EX )t + g(XDu,dt + S(X)dc H(X)dW, +E(X)dB,,  (113)
i =gl (XDo H(X,),

4.5.3 The DC Motor

Consider a DC motor, that is X = R? and X = (¢, p) with Hamiltonian

1p?  1¢?
H(p,¢) = 5T T3

and structure matrices

0 K b0 0
(). #-3)- e-() o
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see Secchi et al. (2007) for the deterministic treatment.
The stochastic DC motor with noise is

8X; = S(X)dxH(X)8t + S(X1)dH (X)W, + g(X,)u,8t + £(X,)3B;
v =gl(X)aH(X,),
(114)

with X; = (p;, ¢;) and where the semimartingale Z; (@) := t + o W;(w), beingo > 0
and W, a standard Brownian motion, ZtN (w) := By, with B; a standard Brownian
motion independent of W;, and ZtC (w) =t.

Equation (114) can be rewritten in Itd form as

dX, = (S(X)dH(X,) + 1S(X)d H(X)d (S(X)d H(X,))) dt
+8(X)dx H(X)dW, + g(X,)u,dt (115)
v =gl(X)aHX,),

4.5.4 The Van der Pol Oscillator

Consider a stochastic van der Pol oscillator of the form

dx1 = xpét,
Sxa () = ((1 = ¥D)xa(t) — x1(1)) 8t + E(x2)8 W, .

or written for short as
80X = (J(Xy) — R(Xy)) 0y H(X;)dt + E(X;)5d Wy , (116)
where the energy Hamiltonian function is
H(X,) = %X,TIX,,

with 7 the 2 x 2— identity matrix, and dissipation structure

0 0
R(X;) = (0 —u(l — xf(t))xz(f)) ’

This stochastic dynamics has been treated for instance in Cordoni and Di Persio
(2015) or also in the more general form of a stochastic Fitz-Hugh Nagumo (FHN)
model in Barbu et al. (2016), Cordoni and Di Persio (2018).
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5 Conclusions

This work is the first step of a more general research program intended to rigorously
study stochastic port-Hamiltonian systems. In the present paper we formally intro-
duced the definition of stochastic implicit port-Hamiltonian system, showing how the
considered setting generalizes existing notions of stochastic Hamiltonian dynamics
as well as deterministic port-Hamiltonian systems. One of the main novelty of our
approach consists in allowing the elements of the port-Hamiltonian to be stochastic
vector fields, so that the power exchanged by the system is allowed to be a general
semimartingale. In this sense, the noise does not enter the system solely as an exter-
nal perturbation, the system itself being intrinsically stochastic. We further showed
how the stochastic implicit port-Hamiltonian system can be equivalently formulated in
terms of either Stratonovich or It6 integration. At last, an investigation on energy con-
servation, passivity and power-preserving interconnection of SPHS has been carried
out.
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