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Abstract: This paper aims at developing a Brayton-Moser analogue of an infinite-dimensional
system in the port-Hamiltonian framework, defined with respect to a Stokes-Dirac structure. It
is shown that such a formulation leads to defining alternative passive maps, which differ from
those in the port-Hamiltonian framework via a “power-like” function called the mixed-potential
function. This mixed-potential function can also be used for stability analysis. We present our
results for a general port-Hamiltonian system, with Maxwell’s equations and the transmission
line, with nonzero boundary conditions, as examples.
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1. INTRODUCTION

Energy-based methods for modeling and control of com-
plex physical systems has been an active area of re-
search for the past two decades. In particular the port-
Hamiltonian-based formulation has proven to be effective
in modeling and control of complex physical systems from
several domains, both finite- and infinite-dimensional.
(Duindam et al. (2009)). Port-Hamiltonian systems are
inherently passive with the Hamiltonian, which is assumed
to be bounded from below, serving as the storage function
and the port variables are power-conjugate. This resulted
in the development of so-called “Energy Shaping” methods
for control of physical systems. In some cases the standard
power-conjugate port variables do not necessarily help in
achieving the control objectives due to the dissipation ob-
stacle, motivating the search for alternative passive maps.
One possible alternative that has been explored exten-
sively in the finite-dimensional case is the Brayton-Moser
(BM) framework for modeling electrical RLC networks
(Brayton and Moser. (1964a)) and Brayton and Moser.
(1964b)). The BM framework been successfully adapted
towards towards analysing passivity of RLC circuits (Jelt-
sema et al. (2003)) and for control of physical systems
via “Power Shaping” . For further details on the various
energy-based and power-based modeling techniques, the
reader is refered to (Jeltsema and Scherpen (2009)).

The majority of the literature on the BM framework re-
stricts to the finite-dimensional case only. One of the first
results in the context of infinite-dimensional systems was
presented by Brayton and Miranker. In (Brayton and Mi-
ranker. (1964)), a stability theory using the BM framework
is developed for a transmission line that is connected to
a nonlinear load. However the proposed Lyapunov func-

tional does not preserve the pseudo-gradient structure of
the system, which is essential for boundary control, and
the generation of alternative passive maps along the lines
of the finite-dimensional case is not straightforward. In
(Jeltsema and van der Schaft (2007)), the authors present
a BM formulation of the Maxwell equations. However,
only zero boundary conditions are considered. Recently,
in (Pasumarthy et al. (2014)), we have presented some
results on the control by interconnection of a transmission
line by “Power Shaping” in the BM framework.

In this paper, we present a BM analogue of an infinite-
dimensional port-Hamiltonian systems, defined with re-
spect to a constant Stokes-Dirac structure (van der Schaft
and Maschke (2002)). The main results include the deriva-
tion of a new passivity property for infinite-dimensional
systems by “differentiating” one of the port variables
(possibly the boundary port) and using a storage function
that is directly related to the power of the system, while
preserving the BM structure. This new storage function is
also instrumental in analysing the stability of the system.
The results are presented for a general port-Hamiltonian
system, with Maxwell’s equations, under zero boundary
conditions and for transmission line, with non zero bound-
ary conditions, as examples.

The remainder of the paper is organized as follows. In
Section 2, we defined the Stokes-Dirac structure, and its
Brayton Moser formulation. In Sections 3 and 4, we use
the BM framework to model the Maxwell’s equations
and the telegrapher’s equations of a transmission line
respectively. In both cases, we derive admissible pairs
and analyze stability with zero boundary conditions. In
case of Transmission line we consider nonzero boundary
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conditions and present a family of “admissible pairs” and
derive new passivity properties.

Notations and Math Preliminaries

Let Z be an n dimensional Riemannian manifold with a
smooth (n — 1) dimensional boundary 9Z. Q*(Z), k =
0,1,...,n denotes the space of all exterior k-forms on
Z. The dual space (Qk(Z))* of Q¥(Z) can be identified
with Q"~%(Z) with a pairing between a € QF(Z) and
B e (Qk(Z))* given by (Bla) = [, B A . Here A is the
usual wedge product of differential forms, resulting in the
n-form B A a. Similar pairings can be established between
the boundary variables.

