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Abstract

Huge amounts of power are being transmitted constantly through various electrical circuits
on all scales. In order to minimise transmission losses, we want to control this power flow.
Control is achieved through mathematical models. We cover two models, one based on energy,
the other based on power. We investigate the implications of the presence of non-linear elements.
We consider stability results based on different constraints. Finally, we establish a duality
relation between the models and compare their applicability to real-life situations.
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1 Introduction

This paper deals with two modelling frameworks for non-linear RLC circuits. An RLC circuit is a
kind of electrical network. Often, a network is compared to a graph, with the edges representing
elements and the vertices representing their interconnection points. An important feature of a
circuit is that its graph is connected; it is a closed loop, which means that electric current is
able to flow. Elements of an RLC circuit are resistors, inductors and capacitors. These elements
are defined, and the relations between them explained, in Section 2.1. Electrical circuits appear
everywhere; from tiny microchips in computers and mobile phones to huge power grids stretching over
hundreds of kilometres. It is important that, when current travels through these circuits and power
is transmitted, losses are minimised. This is achieved through the field of control. A mathematical
model for a circuit is created. The model describes the circuit in ideal terms. Then, controllers are
designed to favourably change the behaviour of the system. Two examples of such models are the
port-Hamiltonian model and the Brayton-Moser model. The port-Hamiltonian model has been most
notably treated by van der Schaft ([17], [16], [15] and many more), who was also the first to propose
it in 1992, together with Maschke [12]. The Brayton-Moser model has been around since the 1960s.
It was developed by Moser while he was researching stability of systems with tunnel diodes [13],
and then he generalised it a few years later with Brayton [1], [2]. MacFarlane also did considerable
research on the topic, exploring an approach related to invariant integrals [11]. Both models are
derived and explained on a simple example of an RLC circuit in Sections 2.2 and 2.3. Using these
models, we can also investigate stability properties. Stability is desirable because it allows us to
predict the system’s behaviour. Stability is generally determined with Lyapunov functions and the
functions appearing in these two models happen to be candidate Lyapunov functions. Stability
results are covered in Section 3. One of three theorems by Brayton and Moser is proven, with the
condition of linear resistance. Jeltsema [6] later proved the theorem that was missing from Brayton
and Moser’s original paper. Jeltsema’s work was crucial to the writing of this thesis as he has,
together with Scherpen, done a lot of research on the relations between the two models [7], [6], [8].
In [7], they define a dual relation connecting the two models, which is explored in Section 4.



2 Modelling frameworks

2.1 Electrical circuits

In this section we lay out the physical quantities pertaining to electrical circuits and the laws dictating
the relations between these quantities. We also introduce standard circuit elements [5].

For the purpose of this text we apply the modelling frameworks to an RLC circuit. The physical
quantities relevant to this kind of electrical circuit are electric current, voltage, electric charge and
magnetic flux.

Electric current quantifies the amount of charged particles passing through a surface over time. It is
denoted by i. Voltage corresponds to the work required for an electric charge to move from one place
to another. It is denoted by v. Electric charge denotes the state of a particle where it is affected
by an electromagnetic field. Charge is denoted by ¢. Finally, magnetic flux quantifies the magnetic
field passing through a surface and is denoted by .

R

C

Figure 1: RLC circuit.

The simplest version of an RLC circuit consists of a source, a resistor (R), an inductor (L), and a
capacitor (C) in a series configuration, see Figure 1.

Definition 2.1 (Source). A wvoltage source is an element that maintains a prescribed voltage in the
circuit. A current source maintains a prescribed current in the circuit.

An example of a source is a battery or a generator. The source used in our example is a voltage
source and its voltage is denoted by vs. Note that the direction of the voltage of the source is
opposite to the rest of the circuit; this is the conventional way to express that the source delivers
power to the rest of the circuit, so the power (voltage times current) of the source is negative.

Definition 2.2 (Resistor). A resistor is an element described by a relation between its voltage and
current:

R(UR,iR) =0. (211)

This relation is called the characteristic of the resistor. In case the characteristic is a linear function,
(2.1.1) can be written as

’UR(t) = —RiR(t). (2.1.2)
This equation is known as Ohm’s law. In this case, the resistor is said to be linear.

As the name suggests, a resistor “resists” the flow of electricity by limiting the current passing
through it. In (2.1.2), R denotes the resistance, a constant inherent to the resistor which represents
the scale at which this occurs. The bigger the resistance, the more the current is reduced passing
through the resistor.



Definition 2.3 (Capacitor). A capacitor is an element described by a relation between its charge
and voltage:

C(qc,ve) = 0.

In case the charge can be expressed as a function of the voltage (¢qc = §co(ve)), the capacitor is called
voltage-controlled. If the voltage is a function of the charge (ve = 0¢(qc)), it is charge-controlled.

