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Abstract: This paper studies the input-output properties of a class of control affine systems
where the drift dynamics is generated by a metriplectic structure. Those systems, related to
generalized (or dissipative) Hamiltonian systems, are generated by a conserved component and
a dissipative component and appear, for example, in non-equilibrium thermodynamics. In non-
equilibrium thermodynamics, the two potentials generating the dynamics are interpreted as
generalized energy and generalized entropy, respectively. In this note, passivity and passive
feedback stabilization of this class of systems are studied, with the output function taken as
the gradient of the conserved component of the dynamics, and the proposed storage function is
computed using the dissipative (metric) component of the dynamics.
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1. INTRODUCTION

We consider control affine systems of the form
= Xo(z) + X1(2)u
) 1)
y = h(z)

with states € R, and control u € R', where the drift
vector field Xy (x) is of the special form

Xo(2) = J(2)VTE(z) - R(z)V"S(x), (2)
under degeneracy constraints
J(z)-VTS(z)=0 (3)
R(z)-V'E(z) =0, (4)
and such that J(z) is antisymmetric (J(z) = —J7(z))

and R(z) is symmetric positive-definite (R(z) = RT (z) =
0). We assume that the generating functions E(z) and
S(x) are of class C*(R";R), with & > 2 and that the
drift dynamics Xo(z) has an isolated equilibrium z. It
is assumed that the output map h(z) is a certain function
of the gradient of the conserved quantity F(z),

h(z) = X{ (2)VTE(z). (5)

The objective of the present note is to study passivity and
passive stabilizing feedback control design for this class of
systems, following the approach surveyed for example in
(Byrnes et al., 1991; van der Schaft, 2000; Sepulchre et al.,
1997).

Systems of the form (2) are known in the literature
as metriplectic systems (Kaufman, 1984; Morrison, 1986;
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Guha, 2007). These systems are generated by a conserved
quantity E(z) and a metric quantity S(z). Under the
degeneracy conditions (3-4), their dynamics can be re-
expressed as dissipative Hamiltonian systems (van der
Schaft, 2000), i.e., systems of the form

@ =[J(x) = R()] VI H(x) + g()u,

studied extensively in the literature, for example in (van
der Schaft, 2000; Ortega et al., 2002; Cheng et al., 2002),
if one pick H(z) to be the free energy at unit temperature,
H(x) = E(x) — S(x) (Favache et al., 2010). However,
the problem proposed above differs by the nature of the
output, which is usually taken as

y=g" (x)V"H(x)

in the case of dissipative Hamiltonian systems. In the
present case, we assume no direct measure of the metric
quantity S(z), which is however central to the construction
of the storage function candidate in the sequel. Systems
of the form (2) are interesting from the point of view
of non-equilibrium thermodynamic systems, since the so-
called GENERIC formulation of thermodynamics, pro-
posed originally in (Grmela and Ottinger, 1997; Ottinger
and Grmela, 1997) and reviewed extensively in (Ottinger,
2005), is based on the development of metriplectic systems
proposed originally in (Kaufman, 1984; Morrison, 1986).
It should be noted that under the degeneracy conditions
given above, the quantity F'(z) = E(z) — S(x) (or more
generally, F(z) = E(z) — T'S(x), where T is the tempera-
ture) can be interpreted as generalized free energy (Morri-
son, 1986; Guha, 2007). Obviously, mixed potentials, that
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is, potentials combining energy and entropy, are known
from classical thermodynamics, see for example the avail-
ability potential used in (Ydstie and Alonso, 1997) in the
context of passive systems theory and control of process
systems. Moreover, this class of systems is related to the
representation of smooth nonlinear dynamical systems as
the sum of a gradient system, given by the metric part of
the system generated by the generalized entropy S(z), and
(n —1) Hamiltonian systems, given by the symplectic part
of the system generated by the generalized energy E(z),
as presented for example in (Roels, 1974). It can also be
related to a recent construction presented in (Guay et al.,
2012, 2013), where nonlinear control systems are decom-
posed using the Hodge decomposition theorem (Warner,
1983) to obtain potential-driven representations, such as
gradient systems, generalized Hamiltonian systems, and
systems described by Brayton—Moser equations. It should
be noted that asymptotic stability of metriplectic systems
was studied in (Birtea et al., 2007) using Lasalle’s in-
variance principle and in (Birtea and Coméanescu, 2009)
in relation to the energy-Casimir method (Aeyels, 1992).
In particular, the contribution by (Birtea et al., 2007)
considered a class of metriplectic systems where the metric
part of the system is generated by Casimir functions.