The operator d denotes the exterior derivative and maps k
forms on Z to k4 1 forms on Z. The Hodge star operator
* (corresponding to Riemannian metric on Z) converts p
forms to (n—p) forms. Given o, 3 € Q¥(Z) and v € Q!(2),
the wedge product a Ay € Q¥ (Z). We additionally have
the following properties: !

aAy=(=DFy Ao, xxa=(—1)F"Rq (1)

/Za/\*ﬁ:/zﬁ/\*a, (2)

daAy)=dary+ (-1)FaAdy. (3)

Given a functional H (cy, o), we compute its variation as

O0H = H(ap + 0oy, g + 0rg) — H(ap, )

= / [0pH A Oay, + 6 H N Doy, 4)
where oy, 0oy, € QP(Z) and oy, doyg € Q9(Z) and §,H €
O"P(Z) and 0,H € Q" 9(Z) are variational derivative of
H (o, aq) with respective to oy, and aq. Further, the time
derivative of H(ap,aq) is

dH Oay

Let G : Q" P(Z) - Q" P(Z) and R : Q" 4Z) —
O"~9(Z), we call G > 0, if and only if Vo, € QP(2)

/ (ap A xGay) >0
z
G is said to be symmetric if (o, |Ga,) = (Gaylay).

Lastly, given f(z,t) : Z xR — R, we denote %(z,t) as fi,

similarly %(z,t) as f.
2. FROM INFINITE-DIMENSIONAL PORT

HAMILTONIAN SYSTEMS TO BRAYTON MOSER
EQUATIONS

2.1 Infinite-Dimensional Port-Hamiltonian Systems

Define the linear space F, , = QP (Z) x Q4(Z) x Q""P(0Z)
called the space of flows and &, , = Q"P(Z) x Q"7 9(Z) x

L For details on the theory of differential forms we refer to (Abraham
et al. (1988)))
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Q"~9(97), the space of efforts, with integers p, ¢ satisfying
p+ g =n+ 1. Then, the linear subspace D C Fp, 4 X &p 4

D = {(fqu’fmemeq,eb) € Fpqg % Epg B})} —
q

[*f (_ﬂgd} H HZ] B [tl) <(1)>”] [Zi??] }

with 7 = pq + 1, is a Stokes-Dirac structure with dissipa-
tion, (van der Schaft and Maschke (2002)) with respect to
the bilinear form

((For fa Torepregren) , (fp f3: fi s epreqsed) ) =
(eplfp)+(eplfo) +(eqlfa)+ (el fg)+ (et fi ) +(eslfy) -

Consider a distributed-parameter port-Hamiltonian sys-
tem on QP (Z) x QU(Z) x QP (0Z), with energy variables
(ap, oq) € QP(Z) x Q9(Z) representing two different phys-
ical energy domains interacting with each other. The total
stored energy is defined as

H::/HER,
z

where H is the Hamiltonian density (energy per volume
element). Let G > 0 and R > 0 represent the dissipative

terms in the system. Then, setting f, = —(ap); and
fq = —(ag)t, and e, = 0,H and e, = §,H, the system
_ 0 oy _ [+G (-1)d]| [6,H (5)
ot |log| | d =R 0gH |7

2]~ o~ ]

with r» = pq + 1, represents an infinite-dimensional port-
Hamiltonian system.

The time-derivative of the Hamiltonian is computed as

dH

<

dt ~ Jaz
This means that the increase in energy in the spatial
domain is less than or equal to power supplied to the
system through its boundary. This implies that the system
is passive, with respect to the boundary variables, with
storage function H, which is assumed to be bounded from
below.

ep A fp.

2.2 The Brayton-Moser Mized-Potential

In the Brayton-Moser (BM) framework, the dynamics of
a (finite-dimensional) RLC network can be written as
A(u)i = Py(u) (6)
where w is the vector consisting of inductor currents
and capacitor voltages, P, is the gradient of some scalar
function P called the mixed-potential function, and A(u)

is a non-singular matrix. See (Brayton and Moser. (1964a))
and Brayton and Moser. (1964b)) for more details.