A capacitor is able to store electric charge and release it at a later point in time.
The current passing through the capacitor is given by the following relation:

dq
i(1) = 24 2.1.3
i(t) = =1 (213
Definition 2.4 (Inductor). An inductor is an element described by a relation between its magnetic
flux and current:

L((pL,iL) = O

If the flux can be expressed as a function of the current (¢ = ¢r(ir)), the inductor is called
current-controlled. If the current is a function of the flux (if, = ir(¢r)), it is fluz-controlled.

An inductor is also able to store energy in the magnetic field it creates.
The voltage across the inductor is given by

dy
A 2.14
This relation is known as Faraday’s induction law.

There are two more important laws related to electrical circuits. Both were formulated by the
German physicist Gustav Kirchhoff in the mid-19th century. Kirchhoff’s current law states that the
sum of currents entering a node! is the same as the sum of currents exiting the node. In our RLC
circuit, this is equivalent to saying the current passing through each element is the same, that is:

ig =tR = tc = i[- (2.1.5)

Kirchhoff’s second law is the voltage law, which states the sum of all voltages around a loop? is equal
to zero. Since our RLC circuit is indeed a loop, we have:

—vs + Vg +veo + v = 0. (2.1.6)
The minus sign in front of the source voltage represents the opposite reference direction of the source.

In the following sections, we use these relations to arrive at different mathematical models for
the RLC circuit.

2.2 The Port-Hamiltonian approach

One way of modelling physical systems is by viewing them through a port-Hamiltonian lens. This
model was introduced by Maschke and van der Schaft in 1992 [12] and it combines port-based
modelling with the Hamiltonian equations used in mechanics. Port-based modelling was introduced
by Henry Paynter in the 1960s [14]. The idea is to view a physical system as an interconnection of
elements through so-called ports.

1A circuit can be regarded as consisting of branches and nodes. The branches contain the circuit elements while
the nodes are the connections between them. If looking at Figure 1, the nodes are the vertices of the rectangle
representing the circuit.

2A loop is a closed path of branches, that is, its start node is the same as its end node



For a mechanical system, the Hamiltonian equations are given as follows:

1= o)
q= ap q,pP

) 0H
p= *&Tq(%l)) + F.

Here, ¢ is the vector of displacements, p is the vector of momenta, H is the Hamiltonian equation
representing the total energy stored in the system, and F' is the input of external forces. Combining
the port-based model and the idea of the Hamiltonian, we can create a more general model which
can be used to describe different kinds of physical systems [17]. We separate the elements of the
system into three categories: energy-storing, energy-dissipating and energy-routing. Energy-storing
elements are those which are able to store energy. In mechanical systems, it can be a mass at a height
storing gravitational potential energy, while in an electrical circuit it might be a capacitor. Energy-
dissipating elements reduce the energy of the system by releasing it into the environment. Examples
are dampers and resistors. Energy-routing elements are for example gyrators and transformers. We
model the system by grouping elements in this way and observing the relations between the groups,
which are expressed through effort (e) and flow (f) variables. These variables come in pairs (e, f)
which represent the ports between the groups of elements and their product is equal to power. We
can visualise this representation as in Figure 2: We denote the group of energy routing elements by
D. This stands for Dirac structure; this is a notion from geometry which we use to describe the
interconnection structure together with the set of interconnection and constraint equations. These
equations describe relations between the efforts, and relations between the flows. For an electrical
circuit these equations are precisely Kirchhoff’s laws. The group of energy-storing elements, which
we denote by S, is connected to D by (eg, fs). The energy-dissipating elements, denoted R for
“resistive”, are similarly connected to D by (eg, fr). The external port is connected to D by

(ep, [P).

eRr
Storage | | | [ Dissipation
fs fr

Figure 2: Representation of a port-Hamiltonian system.

The Dirac structure is crucial to this way of representing a physical system. In an electrical circuit,
it can physically be imagined as the wiring connecting the elements. Mathematically, it can be
viewed as a generalisation of Kirchhofl’s laws. Formally, it is defined as follows [17]:

Definition 2.5. Consider a finite-dimensional® linear space JF (the space of flows, usually R™) with
dual space £ = F*. A subspace D c F x £ is a Dirac structure if it satisfies the following conditions:

1. The duality product < e | f > (for F = R", < e | f >= €T f) is equal to zero for all (f,e) € D.

2. dimD = dim F.

3The Dirac structure, and thus the port-Hamiltonian formulation can be generalised to infinite-dimensional systems
using Stokes’ theorem, see [17].