In this note, we consider a local decomposition of the drift
vector field to generate a potential V(z) to be used as a
storage function candidate for the system. Stability and
state feedback stabilization of metriplectic systems using
a radial homotopy decomposition were recently studied
in (Hudon et al., 2013a). A similar construction using
a homotopy decomposition based on the gradient of the
generalized entropy of the system was proposed in (Hudon
et al., 2013b). Essentially, the decomposition in (Hudon
et al., 2013b) amounts to a projection of the metriplectic
dynamics on its metric part. This particular construction
is used in the present note to construct a storage function
candidate, as an extension to input-output characteriza-
tion of metriplectic systems. In particular, applying pas-
sive systems theory following (Byrnes et al., 1991) leads
to a straightforward output feedback control strategy for
metriplectic systems, or more generally, in the context of
systems composed of conserved elements and dissipative
elements.

The paper is organized as follows. Preliminaries on passive
systems theory are briefly reviewed in Section 2. Construc-
tion of a storage function candidate for the metriplectic
using a homotopy decomposition approach, characteriza-
tion of passive properties and passive feedback stabilizing
controller design are given in Section 3. An illustration of
the proposed approach is given in Section 4. Conclusion
and future areas for investigation are outlined in Section
5.

2. REVIEW OF PASSIVE SYSTEMS THEORY

We first recall elements of passive systems theory, following
the contribution from Byrnes et al. (1991). Consider the
control affine system

5. {x:f(x)+g(x)u (6)
y = h(z),

r€ X CR,ueclUd CR,yec)y R, where f, g

are smooth vector fields and h(x) is a smooth map. It

is assumed that the drift vector field f has at least one
isolated equilibrium z,, i.e., f(zs) = h(zs) = 0.

We first recall the classical definition of dissipative systems
(Sepulchre et al., 1997; van der Schaft, 2000).

Definition 1. A control affine system ¥ is said to be
dissipative with respect to the supply rate s(u,y) : U x
Y — R if there exists a storage function V : X — RT,
and that for all ¢; > g, and all input functions u(-), the
following inequality holds

t1
Vialt) = Vi) < [ stw@.p) (0)
0

with z(tg) = 2o and x(¢1) is the state resulting, at time ¢;
from the solution of (6) taking x as initial condition and
u(t) as control input the function. If V(-) is differentiable
with respect to time for all x € X and u, the inequality
(7) is equivalent to

V() < s(u(t), y(t)). (8)
The system is said to be lossless if inequalities (7) or (8)
are equalities.

In the present note, we focus on the special case of
passive systems, i.e., single-input single-output dissipative
systems with the special form of supply rate s(u,y) = u-y.
Following the developments in (Byrnes et al., 1991), we
are interested in the sequel in a fundamental property of
passive systems, the Kalman—Yacubovich—Popov property.

Definition 2. A system X has the Kalman—Yacubovich—
Popov (KYP) property if there exists a C'' nonnegative
function V : X — R, with V' (0) = 0 such that

LV () <0 (9)
L,V (x)=h(z) (10)
for each x € X.

The following proposition has been proved in (Byrnes
et al., 1991).

Proposition 3. A system Y which has the KYP property
is passive, with storage function V. Conversely, a passive
system having a C! storage function has the KYP prop-
erty.

In a previous contribution (Hudon et al., 2013b), we
studied the problem of designing a damping state feedback
controller of the form

u=—(LyV(x)) (11)
for metriplectic systems. This approach is obviously equiv-
alent to a passive feedback design with unit gain if the
output for the system is y = (L£,V (x)). This property was
exploited in the case of dissipative Hamiltonian systems
(van der Schaft, 2000; Ortega et al., 2002) under mild
conditions on the generating Hamiltonian function. In the
present note, we seek to study under which conditions
metriplectic systems (1) with drift dynamics (2) can be
rendered passive with the output function (5), which is
only a function of the conserved quantity F(x).

Following (Byrnes et al., 1991), we assume that the system
is zero-state detectable, i.e., we assume that for y = 0
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(and w = 0), ¢ — x5 as t — oo, with x4 the desired
equilibrium (Sepulchre et al., 1997). In the following, our
interest is to develop an output feedback control strategy
for metriplectic systems using essentially the following
result proved in (Byrnes et al., 1991).