We aim to write (5) in an equivalent BM form for infinite-
dimensional systems. Let us (for now) assume that the
relation between the energy and co-energy variables is
linear and given as

ap = ke ep and o = *p €. (7)
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where u, e € R. Applying the Hodge star operator to both
sides of (5) and arranging terms using (7), we get
—eép =% ((—1)"deg + G e,) (—1)"7P)*P,
—péq=*(dey + R eq) (=)0, (8)
Let us first consider the case of a system that is lossless,
i.e.,, when R and G are identically equal to zero in (5).

Define P to be a functional of the form

P = / eq N dep.
z

Its variation is given as
0P = P(ep + Oep,eq + dey) — P
=eqy ANdOe, + Oeg Ndep + - - -
Using the relation e, A dde, = (—1)"%0e, A de; +
(—1)"79d (eq A Oep), and the identity (4), we have

5eqP = deq(_l)(n—q)Xq7 6Ep‘P = (_1)pqdep(_1)(n—p)><p7
we can write (8) in the following BM-type of fashion:

—p 0] 9 [eq| _ [*0e, P )
0 €| gt [ep|  [*¥0e,P|”
To incorporate dissipation we proceed as follows. Consider
instead a functional P defined as

1 1
P(ep,eq) = / eq Ndey, + §Req A *eq — §Gep A *e,(10)
z

The variation in P is computed as
1
P =e4 ANdOey, + Oey A dey, + i(eq/\R*aeq

+0eqy N xeq) — %(ep NG * Oep + Oey A *ep))

1
:/ Oeq A dey, + Oep A (—1)Pde, + §(eq A R x De,
z
1
+0e4 A xeq) — E(ep A G x Oep + Oep N *ep))

:/ Oeg A (dep + R*eq) + 0ep A ((—1)Pde, — G x ep)
z

where we have used the relation e, A dde, = (—1)P90e, A
deg + (—1)"79d (eq A Oep), together with properties of the
wedge form and the Hodge star operator defined in (2) and
(3). Lastly, by making use of (4) we can write

de, P| _ (dep—l—R*eq)(—l)("_q)Xq
ben P [((~1)7de, — G x ey) (1) 070 |

whereas the form of the BM equations remain as in (9).

(11)

The system of equations (9) can be written in a concise
way, similar to (6) as
Aut = 5uP

where u = [e,, e,] T and A = diag(—pu, €).

(12)

2.3 Boundary dynamics

The systems (12) can be interconnected to other systems
via the boundary of the infinite-dimensional system, which
can either be finite or infinite-dimensional in nature. To

include dynamics we need to append the dynamics (12) to
incorporate the boundary dynamics, i.e.,

A0 Ug| 0uPu
0 Ab ui’ B 5uhP5 ’
where u’ represents the states of the systems that are

interconnected at the boundary and with a new mixed-
potential function

Pa(ep, eq) :/P(ep,eq)+/ Pb(ep,eq),
z 27

with P’ representing the mixed-potential function associ-
ated with the boundary dynamics.

(13)

The variation in Py is given by

6&:/%PMM+%PMM+/(%WA%p
Z

0Z
+ ((SBPPI’ + (—1)("_”)X”eq) A 8ep)

Now, with U = [u,u®] T and

Sy Py = (14)

the BM equations incorporating boundary dynamics can
be written as

AUt = 6UPd;
where A = diag(A4, Ap).

Once we have written down the dynamics in the BM
framework, we can impose the question: does the mixed-
potential function serve as a storage function (or a
Lyaunov function) to infer (new) passivity (or equivalently,
stability) properties of the system? In the remainder of the
paper, we aim to answer this question with the aid of two
examples.