The first condition tells us total power flowing into the Dirac structure is equal to zero. This implies
power conservation in the system which is an important feature of the interconnection structure.
We define the energy-storing port. The energy stored in the system is given by the Hamiltonian, a
function H : X — R, where X is the state space of the energy-storing elements. The vector of flow
variables fg is given by the derivative of the vector of state variables:

fs=—u.
The vector of effort variables is some function of the state:
€s = F(x)

We can use this to find the Hamiltonian. The Hamiltonian is an energy function, and the time
derivative of energy is power, which is the product of effort and flow*:

dH 0H . .
dat = &r’x>_ _<€S7fs>_<€5'7x>'
We conclude: oH
(}7 = €5 = F(I)

We find the Hamiltonian:

The effort and flow of the resistive port are given by a relation D(eg, fr) such that {er, fr) < 0,
indicating energy dissipation. When the relation is linear, we can express it by

fR = —DCR, (221)

where D is a positive semidefinite symmetric matrix.
Given that the resistive structure is linear and the relation {eg, fs) + {er, fr) + {ep, fp)y = 0, we
can represent the combination of the Dirac structure and the resistive elements as:

fs _ -J —-B D 0 es
[fp =57 o |0 of) el (2.2.2)
Using the fact that fg = —%, eg = %—5, and setting u = eg (input) and y = fg (output) we can

write the port-Hamiltonian equations:

i— (- D))+ Bu (2.2.3)
ox
oH

_ prdfd
=B ox

The matrix J is skew-symmetric (J7 = —J) and represents the interconnection structure, and its
graph {(f,e) € F x £ | f = Je} is a Dirac structure. Namely, we have

(e, f)={e,Je)
=elJe
= (eTJe)T
=el'JTe
= —elJe

=0.

(@). (2.2.4)

The matrix D is as in (2.2.1). The matrix B represents the interconnection of the external port to
the rest of the system.

oTH
oz
egfs is the power flowing into the Dirac structure so they must have opposite sign.

4The minus sign in the second equality represents that

T is the power flowing into the storage port, while



2.2.1 Example

Let us apply this approach to the RLC circuit of Figure 1. First we establish the storage port. The
energy-storing elements of the circuit are the capacitor and inductor, as they are indeed able to store
energy. From (2.1.3) and (2.1.4) we can conclude the state variable of the capacitor is charge, while
the state variable of the inductor is magnetic flux:

[

From the same equations we also find that the flow variable of the capacitor is current and the flow

variable of the inductor is voltage: fs = [‘;C] = [Z}C] Finally, we find the effort variables using
L L

the fact that the effort is a function of the state. The effort variables for the capacitor and inductor
€Ec| _ |Vc
€y, h iL )

We find the Hamiltonian of the system as the sum of the Hamiltonians of the capacitor and inductor:

are then voltage and current respectively: eg =

Hla.) = Hola) + Hulo) = | " bela) dg + | i) d. (2.2.5)

We express the effort variables through the Hamiltonian:

-8
es=|."|=|5&1-
11, o0
The resistive port consists only of the resistor. The effort variable is the current, e = ig, and the
flow variable is fr = vg. Our resistor is linear which means the relation between effort and flow is
given by (2.1.2): fr = —Rig.

The external port consists of the source. The effort, i.e., the input, is the source voltage ep = u = vg
and the flow (output) is the source current fp =y = ig.

We want to find an expression for z, that is, ¢ and ¢, in terms of %{j (z) and u.

We take (2.1.3) and use the equality from Kirchhoft’s current law (2.1.5):

oH & a)
Gg=ic=ir=—(p)=[0 1]|4 . 2.2.6
L Ew (90) [ ] [%IE ((,0) ( )
Similarly, we take (2.1.4) and use Kirchhoff’s voltage law (2.1.6) and Ohm’s law (2.1.2):
gbIUL = Vs — VR — V¢
= —vc — Rip + vg
= —Vo — Rip +vg
G (
q)
=[-1 -R]| & +vg. 2.2.7
-G (227)
In the second to last step we also use Kirchhoff’s current law again.
We combine (2.2.6) and (2.2.7) to obtain
. OH
. [q 0 1 ] S (q) [0]
z=|1|= + vg. 2.2.8
[@] [—1 -R| | 2| * 1] 223

To complete the port-Hamiltonian formulation, we also include the output equation. In this case
the output is the current through the source, which we can find using Kirchhoff’s current law:

@H@}.

is =i, =[0 1] [fg(w) (2.2.9)

op



Indeed, the equations (2.2.8) and (2.2.9) match the requirements from (2.2.3) and (2.2.4), with
J = [_01 (1)] skew-symmetric and D = [8 1%] positive semidefinite as R, the resistance of the
resistor, is a non-negative quantity.