Theorem 4. Suppose X is passive with storage function
V' which is positive definite. Suppose X is locally zero-
state detectable. Let ¢ : ) — U be any smooth function
such that ¢(0) = 0 and y - ¢(y) > 0 for each nonzero y.
The control law u = —¢(y) asymptotically stabilizes the
equilibrium x = x;.

3. PASSIVITY OF METRIPLECTIC SYSTEMS

This section presents the main construction of the paper.
Following the previous approach proposed in (Hudon et al.,
2013b), a storage function candidate for the metriplectic
system is constructed using homotopy in Section 3.1. The
KYP property is studied in Section 3.2. Properties of
metriplectic systems in closed-loop with passive output
feedback is studied in Section 3.3.

3.1 Construction of a Storage Function Candidate

We first construct a storage function V(z) for the
metriplectic drift vector field (2) by using homotopy de-
composition of an exterior differential form w(x) associated
to the system. We first briefly recall the exterior differential
notation (Lee, 2006). We denote a smooth vector field in
I>°(R™) as X(z) =Y i, vi(m)a%i and a smooth differen-
tial one-form in A'(R™) as w(z) = Y_i, wi(x)dz;, where
v¥(x) and w; () are smooth functions on R™. The standard
basis for Vectors in '°°(R") and one-forms in A!(R") are
denoted by 2 o and dx;, respectively. The interior product
of a d1fferent1al form w with respect to a vector field X is
denoted by X w.

The derivation of a differential one-form associated to the
drift vector field Xo(z) relies on the canonical Riemannian
metric in R", given as ¢ = dz1 ® dx1 + ... + dox, ® dz,
with its associated volume form in A”(]R")7 expressed
as 4 = dxy ANdxo A ... A\ dx,. For a given drift vector
field Xo(z) = Yo, Xo ai(x )azi, we seek to construct
a representation with an associated natural generating
potential function. The proposed construction consists
in computing a differential one-form w € A!(R") that
encodes the divergence of the drift vector field Xo(x). Such
a one-form is obtained by using the Hodge star operator x
of a (n — 1) form j, i.e.,

w = xj = *(Xo(x)op) = (1) 12)(02 )da;. (12)
If the one-form w(x) is closed, i.e., if dw(x) =0, it can be
shown that it is also locally exact, by virtue of the Poincaré
Lemma, and the system is conservative (in particular,
the dynamics is generated by the gradient of a potential
function). However, if the one-form is not closed, w(x) can
be decomposed as the sum of an exact component and an
anti-exact component. A geometric decomposition can be
carried locally, using a homotopy operator, to distinguish
both components. A homotopy operator H, is a linear
operator on elements of A*¥(R"™) that satisfies the identity

() = d(Hw)(z) + (Hdw) (),
for a given differential form w € A*(R™).

(13)

Using the notation from above, the drift vector field (2) is
given as

i3 (et

=1

_W)ag;j)) 2.

Following the approach depicted above, we first construct
a differential one-form w(z) € A'(R") for Xo(z). The one-
form w(x) for the metriplectic drift vector field (14) is thus
given by:

(@)= ()" Xo,idas, (15)

where

Z” OE(x aS(x
. J J
Jj=1

Following (Hudon et al., 2013b), we use a homotopy
operator defined using the metric part of the system (2) to
compute a storage function for the system. More precisely,
we define a vector field X(z) different from the radial
vector field used in (Hudon et al., 2008).

First, we make the following assumption on the potentials
E(z) and S(z) of (2).

Assumption 5. The potentials F(z) and S(z) are such
that J(zs) - VI E(zs) = 0 and R(zs) - VI S(zs) = 0 at
an isolated equilibrium x,.

This assumption essentially states the fact that the gra-
dients of both potentials are zero at the equilibrium =z,
which in the context of non-equilibrium thermodynamics
can be interpreted as the fact that, at an equilibrium
point s, the energy is minimized, while the entropy is
maximized. In the sequel, we consider the locally-defined
vector field defined by

- )" 1 Z 8@ axz

First, we note that by apphcatlon of the homotopy oper-
ator constructed using the locally defined vector field X
from (16), we obtain the following.

(16)

Proposition 6. By projection of the metriplectic system
(15) on the local vector field X defined by (16), the
potential ¢ (x) obtained by homotopy is given by

blz) = - / (VS)(A2) Rz + A — ) (V)T (A)JdA.

