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Résumé /Abstract

Résumé

Les amplificateurs contiennent des composants linéaires passifs, ainsi que non-linéaires actifs, qui
peuvent tous étre décrits par un nombre fini de variables d’état; ils contiennent aussi des lignes de
transmission, généralement modélisées par des équations aux dérivées partielles 1-D hyperboliques
comme les équations du Télégraphe sans perte qui rendent I’espace d’état de dimension infinie. En
utilisant une forme intégrée des équations du Télégraphe, on obtient un modele composé d’équations
aux différence retardées et d’équations différentielles. Considérant une trajectoire périodique qui
s’établit dans 'amplificateur a cause d’un signal périodique forcant, la thése vise a caractériser la
stabilité locale d’une telle trajectoire périodique. En utilisant une approximation de premier ordre,
cela se réduit a étudier la stabilité exponentielle du systeme linéaire périodique temporel obtenu
par linéarisation autour de la solution périodique, et qui est un réseau d’équations aux différences
retardées dont les conditions aux limites sont couplé par des équations différentielles. La stabilité de
ce type d’équations est fortement corrélée avec la stabilité d’un systeme périodique aux différences
linéaires (via un argument de perturbation compacte). La these établit alors des conditions pour
garantir la stabilité des systémes retardés périodiques linéaires.

En raison du nombre énorme de composants électroniques, il est connu dans les livres d’ingénierie
électronique que la stabilité ne peut pas se déterminer directement a partir du systéeme linéarisée.
Ainsi pour étudier les propriétés de stabilité du systéme linéarisé précédent, une famille de systémes
entrées-sorties est construite, obtenue en perturbant le systeme linéarisé par un petit courant
a un nceud du circuit et en observant la perturbation résultante de tension v entre deux noceuds.
Via un développement de Fourier, la stabilité se ramene a étudier les singularités de la fonction
de transfert harmonique (FTH) qui est une matrice infinie dépendant d’une variable complexe
et a valeur banachique. Sous des hypothéses de dissipation a haute fréquence qui sont toujours
vérifiées pour les amplificateurs, la these montre alors que la FTH possede au plus des poles dans
un demi plan droit complexe contenant strictement ’axe imaginaire. Ces pdles sont en particulier
les logarithmes d’une famille finie de nombre complexe, et sous une hypothese de contrélabilité et
d’observabilité, la solution périodique est localement stable si et seulement si la FTH n’a pas de
poles dans le demi-plan droit complexe.

Mots clés: Systéme retardé a temps variant, Systeme hyperbolique 1-D & temps variant, Fonction
de transfert harmonique, Stabilité, Circuits électriques.
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Abstract

Amplifiers contain linear, passive components as well as nonlinear, active ones, all of which can
be described by finitely many state variables; but they also contain transmission lines, typically
modeled by simple hyperbolic Partial Differential Equations (PDE) like lossless telegrapher equations,
that make the global state space of the circuit infinite-dimensional. Using an integrated form of
telegraphers equations, one obtains a model comprised of delay difference and differential equations.
Using first order approximation, this reduces to exponential stability of the time-periodic linear
system obtained by linearizing around the periodic solution, which is a network of delay difference
equations whose boundary conditions are coupled by differential equations. The stability of this
kind of equation is strongly correlated with the stability of a periodic linear difference delay system
(via a compact perturbation argument). The thesis then establishes conditions to guarantee the
stability of periodic difference delay system systems.

Due to the huge number of electronic components, it is known in electronic engineering textbooks
that stability cannot be determined directly from the linearized system. To study the stability
properties of the previously-described linearized system, one constructs a family of input-output
systems, obtained by perturbing the linearized system by a small current ¢ at some node of the
circuit and observing the resulting perturbation of the voltage v between two nodes. Via a Fourier
development, stability is studied through the singularities of the harmonic transfer function (HTF)
which is an infinite matrix depending on a complex variable with Banach value. Under high frequency
dissipativity assumption, which are always verified for amplifiers, the HTF has at most poles in
a complex right half-plane containing strictly the imaginary axis. These poles are in particular
the logarithms of a finite family of complex numbers, and under an assumption of controllability
and observability, the periodic solution is locally stable if and only if the HTF has no poles in the
complex right half-plane.