2.3 The Brayton-Moser equations

In the 1960s, Robert Brayton and Jiirgen Moser developed another way to characterise nonlinear
networks [1]. Their so-called mixed-potential function is similar to the Hamiltonian in the sense that
it is a single function describing the behaviour of the system. However, there are some differences:
while the Hamiltonian is given in terms of energy, the mixed-potential function is given in terms of
power. Furthermore, while the Hamiltonian does not include resistive elements, which are included
by expanding to the port-Hamiltonian formulation, the mixed-potential inherently includes resistive
elements. The mixed potential function is a function #(ir,vc) satistying the following relations:

0
=—— 2.3.1
L= (2.3.1)
0
= . 2.3.2
jo = 22 (232
Using this, we can represent the system as follows:
& E)-18
dve | = | 22 | (2.3.3)
[ 0 G lae
where L = 7% (known as the incremental inductance matrix), C' = 7% (known as the incre-
mental capacitance matrix)®. We can verify this corresponds to (2.3.1) and (2.3.2):
A dinN e 0
dip’dt /— dt " dig
/44 dveN _da_ 0P
dve’ dt /" dt T dve

The existence of the mixed-potential function was proven by Brayton and Moser for the class of
complete RLC networks, that is, networks that satisfy the following conditions [6], [4]:

1. There are no cutsets® formed exclusively by inductors and/or current sources. There are no
loops formed exclusively by capacitors and/or voltage sources.

2. Each current-controlled (but not voltage-controlled) resistor is in series with an inductor and
each voltage-controlled (but not current-controlled) resistor is in parallel with a capacitor.

3. Each remaining resistor has a bijective characteristic relation, i.e., current-voltage relation.

An algorithm for the construction of the mixed-potential was given for the class of topologically
complete networks. These networks, in addition to being complete, it needs to satisfy the following
condition [6]: all current-controlled resistors are in series with the inductors and all voltage-controlled
resistors are in parallel with the capacitors. Sources are also considered resistive elements. A
topologically complete circuit is visualised in Figure 3.

5Tt makes sense to define the matrices L and C' without the minus signs. However, Brayton and Moser use an
opposite sign convention for Faraday’s law and the corresponding law for current (v = —¢,i = —¢) to what is used
in van der Schaft’s texts on port-Hamiltonian systems (v = ¢,% = ¢). In order to maintain consistency for equations
(2.1.3) and (2.1.4), the minus signs are inserted here instead.

6The notion of a cutset is borrowed from graph theory: it is a set of edges which, if removed from the graph, would
create a disconnected graph.



1§ R ¢ | ==c

Figure 3: Rough representation of a topologically complete circuit. Note that L and C' represent all
the inductors and all the capacitors in the circuit respectively. R represents the current-controlled
resistive elements while G represents the voltage-controlled resistive elements, also known as con-
ductors.

Then, the network is described by the following equations. which can be obtained using Kirch-
hoff’s laws:
vy = —Dve — Dor(DFhir) (2.3.4)

o = DTiL — Dg%g(DGvc), (2.3.5)

where D € R™-*"¢ represents the interconnection of the inductors and capacitors, D € R"E*"L
represents the interconnection of the current-controlled resistive elements with the inductors and
D}giL = ip. The matrix Dg € R"C*"G represents the interconnection of the voltage-controlled
resistive elements with the capacitors and Dgve = vg. When the network has this form, it can be
represented by the mixed-potential function as follows:

Pir,ve) =9r(ir) — Fa(ve) + (ir, Dve). (2.3.6)

The quantity ¥ is called the content or current potential of the current-controlled resistive elements
and is given by the following equation:

Gp(ir) = r (Dror(D%i)) T di.

Similarly, #¢ is called the co-content or voltage potential of the voltage-controlled resistive elements
and is given by:

Have) = f - (DEig(Dgu))Tdv.

An illustration of the notions of content and co-content is given in Figure 4.
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Figure 4: A resistive element is described by a curve in the v plane. The content ¢ is then simply
the area under the curve, while the co-content ¢ is the area above the curve.

Finally, (ir,, Dv.)y represents the power delivered from the capacitors to the inductors.

2.3.1 Example

Before applying (2.3.6) to find the mixed-potential function for our simple RLC circuit, we verify
that it is a topologically complete circuit. For this purpose, we consider the linear resistor as
a current-controlled resistor, and the voltage source as a current-controlled resistive element too.
Indeed, conditions 1-3 for completeness are then easily verified. Furthermore, both current-controlled
resistive elements are in series with the inductor so the circuit is topologically complete. Let us
represent the circuit as in (2.3.4) and (2.3.5). We note since there are no voltage-controlled resistive
elements in the circuit, the co-content element of (2.3.5) is equal to zero. So, to compute the mixed-
potential, we only need to find Dror(D%iz) and D. We find D, Dg as follows: since we have one
inductor and one capacitor, D is a scalar. It relates vy, and veo. Since both of these voltages have
the same direction, we have D = 1. Furthermore, Dp is a 2 x 1 matrix. As the voltage of the source

. . . 1 .
and the voltage of the resistor have opposite directions, we have Dg = [_1]. There is one more

thing to clarify: the function © R(Dgi 1) gives us the voltages of the resistor and source. The resistor
voltage is a linear function of ir, which is equal to iy, so 9r(i,) = —Rir. The source voltage is not
a function of the current, but it can be written simply as 0g(ir,) = vg. With all this, we have:

Drog(Dhip) = [1 —1]vgr [_11] iL

=[1 1]1;}%[2?]