3. EXAMPLE: MAXWELL’S EQUATIONS

Consider an electromagnetic medium with spatial domain
Z C R?® with a smooth two-dimensional boundary 9Z.
The energy variables are the electric field induction D =
3Di;jziA\z; and the magnetic field induction B = $B;;2Az;
on Z. The associated co-energy variables are electric field
intensity £ and magnetic field intensity H. These 1-forms
are related to the energy variables (2-forms) through the
constitutive relationships of the medium as

*D = e, «xB=puH, (15)

where €(z,t) and p(z,t) denote the electric permittivity
and the magnetic permeability, respectively. The Hamilto-
nian H can be written as

H(D,B):/%(SADJrH/\B). (16)

z
Therefore, 0pH = £ and dgH = H. Taking into account
dissipation in the system, the dynamics can be written in
the port-Hamiltonian form as



0 D _ 0 —d 5DH Jd _ | *0 —d 5DH 17
~a0 |B|=|d o||6sm|T0|=|d o]l|ssr| 17
where xJ; = 0&, J4 denotes the current density and o(z, t)
is the specific conductivity of the material. In addition,
we define the boundary variables as f, = dpH|sz and
ey = dpH|9z. Hence, we obtain

Dy <

dt = Joz
Forn =3, p=¢q=2 and op =D, oy = B with H
given in (16), Maxwell’s equations given in (17) forms a
Stokes-Dirac structure.

HAE.

3.1 The Brayton-Moser form of Mazwell’s equations

In order to write the Maxwell’s equations in BM form, we
proceed in terms of the co-energy variables, i.e., H and £.
Define the corresponding mixed-potential functional as

1
P:/H/\dé‘—iaé’/\*é’, (18)
z
which yields the following form of Maxwell’s equations in
terms of the mixed potental

—pls 0| [He| *dE | %0y P (19)
0 el3| | & | |—c&++dH| | *0gP |-
A simple boundary condition, (H +*04€)|az = J*°, can be

incorporated with a mixed-potential function

J
2 Joz

where o4 is specific conductance at boundary. The dy-

namics (19), together with the boundary condition can be

written as

5/\0'(1*5,

AU, = 6y Py + BJ?,
with U = [u,ut]’, Py = P+ P', A = diag(4, 4%),
A = diag(—pls, el3), A* =0, and B = [0,0,0,—J°] .

3.2 Admissible pairs and stability

To infer stability properties of the system (19), let us begin
with the case of zero energy flow through the boundary of
the system. The mixed-potential function (18) obtained
using (10) is not positive definite. Hence, we cannot use it
as Lyapunov or storage functional. Moreover, the rate of
change of this function is computed as

P [ (cutnsdireé nsé).

z

which clearly is not sign-definite. We thus need to look
for other admissible pairs (A, P) like in the case of finite-
dimensional systems (Jeltsema et al. (2003)) that can be
used prove stability of the system while preserving the
dynamics of (19), or Au; = %8, P for the more general
case, of course with zero boundary energy flow. Moreover,
the admissible pair should be such that the symmetric part
of A is negative semi-definite. This can be achieved in the

following way (Brayton and Miranker. (1964)), (Jeltsema
and van der Schaft (2007)). Let

~ 1
P:)\P+§/ ((S’HP/\Ml *6HP+65P/\M2*(55P),
z

with A an arbitrary constant and symmetric mappings M;
and My from Q?(R3) — Q2?(R3). Here the aim is to find A,
M7 and M5 such that
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P =] Auy < —K]Ju||? < 0, (20)

where K > 0 is a constant determined by A. If we can

find such a pair (P, A), which satisfies the above condition,
then we can conclude stability of the system.

A constructive process to obtain such pairs is as follows.
The variation in P is computed as

ouP] [ A Modx 5 P

5515 - Mld* ()\I—O'MQ) (SgP ’
Applying the Hodge star operator on both sides and using
(19), we get
% (5’HP _ —M)\I €M2 *d Ht
55ﬁ B 7,U,M1*d 6()\[7(7M2) E |

Considering

A-| ~ pA eMs x d
- —,UMl *d 6()\[ — O'MQ)

we have the following alternative BM representation

Auy = %6, P. (21)
Furthermore, if A\, M;, and M, are selected such that
eMy = pubMy and 0 < A < o||Ma||s, where || - ||s denotes
the spectral norm, then the symmetric part of A =
diag(—pAl, —e (6 My — AI)) is negative definite. Noting
that P can be simplified to