Keywords: Time-varying difference delay equations, Time-varying 1-D hyperbolic systems,
Harmonic transfer function, Stability, electric circuit.
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Introduction

Motivation, Computer Assisted Design for circuits

This work applies to more general active circuits than amplifiers, like pure oscillators, but we restrict
the motivations to amplifiers for simplicity. An ideal amplifier would be an active circuit that
outputs exactly the input signal multiplied by some gain that does not depend on the signal. In
practice, amplifier design consists in proposing a circuit, made of available elementary elements, so
as to obtain a gain that does not vary too much when the input belongs to some class of signals.
The available elementary elements are of three sorts:

e passive components: resistors, capacities and inductances,
o active nonlinear components: diodes and transistors (fed by an external power source),
¢ lines that induce some delay effect, negligible at low frequencies.

The specification of an amplifier is always given in terms of a “frequency response”, i.e. the output
occurring for sinusoidal input signals of all possible frequencies. The purpose of computer aided
design (CAD) tools is to compute this frequency response for a given circuit design proposed by the
user. For RLC circuits, this may be readily computed, even analytically, possibly using computer
algebra if the number of components is very large. For more complex ones, where the response
of some elements may be available numerically only, specialised tools are needed, (see e.g. [Key]).
They rely on a dynamical model of the circuit, obtained from the models of all components, and
compute numerically a forced periodic solution of this dynamical system under periodic excitation,
through a numerical method, often referred to as “Harmonic Balance”, that we briefly describe in
Section 1.2.

There is substantial recent literature on the subject in Electronic Engineering, see for instance
[Kun06, SQ02, Sua09], because this is important for circuit design. Knowing whether the computed
periodic solution corresponds to the steady state response to periodic excitation that will be observed
in real life is obviously very important. Two related points are commonly raised. First, there may be
more than one possible response to a given sinusoidal signal, at least for the mathematical /numerical
model used by the CAD tool: it would be more correct to state that these tools compute one
response. We do not investigate this point further. The second point is certainly more determining
and has received a lot of attention: the stability of the computed response is not a priori guaranteed,
and if the response happens to be unstable it will simply not be observed because it would occur
only for very special initial conditions of inner variables of the circuit, that are in practice never
exactly achieved. On the contrary, with the additional information that all the computed responses
are stable, it would be granted that numerical tools predict the frequency response (at least if the
basin of attraction is reasonably large in terms of the inner variables of the circuit, but we do not
deal with this question here and consider local stability only, obviously necessary). Stability is by
no means a straightforward side-result of the estimation of the response: it may happen that a
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computed response is unstable (although the numerical process converged). Determining stability
of the computed response is hence crucial, it has retained a lot of attention and some methods are
indeed even implemented [STA, CSOT16, Sualb, SQ02].

The initial motivation of this thesis is the mathematical framework to determine stability of a
given response as computed by these CAD tools. We hope to provide some mathematical insight.

The stability question

Let us now say a work about the model of the circuit, examine what the response for a fixed
harmonic/periodic/sinusoidal signal is, and state the stability question more precisely. Without
transmission lines, the equations of a circuit composed of the above mentioned elementary components
are given by a set of ordinary differential equations (ODEs), hence a model with an finite dimensional
state; this case is reviewed in Chapter 1. Taking the lines into account, as in most of this thesis,
leads, on the contrary, to a model with an infinite dimensional state, containing for instance currents
and voltages distributed along the lines, the model is of a more complex nature, it is a set of
hyperbolic partial differential equations (PDEs) modeling the lines, coupled by ODEs through their
boundary conditions; when the PDEs are lossless Telegrapher’s equations, as always assumed here,
the model can also, thanks to explicit integration of the PDEs, be viewed as a “hybrid” system
including delay equations and differential equations (see (1) below), the state being then more
abstract.