—ir

=1 1] [_RiL]

vs

= —RiL — Vs.

We plug this into (2.3.5) to find the content ¥ (ir):

Yr(iL) = JIL (Dror(Dgi)) " di

iL
= J- —Ri — Usdi
.9 ir
= [—RZ2 — ’Usl:|
-2
= —R% — iLUS



The power {ir,, Dv.) is simply equal to irvc since D = 1, so we have the mixed-potential function:

-2
Pliy,v0) = —R% — s +iLve. (2.3.7)

We differentiate (2.3.7) with respect to i1, and v respectively to see if it matches (2.3.1) and (2.3.2):
0L

— = —Rip, —vs +vc = —vL.
aZL

The second equality follows from Kirchhoff’s voltage law.

oz

=i =ic.
(9UC

The second equality follows from Kirchhoff’s current law.

-2
So, P(ir,ve) = R% —irvs + irvc is indeed the mixed-potential function representing our circuit.
Then, we can also represent the circuit as in (2.3.3):

—L 0 d(% | —Rir —vs +vc
0 C||%c] ™ ir '

3 Stability

When studying a certain physical system, the goal is often to determine stability conditions, that is,
under which conditions the system’s trajectories stay near one another or tend towards an equilibrium
state. This is usually accomplished using the theory developed by Lyapunov in the late 19th century
[10]. A Lyapunov function is defined as follows [9]:

Definition 3.1. Consider a system defined by & = f(x) with an equilibrium at the origin. A
function V() is called a Lyapunov function if it satisfies the following properties:

1. The function and its first derivatives are continuous on an open set ) around the origin.
2. The function is equal to zero at the origin and positive elsewhere on 2.
3. The derivative V = 4% = VV - & is non-positive on Q.

When a Lyapunov function exists, the origin is stable. If the derivative Vis strictly negative on 2,
the origin is asymptotically stable. Furthermore, if the Lyapunov function is radially unbounded, that
is, when V(z) — o as |z| — o0, the origin is globally asymptotically stable, that is, all trajectories
in the state space tend to the equilibrium.

It turns out that the Hamiltonian and the mixed-potential function can be used to find Lyapunov
functions for the RLC system. In fact, Moser first formulated a version of the mixed-potential
function while trying to define stability for circuits with tunnel diodes [13], and the papers where
the mixed-potential was officially introduced [1], [2], which he published with Brayton a few years
later, also contain stability theorems.

3.1 The Hamiltonian as a Lyapunov function

We consider the port-Hamiltonian system

i = (LD)%. (3.1.1)

We omit the input as, when determining stability, we generally look at zero-input systems.

12



Lemma 3.1. For the system in (3.1.1), assuming’ the Hamiltonian H(x) is continuously differen-
tiable on a set Q < X, equal to 0 at the origin and positive elsewhere on Q, the Hamiltonian H(x)
can be used as a Lyapunov function to show stability.

Proof. We can assume that the Hamiltonian is indeed continuously differentiable. Furthermore, as
it represents the energy of the system, it is clear that it is zero when the state variables are zero and
positive otherwise. It is straightforward to verify that H < 0. This follows from the power-conserving
nature of the Dirac structure and the dissipative nature of the resistive structure:

dH  /oH d:z:>

At \ oz dt
(o) (%05
_o- <‘2§I,Da£ (3.12)
<0. (3.1.3)

The equality (3.1.2) follows from the skew-symmetry of J, while the inequality (3.1.3) follows from
the fact that D is positive semidefinite. O

3.2 Finding a Lyapunov function from the mixed-potential function [1]

In the paper introducing the mixed-potential function, Brayton and Moser also prove several stabil-
ity theorems. The theorem and proof presented here concerns a class of systems with linear resistors
and nonlinear inductors and capacitors, which matches our RLC circuit. With some additional re-
quirements, global asymptotic stability is proven for these systems.

Before stating and proving the theorem, we do a preliminary analysis. For the purposes of deter-
mining stability, Brayton and Moser write the equation (2.3.3) as follows:

~Ji = == (), (3.2.1)

where J = [_OL g], r = [f}L] and & is the mixed-potential function as before. We take &
c

as a candidate Lyapunov function. We differentiate & to see whether it requires the Lyapunov

conditions. This gives
d 0y . . 0F R
o ax(W> - <x ax<x>> = (&, J&).

This is non-positive when J is positive semidefinite, but the matrices L and C' are taken to be
positive definite, which means J is indefinite. So, we search for a transformation (J, £2) — (J*, &%)
such that (3.2.1) still holds:

0P*
—J*t = . 3.2.2
i= "7 (322
We plug in & = —J 122 (z) (J~! exists because L and C are assumed to be invertible):
yeg 12 o7

oz (z) = W(x)'

We want (J*, 22*) to satisfy the Lyapunov conditions for global asymptotic stability.