Pz/’H/\dS—%aS/\*S

1 1
= /f— [0 P A 6P| + —dH N xdH
20 20

z

this leads to
- My — NI
P:/égP/\azi*&gP
. 20

1 1
o
The time-derivative of P is
p = —/ (/l)\Ht ANxHe +E N *()\I — JMQ)(S}) <0,
A

thus implying stability.
Remark 1. To eliminate inequalities like

o e xdf <1

as given in (Jeltsema and van der Schaft (2007)), we choose
M; > 0 and Ms > 0 such that eMs = uM;.

4. BRAYTON-MOSER FORM AND ADMISSIBLE
PAIRS FOR THE TRANSMISSION LINE

In this Section, we first derive the BM equivalent of the dy-
namics of a transmission line modeled by the telegrapher’s
equations. Similar to the case of Maxwell’s equations we
find the admissible pairs under zero boundary energy flow
conditions and infer stability of the system.

The spatial domain of the transmission line is set to Z =
[0,1] C R, with boundary 0Z = {0, 1}. The charge density
q(z,t) € QY(Z) and the flux density ¢(z,t) € QY(Z)
constitute the energy variables, whereas the associated
co-energy variables are the voltage v(z,t) € Q°(Z) and
the current i(z,t) € Q°(Z), respectively. For simplicity,
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the relation between the energy and co-energy variables is
assumed to be linear, and is given by

xq = Cv, *¢ = Li, (22)
where C, and L are the spatial capacitance and inductance
per unit length, respectively, which are assumed to be
independent of z. The Hamiltonian H, which is the total
energy of the system, is given by

H:%/Z(v/\q+i/\¢).

Taking the dissipation terms into account, the telegra-
pher’s equations written in port-Hamiltonian form as
van der Schaft and Maschke (2002)

0 Jq| _ [*G d | [o,H
ot |¢| — | d *R| |0sH|’
where 0,H = v and dgH = i, and R and G denote the
distributed resistance and conductance per unit length, re-
spectively. Furthermore, we define the boundary variables

as fp = 0gH|oz and e, = d4H|pz. The rate of change of
the Hamiltonian is given by

(23)

(24)

d .
7 H =1(0,6)0(0,1) — (1, )u(L,8).

4.1 The Brayton-Moser form

The dynamics of the transmission line (23) can be written
in an equivalent BM form as follows. Define the mixed-
potential functional as
1 1
Pz/(—v/\di+RiA*i—Gv/\*v>. (25)
7 2 2

Then, using the voltage and current as the state variables,
we can rewrite the dynamics as follows

—L 0| [ig|  [*6;P| | Ri+=*dv
0 C| |vg| — [%0,P| ~ |—Gv — xdi|"

4.2 Admissible pairs and stability

(26)

Similar to the case of the Maxwell’s equations, we cannot
use P and A directly to infer stability. We therefore we
need to generate new admissible pairs P and A satisfying
(20) and (21) such that P > 0and A+ AT < 0, resulting in
stability. As in the case of Maxwell’s equations, we propose
a P of the form

~ 1
P:)\P+§/5uPAM*§uP, (27)
z
where u = [i,v] . Selecting
2 m
- M2
M=|R :
mo 5
where «, 3, mo are positive constants satisfying a =pB& ¢

and A is a unit-less constant. Such a choice will be clear in
the following discussions, which will eventually lead to a
stability criterion. Furthermore, it is easy to check that P
has units of power. To simplify the calculations, we define
new positive constants 6, v, and ( as follows:
L C ) 2y
=G ™ T GRy e
27 co

C::mﬁmgzﬁ.