Proof. Using a vector notation, we have w(x) given as

dﬂ?l
dﬂjg

w(z) = (=1)" ' [J(2)VTE(z) — R(z)V"S(z)]

dz,,
Under the Assumption 5, denoting = x5 + Az — x5), we
have
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dxq
dx
w(@) = (-)" [J(@) VT EQw) - R@)VTS(\a)] ’

dxn

Taking the interior product X_w(Z), with

0
7o1
x=(vs)| : |
0
e

we have

Xw(z) =VS\x)J () VT E(\x) — VS(\z)R(2)VT S(\x).
By the degeneracy condition J(-)VTS(-), and since J(-)

ZJT (), we have VS()J(-) = —VS()IT() = (JVTS)T() =

0, and hence

Xw(z) = -VS\z)R(z)VTS(\x).
By homotopy, we obtain directly

1
P(z) = (Hw)(z) = —/ [(VS)(Aa)R(zs + Az — 25))(VS)T (Az)]d.
0

Remark 7. At this point, one should remark that a projec-
tion on the conserved component of the dynamics VE(z)
would not be useful to construct a suitable potential for
the system. In particular, for

(17)

" 9E 0
_ n—1
*= (_1) ; 8:51 81’1'7

we have the interior product

X.w(z) = VEO\2)J(2)VT E(\x) — VE\z)R(Z)VT S(\x).
Since J = —JT, the energy term (VEJVTE)(-) = 0
and by the degeneracy condition R(z)VTE(x) = 0 with
symmetric R(x) = RT (z), we have (VERVTE)(-) = 0. As
a consequence ¥(x) = Hw(x) computed along (17) would
be trivially zero.

Since the symmetric matrix R(z) is positive definite,
the potential ¥ (x) is negative definite. Hence, a suitable
storage function candidate for the system is therefore
chosen as

V(z) = —(x)
1
= / [(VS)(Ax)R(zs + Az — 2:))(VS)T (Ax)]dA  (18)
0

> 0.

Moreover, under Assumption 5, V' (z) is bounded from be-

low, i.e., V(xs) = 0. Passive properties of the metriplectic
system (1)—(2) with output (5) is studied in the following
section based on the storage function V(z).

3.2 KYP property for Metriplectic Systems

In order to establish the passive properties of metriplectic
systems, we seek to establish under which conditions the

metriplectic system (1)—(2) with output (5) has the KYP
property. The first part of Definition 2 is established in the
following.

Proposition 8. For the metriplectic system (2), we have

Lx,V(z) = (XoadV)(z) <0, z#xs
for the storage function V(x) derived in (18) for all = in a
neighborhood of the equilibrium, with Lx,V (zs) = 0.

Proof. As stated above, the exterior derivative of the
potential V(z) can be identified with the exact part of
the one-form w(x), which, given the construction above, is
given by the metric part of w(x), i.e.,

n n 65
— J

Taking the interior product, one obtains (dropping the
arguments)

n

"\ 9E as \ o
(XoudV) = Jij— — Rij —
Z J; J Oz J Ox; | Ox;

i=1

J Z (Z le(x)g:) dxz;.

i=1 \j=1
Distributing, we obtain

(Xo2dV) = (JVTE)T(RVTS) — (RVTS)T(RVTS).
By using the degeneracy constraint R(z)V'E(z) = 0,
and since R(x) = RT(z), we obtain directly
(XoudV) = —(RVTS)T(RVTS) <0
and using Assumption 5, V =0 at the equilibrium z.

We now study the conditions under which metriplectic
systems have the KYP property.

Proposition 9. (1)—(2) with output (5) has the KYP prop-
erty with storage function (18) if

XH(VTE - RVTS) =0.
Proof. What is left to show is the second part of Defini-

tion 2, i.e., L,V (x) = h(z). With h(z) = X{ VT E(z), we
have, using exterior calculus notation:

X;.dV = X dE.

From above, we have

(19)

i=1 \j=1 i
Hence, we have the condition
le(dE -3 ZRij(x)%j dmi) ~0

i=1 \j=1
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In compact form, this is equivalent to X{(VI'E —
RVTS) =0.

Remark 10. In general, i.e., for an arbitrary vector field
X1, the KYP condition boils down to

(VI'E - RVTS) =0.

The interpretation of this condition is equivalent to say
that the generalized entropy function S(z) is a Casimir of
the generalized energy F(z), see for example (Birtea et al.,
2007).