7In general, when dealing with energy functions, we can assume the first two conditions of Definition 3.1 hold. The
same applies for the mixed-potential function.

13



Lemma 3.2. If we set

<M+ a;‘f(x) )J P* = \DP + = <aaf(x) Maa‘f( )> (3.2.3)

where M is any constant symmetric matriz, (3.2.2) holds.

Proof. Note that if (J1, Z21) and (Ja, 95) satisfy (3.2.2), so does (J; + Jo, P1 + P5). This follows
from the sum rule. Clearly (AJ, )\ﬂ) satisfies (3 2. 2) it is simply (3.2.1) multiplied by A on both

sides. So, it remains to show (‘3/ Z( J, %< Ma‘]( )>> satisfies (3.2.2). For simplicity,
denote (agﬂ (x)M J, § ( ), M”‘@( >) = (Jg,gzg). Consider ‘7£2 (x):
&@g( )= 1 629 0?}7’ &@ (929( )
or T2 \\aa? (x), M Ox?
1 P 0
-5-2(55 <x>’Max<x>>

_ <a(;g;(x)7Maéf(x)>.

Then,
0 P 0
107 N _ T 197
JoJ " (x) 5.2 MJJ o (x)
r>P 0P
= T2 Mo )
o
=<, @
as required. O

With this, we can introduce the theorem [1], [6]°.

Theorem 3.1. If ¥(i) has the form 4 (i) = —5{ir, Riy) (where R =

positive definite constant matriz), — Zc(ve) + |Dve| — © as |vg| — and there exists 6 > 0 such
that

(zL) is a symmetric

|13 R T DC (e <1 (3.2.4)

where | - | is the operator norm, for all (ip,vc) € Iy x Vo (the space of inductor currents and
capacitor voltages), then all trajectories of (3.2.1) tend to the set of equilibrium points as t — 0.

Proof. As in (3.2.3), we take
-1
TS

0 0
Then,
»>2
*
- M
TH= T+ o (@)MJ
B D f2R o) [-L 0
N pT <Ll o oflo C
c

[-L o N 2L 0
10 C —2DTR-IL 0

B L 0
“|-2DTR-'L cC|-

8Both the theorem and the proof are adapted from the combination of [1] and [6] with some added clarifications.
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We check (&, J*i):

R T T L 0][%
&, J*&) = [d{Tt G ] [2DTR1L C} [%E]
di _di dv di dv _ dv
=(—,L— Y-2( — ,D'R™'L— —,C— ). 2.
<dt’ dt> <dt’ R dt>+<dt’cdt> (3:2.5)

Ifwesety=L3% »=C3% and K = L3R~'DC% as in (3.2.4), we can rewrite (3.2.5) as:
(r, J 1)y =y, y) — 2{z, Ky) +{z,2) =y — Kz,y — Kz) +{z,2) — (Kz, Kz).
Using the fact that |K|| <1 — 4 from (3.2.4):

(@, T @y = |y — K2 + |2|* = [K2|”

> |y — Kz* + 2] — | K[?|2)? (3:2.6)
= ly — Kz + [2[*(1 - |K?)

> |y — Kz” +[2]*(1 - | K|) (3.2.7)
> |y — Kz|? + 6|z (3.2.8)
> 0. (3.2.9)

The inequality (3.2.6) follows from the property |Kz| < | K|||z| of the operator norm. The inequality
(3.2.7) follows from the fact that 0 < K| <1—4 < 1so |K|? < ||K]|. Finally, (3.2.8) follows from
(3.2.4) and (3.2.9) from the fact that § > 0 and a vector norm is always greater than or equal to
zero. This shows J* is positive semidefinite, which means the system is stable. In fact, we only have
% = (&, J*t) = 0 when |y — Kz| = |Kz| = 0 which happens precisely when % = ‘é—: = 0, that
is, at the equilibria of the system. With Lasalle’s invariance principle we can conclude asymptotic
stability. Namely, if we have a set E = {(i,v) € Q: % = 0}, and its largest invariant® subset, M,
then all trajectories on {2 tend to M. But since in this case F is the set of equilibria, which stay at
the same point forever, we have M = FE, so solutions in €2 tend to the equilibria. If we show radial
unboundedness, this means 2 = I, x V¢, that is, the entire state space, so the system is globally
asymptotically stable. To show this, we show &* — o as |z| — 0.
We set a = % = —Riy, + Dv. Then, we can write & as Z(«,v¢):
1 -1
P(a,v0) = —§<oz,R ay+ U(ve). (3.2.10)
where U(ve) = —_# (ve) + 3{Dvc, R Duc). Indeed:

P(a,ve)

1 1
—§<a,R_1a> — J(ve) + §<Dvc, R™'Duve)

1 1
= —§<—RiL + Dve, RY(—Rir, + Dvc)y — 7 (ve) + §<Dvc, R™'Dve)

1 1
= —5(~Riy + Dug, ~iy + R~ Dvc)) = 7 (ve) + 5(Dvc, R~ Duc)

1 1
3 (<—RiL, —iL> + <D1}(j, —iL> + <—RiL, RilD’Uc> + <DUc, RilDUc’>) — /(Uc) + §<D’Uc, RilD’Uc>

7% (i, Riry — 2{ir, Dve)) — /(UC)

7%<¢L,RiL> — J(ve) + (ir, Dvc)
= t@(Z'L,Uc).