0 .=
(28)

To show that P > 0 we start with simplifying the right
hand side of (27) in the following way. Define

C\/>Gv—|—z \/f(Ri-i-vz) ,
C[(Rz+vz)\/§(Gv+iz)

Using (28)—(29), and after some calculations, we have that
P as defined in (27) takes the form

Ali

(29)
AQ =

~_O‘(1_<2)+>\ . 2 s A o5 A
P=——0n— (Ri +v.) +A2——2sz Gz@ao)
_B-¢) - , 2, A
= 56 (Gv+i,)* + A3 +2Gzz+ Rz?(31

which implies that P > 0 as long as the following
conditions are satisfied

—a(1-¢)<A<B(1-¢), 0<¢<1 (32

Further the variational derivative of P with respective to
u is calculated as

8 0
_L(\ _ e .
5, P = A+a m2§ Rmﬁc%z) m
(Gm2+*a* C(A— 5+m28 )|
Therefore
~ —LA+a—ma—) —C(Rm2+ﬁg)
A= o 97 G %z (33)
L o A “
(Gm2+R8 ) C( B+m28z)
satisfy the gradient form (21).
Noting that conjugate of 2 is —— and usin a£ = 69
s e 52 F Tz SYr "G
from (28), the symmetric part of A (33) is simplified to be
A+ A _|-LA+a)  —v
2 -y CA=p)

The symmetric part of A is negative semi definite as long
as the following conditions are satisfied,

—a <A< B,and ()\“!‘OZ)()\—ﬂ)‘f'%

¢? <0(34)
Hence, we have the following proposition (the proof can
be found in (Pasumarthy and Kosaraju (2015))).
Proposition 2. 1f there exist non zero a, 3, and ( sat-
isfying (28), (32), and (34) then P defined in (27) and
A defined in (33) with M are admissible pairs for the
transmission line. Additionally if the symmetric part of
A is negative semi definite, i.e., if (34) holds true, then the
system of equations (26) is stable.

4.8 Transmission line with nonzero boundary conditions

Consider a transmission line whose boundary is intercon-
nected to certain circuit elements as shown in Figure (1).
At z = 0 is a resistor Ry in series with inductor Lg con-
nected to a voltage source Ey. At z = 1 the transmission
line is terminated with a resistor R; .



Transmission line

Fig. 1. Transmission line with nonzero boundary.

Hence, the boundary conditions are given by
) dig
vo + Roio + LOE = Ey, (35)
v1 = Ryiy,

where vg = v(0,1), i = 4(0,t), vy = v(1,t), and 43 =i(1,¢).
Furthermore, let u = [i,v]", ug = [ig,vo] ", u1 = [i1,v1] T,
and U = [u,ug,u;]". The total mixed-potential function
P; =P+ P+ P! and A are as follows

1
1 1
P:/ (RiQ—G 2—%) dz,
o \2 2

1 1
P’ = SRoig, P! =R,

. ([-L 0] [-Loo0] [ooO
azans{ [ ) [53] 3]
where P and A are defined in (25) and (26), respectively.
The input matrix B=[00 —10 0 0]".

The transmission line dynamics governed by (24) together
with the boundary dynamics (35) can be written as

AU; = 0y Py + BEj.
It can be easily checked that using P as a storage function
does not result in any kind of passivity properties of the
system. Therefore, we need to find new P, > 0 and
A < 0. To include the boundary conditions (35), we do the
following. Let Py = P+ P+ P° and A = diag(;l, Ay, 1211)
such that

AU, = 6y Py + BS, (36)
where P and A are defined in (27) and (33) with A = 1,

and PO = %Roi%, P1 = %Rli%,

62 62
A = -~ moC o , Al = maC - )
0 —mgC —0 mQC

and S = Ej. Under the assumption that ¢ and 6 are chosen
such that, Ly = %(1 —~C2)92 ~aundjni2 :~R1, we can show
that the time derivative P; = P+ P%+ P! is computed as

d = dig

— Py < Ey—

dt” =0 A
which implies that the system is passive with respect to
input Ey and output %‘J. Details of all computational steps
are worked out in (Pasumarthy and Kosaraju (2015)).
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5. CONCLUSION

This paper provides some means to generate new passive
maps for infinite-dimensional systems, while preserving
the pseudo-gradient (Brayton-Moser) structure. Preserv-
ing the structure is the key for boundary control by inter-
connection of infinite-dimensional systems, which will be
considered in a future work.
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