3.8 Passive Output Feedback of Metriplectic Systems

We finally study the metriplectic system (1)—(2) with out-
put (5) in closed-loop with the output feedback u = —Ky.
The central element to consider here is the application of
Theorem 4 in our context. The result is summarized in the
following theorem.

Theorem 11. Consider the metriplectic system (1)—(2)
with output (5) in closed-loop with the output feedback
u = —Ky, with K > 0. Then, an isolated equilibrium x,
such that Assumption 5 is met, is an asymptotically stable
equilibrium of the closed-loop if S(z) is a Casimir function
of E(x).

Proof. First, by Proposition 3 and the development from
the last Section, we have that if X] (VI E — RVTS) =0,
since it is assumed that S(x) is a Casimir of E(x), then
the system is passive, since the system has the KYP
property with storage function V(z) given in (18). By
the Assumption 5, both conserved and metric components
go to zero simultaneously, and as a consequence, the
metriplectic system is zero-state detectable. Then, by
Theorem 4, the control law u = —¢(y), and in particular
the constant-gain control law v = —Ky, asymptotically
stabilizes the equilibrium z = z,.

4. EXAMPLE

To illustrate the above approach to the output stabiliza-
tion of metriplectic systems, we consider the stabilization
of the rigid body, an example considered in (Morrison,
1986; Bloch and Marsden, 1990; Aeyels, 1992). The control
system is given by:

j’:l = (12 — [3)$2l‘3 (20)
¢2:(13 —Il)(ElZL'g (21)
j?gz(fl —12).7311‘2 + u, (22)

where I < Iy < I3 are positive constants. Following
the discussion in (Morrison, 1986), we have two conserved
quantities

1
E(z)= 5(11:1:% + Ll + I323) (23)

l2(x) = x% + 33% + x%, (24)

from which it is possible to recover a metriplectic repre-
sentation (2), by setting S(z) = ¢(I*(z)), with ¢(-), an
arbitrary function, and

00 O

J=1(00 -1 (25)
01 0
1221‘3 +I§:C§ —lIloxixe —I113x173

R=| —L1Izz122 11250% +I§x§ —IzI3x123 | - (26)
—IIsx1x3 —Iz2l3x123 Ifac% +122£Eg

The objective is to stabilize an isolated equilibrium
located at x, = (z14,0,0)T, where z;4 depends on the
initial conditions (Birtea and Comanescu, 2009). In the
sequel, we consider the metriplectic system generated
using J, R(x), E(x) and S(z) = [?(z), with the output
y = h(z) = XI'VTE(z). For this construction the system
has the KYP property, with a storage function constructed
as demonstrated above.

The output passive feedback controller u = —Kvy is given
by
u(z) = —KX{ VT E(z) (27)
1
= —KE%P,, (28)

which is different from the controller proposed originally
in (Bloch and Marsden, 1990). Figures 1 and 2 show the
trajectory of the dynamics in closed-loop and the control
action for the system with parameters Iy = 1/2, I = 1,
I3 = 3/2, initial conditions zg = (1,1,1)7, and unit output
controller gain K = 1.

X3
o
T

Fig. 1. Closed-loop state dynamics

5. CONCLUSION

We studied passive and passive feedback control design for
a class of control affine systems where the drift is generated
by two potentials, interpreted as generalized energy and
generalized entropy, under some degeneracy constraints.
This class of systems proved to be useful in studying
dynamical properties of thermodynamical systems. In the
present note, the output is taken as the gradient of the
conserved quantity. A potential for the metriplectic system
was derived using a homotopy operator centered at an
isolated equilibrium of the system. Using the obtained
potential, characterization of the passive character of the
system was studied. Stability of the closed-loop system
under unit output feedback was demonstrated. Future
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05

5 -05F /

Fig. 2. Passive output feedback control signal

investigations would consider the problem of studying Lo-
gain and inverse optimality for this class of dynamical
systems following the techniques developed in (van der
Schaft, 2000).

ACKNOWLEDGEMENTS

The research presented in this paper was supported
by the Belgian Interuniversity Attraction Poles Phase

VII/19 — ”Dynamical systems, control and optimization”
(DYSCO).

REFERENCES
D. Aeyels. On stabilization by means of the energy-

Casimir method. Systems and Control Letters, 18(5):
325-328, 1992.

P. Birtea and D. Comanescu. Asymptotic stability of
dissipated Hamilton—Poisson systems. SIAM Journal
on Applied Dynamical Systems, 8(3):967-976, 2009.