9 An invariant set corresponding to a system & = f() is a set such that trajectories of solutions that are in the set
at ¢ = 0 remain in the set for all t > 0.
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Next, we note that &* can be written in terms of & and «:

P v0) = P+ + <W(x), M(W(x)>

2\ Oz ox
_ lrary e [2R71 0 g;@
_'@+2[W 20 L
Y
- (G
= 2 +{a,R'a).

Plugging in (3.2.10), we get:
1
P*(a,v0) = §<a, R™a) + U(v,).

Since by assumption — ¢ (v¢) + |Dve| — o as |vg| — o, we also have that U(vg) — o0 as
|lve] — oo. It remains to show that |a| — o0 as |i| — o, or equivalently that |a| + |vc| — o0 as
lir,| + |vc| — 9. Denote the map which sends (ir,v¢) to (o, ve) by S:

o[ f2)-e

The matrix ST'S is positive semidefinite ((Sz,Sz) > 0) and S is non-singular so S7'S is positive
definite; it only has positive eigenvalues. We have that (Sx, Sx) = Anin{x, ) where Ay, > 0 is the
minimum eigenvalue of S7'S. With this we have

lal* + [ve]* = Amin (lin]* + [vel?) |

which means as |ir| + [ve| — o0, also |a| + |vg| — © and therefore 22* — 0. As P* is radially
unbounded, the system is globally asymptotically stable, that is, all trajectories tend to the set of
equilibria as t — co. O

4 Discussion

4.1 Duality

It is apparent that there are some similarities between the port-Hamiltonian equations (2.2.3), (2.2.4)
and the Brayton-Moser equations (2.3.3). In a way, these models are dual. The port-Hamiltonian
approach requires the capacitors to be charge-controlled and the inductors to be flux-controlled, while
in the Brayton-Moser model the capacitors are voltage-controlled and the inductors are current-
controlled. In an LC-circuit (only inductors and capacitors), in case we have bijective mappings
from charge to voltage for the capacitors and from flux to current for the inductors, a relation
between the two models can be expressed [7]. We can consider g¢, ¢, to be energy variables. Then
their duals ve, iz, are co-energy variables. Similarly as in (2.2.5), we can express the total co-energy
of the system with the co-Hamiltonian:

el 7;L
H*(Uc,iL) :J (jc(’U) d’U—FJ @L(Z) di.
Then, we can write the Brayton-Moser equations as follows:

d o0H* 0
dt oz (z) = ‘b%(ﬂf)’

where ® is a diagonal matrix with a number of copies of the identity matrix corresponding to the
amount of capacitors followed by a number of copies of the identity matrix times —1 corresponding
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to the amount of inductors.

An important element in the relation of the two models is the Dirac structure. Since it represents
the interconnection structure and Kirchhoff’s laws, it makes sense that it is inherent to the system

0

_¢T 0
matrix D from (2.3.6) and the port-Hamiltonian equations can be obtained from the Brayton-
Moser equations by multiplying with the Dirac structure and integrating with respect to time. As
mentioned, the Hamiltonian and mixed-potential (co-Hamiltonian) are given in terms of energy and
co-energy respectively. The duality between these two quantities can be defined with a Legendre
transformation.

regardless of the model. In fact, if we set J = [ ], then ¢ is precisely the interconnection

4.2 Practical use

In terms of real-life applications, both models have their advantages and disadvantages. When
designing feedback controllers, we rely on measuring the state or output from the system. In general,
it is easier to measure current and voltage than flux and charge. So if we are measuring the output,
the port-Hamiltonian approach may be preferable, while if we measure the state, the Brayton-
Moser model is more applicable. Furthermore, as flux and charge are the “natural” quantities of
the inductor and capacitor respectively, the port-Hamiltonian model may seem like a more obvious
choice. However, when it comes to circuits with resistive elements that are defined by a relation
between current and voltage, this reasoning falls short as the resistive elements do not fit so nicely
into the model. As shown, when there are bijective flux-current and charge-voltage relations, the
models can be interchanged. So, it is possible, for example, to create a controller using one model
and translate it to the other model.

5 Conclusion

This thesis gives an overview of two ways to model non-linear electrical circuits. The port-Hamiltonian
model regards the system as an interconnection of elements, with the “language” of the model being
energy, expressed through the Hamiltonian. The Brayton-Moser model takes a similar approach,
with the mixed-potential function given in terms of power. These functions are also useful because
they can be used to show stability. For the port-Hamiltonian example, stability is easy to show.
However, the entire formulation given by (2.2.2) relies on the resistive structure being linear. There-
fore, in case of non-linear resistors this does not apply. On the other hand, Brayton and Moser
proved three stability theorems in their paper on the mixed-potential function [1]: each theorem
required a certain class of elements to be linear. The first theorem required linear resistors, the
second, linear conductors, and the third theorem allowed nonlinear resistive elements but required
the inductors and capacitors to be linear. A fourth theorem, where all elements are allowed to be
non-linear, was proven by Jeltsema over 40 years later [6]. So, the stability results in the Brayton-
Moser model are somewhat stronger.

When there are bijective relations between the pairs of dual variables, namely charge and voltage,
and flux and current, the two models can be related. The Dirac structure, representing Kirchhoff’s
laws and the interconnection structure, plays an important role in this relation. This interchange-
ability also proves useful for practical applications, as there are instances where one model might be
more appropriate than the other, but perhaps in the other model it is easier to create a controller
which can then be translated into the first model.

With the port-Hamiltonian model only being developed in the last two decades, there is still a lot
to be explored. And of course, while the Brayton-Moser model is well-established as it has been
around for 60 years, there are always many interesting new approaches or applications. In partic-
ular, in terms of these two models there is not much research about the so-called memristor. This
theoretical element was proposed by Chua [3] in the 1970s as the element to fulfill the remaining re-
lation between the four main quantities of electrical circuits: the resistor relates current and voltage,
the inductor relates current and flux and the capacitor relates charge and voltage. Chua proposed
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the memristor, an element relating voltage and flux. An ideal memristor has not yet been devel-
oped, but memristive systems (circuits with memristive properties) exist. The implications of the
existence of memristors are very exciting for the field of computing science. Therefore it could be
interesting to look into how memristors or memristive systems would fit into the port-Hamiltonian
and Brayton-Moser models.

18



References

[1]

2]

R.K. Brayton and J.K. Moser. A theory of nonlinear networks. i. Quarterly of Applied Mathe-
matics, 22(1):1-33, 1964.

R.K. Brayton and J.K. Moser. A theory of nonlinear networks. ii. Quarterly of Applied Math-
ematics, 22(2):81-104, 1964.

L. Chua. Memristor-the missing circuit element. IEEE Transactions on circuit theory,
18(5):507-519, 1971.

L. Chua. Dynamic nonlinear networks: State-of-the-art. IEEE Transactions on Circuits and
Systems, 27(11):1059-1087, 1980.

C.A. Desoer and E.S. Kuh. Basic Circuit Theory. Electronic engineering. McGraw-Hill, 1969.
D. Jeltsema. Modeling and control of nonlinear networks: a power-based perspective. 2005.

D. Jeltsema and J.M.A. Scherpen. A dual relation between port-hamiltonian systems and the
brayton—moser equations for nonlinear switched rlc circuits. Automatica, 39(6):969-979, 2003.

D. Jeltsema and J.M.A. Scherpen. Multidomain modeling of nonlinear networks and systems.
IEEE Control Systems Magazine, 29(4):28-59, 2009.

J.P. LaSalle and S. Lefschetz. Stability by Liapunov’s Direct Method: With Applications. Math-
ematics in science and engineering : a series of monographs and textbooks. Academic Press,
1961.

A. Lyapunov. Probleme général de la stabilité du mouvement. Annales de la Faculté des
sciences de I’Université de Toulouse pour les sciences mathématiques et les sciences physiques,

9:203-474, 1907.

A.G.J. MacFarlane. An integral invariant formulation of a canonical equation set for non-linear
electrical networks. International Journal of Control, 11(3):449-470, 1970.

B.M Maschke and A.J. van der Schaft. Port-controlled hamiltonian systems: Modelling origins
and systemtheoretic properties. ITFAC Proceedings Volumes, 25(13):359-365, 1992.

J.K. Moser. Bistable systems of differential equations with applications to tunnel diode circuits.
IBM Journal of Research and Development, 5(3):226-240, 1961.

H.M. Paynter. Analysis and design of engineering systems. MIT press, 1961.

A.J. van der Schaft. Port-hamiltonian systems: network modeling and control of nonlinear
physical systems. In Advanced dynamics and control of structures and machines, pages 127—
167. Springer, 2004.

A.J. van der Schaft. Port-hamiltonian systems: an introductory survey. In International
congress of mathematicians, pages 1339-1365. European Mathematical Society Publishing
House (EMS Ph), 2006.

A.J. van der Schaft and D. Jeltsema. Port-hamiltonian systems theory: An introductory
overview. Foundations and Trends®) in Systems and Control, 1(2-3):173-378, 2014.

19