P. Birtea, M. Boleantu, M. Puta, and R. M. Tudoran.
Asymptotic stability for a class of metriplectic systems.
Journal of Mathematical Physics, 48:082703, 2007.

A. M. Bloch and J. E. Marsden. Stabilization of the rigid
body dynamics by the energy-Casimir method. Systems
and Control Letters, 14:341-346, 1990.

C. I. Byrnes, A. Isidori, and J. C. Willems. Passivity,
feedback equivalence, and the global stabilization of
minimum phase nonlinear systems. IEEE Transactions
on Automatic Control, 36(11):1228-1240, 1991.

D. Cheng, T. Shen, and T.J. Tarn. Pseudo-Hamiltonian
realization and its application. Communications in
Information and Systems, 2(2):91-120, 2002.

A. Favache, D. Dochain, and B. Maschke. An entropy-
based formulation of irreversible processes based on
contact structures. Chemical Engineering Science, 65:
5204-5216, 2010.

M. Grmela and H. C. Ottinger. Dynamics and thermody-
namics of complex fluids. I. Development of a general
formalism. Physical Review E, 56(6):6620-6632, 1997.

M. Guay, N. Hudon, and K. Hoffner. Representation and
control of Brayton—Moser systems using a geometric de-
composition. In Proceedings of the 4th IFAC Workshop
on Lagrangian and Hamiltonian Methods for Non Linear

Control (LHMNLC 2012), pages 6671, Bertinoro, Italy,
2012.

M. Guay, N. Hudon, and K. Hoffner. Geometric decom-
position and potential-based representation of nonlinear
systems. In Proceedings of the 2013 American Control
Conference, pages 2124-2129, Washington, DC, 2013.

P. Guha. Metriplectic structure, Leibniz dynamics and
dissipative systems. Journal of Mathematical Analysis
and Applications, 326:121-136, 2007.

N. Hudon, K. Héffner, and M. Guay. Equivalence to
dissipative Hamiltonian realization. In Proceedings of
the 47th IEEE Conference on Decision and Control,
pages 3163-3168, Cancun, Mexico, 2008.

N. Hudon, D. Dochain, and M. Guay. Feedback stabi-
lization of metriplectic systems. In Proceedings of the
2013 IFAC Workshop on Thermodynamics Foundations
of Mathematical Systems Theory, pages 12-17, Lyon,
France, 2013a.

N. Hudon, M. Guay, and D. Dochain. Stability and
feedback stabilization for a class of mixed potential
systems. In Proceedings of the 52nd IEEE Conference on
Decision and Control, Firenze, Italy, 2013b. Submission
number 1937.

A. N. Kaufman. Dissipative Hamiltonian systems: A
unifying principle. Physics Letters A, 100(8):419-422,
1984.

J. M. Lee. Introduction to Smooth Manifolds, volume 218
of Graduate Texts in Mathematics. Springer, New York,
NY, 2006.

P. J. Morrison. A paradigm for joined Hamiltonian and
dissipative systems. Physica D, 18:410-419, 1986.

R. Ortega, A. van der Schaft, B. Maschke, and G. Esco-
bar. Interconnection and damping assignment passivity-
based control of port-controlled Hamiltonian systems.
Automatica, 38:585-596, 2002.

H. C. Ottinger. Beyond Equilibrium Thermodynamics.
Wiley, Hoboken, NJ, 2005.

H. C. Ottinger and M. Grmela. Dynamics and thermody-
namics of complex fluids. II. Tllustrations of a general
formalism. Physical Review E, 56(6):6633-6655, 1997.

J. Roels. Sur la décomposition locale d’'un champ de
vecteurs d’une surface symplectique en un gradient et
un champ hamiltonien. C. R. Acad. Sci. Paris Sér. A,
278:29-31, 1974.

R. Sepulchre, M. Jankovi¢, and P. V. Kokotovi¢. Construc-
tive Nonlinear Control. Communications and Control
Engineering Series. Springer-Verlag, Berlin, 1997.

A. van der Schaft. Lo-gain and Passivity Techniques in
Nonlinear Control. Communications and Control En-
gineering Series. Springer-Verlag, London, 2nd edition,
2000.

F. W. Warner. Foundations of Differentiable Manifolds
and Lie Groups. Springer-Verlag, New York, 1983.

B.E. Ydstie and A.A. Alonso. Process systems and
passivity via the Clausius—Planck inequality. Systems
and Control Letters, 30:253—-264, 1997.

9110