For a given periodic input signal, the amplifier, including the excitation by that signal, can
be seen as a complex periodic time-varying dynamical system, whose state is all the currents and
voltages, possibly distributed in the lines. We are interested in periodic solutions of this dynamical
system, with the same period as the input. As mentioned above, there might be more than one;
without discussing existence or uniqueness, we assume that we are provided with a periodic solution,
i.e. a possible response of the amplifier, obtained numerically, and we need to decide on its stability.
Recall that this stability (i.e. the property that starting from initial conditions close to the solution
leads to remaining close and even to converge to the solution) is certainly a necessary condition for
this solution to be observed in reality: without stability, the observed behaviour may be an escape
to high currents and burn, or convergence to another periodic solution, or actually more chaotic
behavior.

A classical step to determine stability is to linearise the dynamical system around the now
known periodic solution, obtaining a periodic time-varying linear dynamical system, whose (strict
exponential) stability amounts to local stability of the periodic solution. This stability could be
determined by computing Floquet exponents, or the spectrum of the discrete flow pushing the
state one period ahead, but these computations are out of reach, because of the great number of
transmission lines and because the periodic solution we linearise around is only known numerically.
The way around is to analyse this stability in an indirect manner, through an auxiliary linear
input-output system that relates a fictitious input to a fictitious output and whose dynamics (drift)
is the considered time-varying linear system; the input is for instance a current added between two
points and the output the measurement of some voltage, in the linearised circuit. The point that
makes this construction relevant is that this fictitious input-output system can be made real for the
CAD tool, and this tool can compute its frequency response, that in turn may be used to assess the
desired stability.

To describe the way one uses this frequency response, let us make, for a while, a simplifying
assumption, that occurs for instance if the periodic signal to be amplified is the zero signal and
hence the periodic solution is simply an equilibrium point: we assume in this paragraph that the
the linear input-output system is time-invariant. Its frequency response is then simply the value on
the imaginary axis of its transfer function. Determining stability from the knowledge of the transfer
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function on the imaginary axis led to a large literature from a theoretical or numerical viewpoint. It
is well known that, provided that the auxiliary input-output system is controllable and observable,
the spectrum of the operator defining the linear dynamics is the locus of singularities of the transfer
function, so that local exponential stability of the origin for the linear dynamical system occurs if
and only if the transfer function has no singularity in the right half plane (see [PW97]). It has been
proven in [BCC™ 18] that the transfer function is meromorphic for such time-invariant systems, even
in the presence of transmission lines; this legitimates the use of rational approximation to determine
the possible unstable poles, all the more so as the same reference also proves that there are at most
a finite number of such poles in the right half plane if the system is “dissipative at high frequency”,
which is the case of any realistic circuit. Rational approximation methods are not in the scope of
this thesis, we only make a rough sketch in Section 1.5 (Chapter 1), but we retain the principle
that a method that amounts to find poles of a function in a domain where it is meromorphic is
feasible. Modulo this principle, one now sees how to determine stability in the case of an equilibrium
point, leading to a time-invariant linear approximation. The two ingredients that make this method
(use of an auxiliary input-ouptut system, estimation of the transfer function of the imaginary axis,
rational approximation) workable are on the one hand that stability is captured by the location of
the singularities of the transfer function and on the other hand that the part of the singularities
that have to be identified to decide stability are poles, so that rational approximation is relevant.

Let us go back to the more general case of a periodic excitation creating a periodic solution,
leading to a periodic time-varying linear approximation and an auxiliary periodic time-varying
linear input-output system. There is a generalisation of the concept of transfer function to these
latter systems, it is called harmonic transfer function (further denoted HTF). It was introduced
rather recently [Wer90] in the context of circuits, it is not very well known in the control theory
community, probably because time-varying linear systems have retained little attention. Since it
is a central object in the thesis, we define it with some care, for finite-dimensional systems (i.e.
neglecting transmission lines) in Chapter 1, for an example (with lines) that we treat extensively in
Chapter 2, and in general in Chapter 6. Its definition is based on the Fourier development of the
system. The HTF is a more sophisticated object than the usual transfer function: instead of a single
function of the complex variable, it is an infinite matrix with square integrable lines, whose entries
are analytic function of a complex variable, analytic in some domain of the complex plane, or it can
also be seen as an operator valued (operators I2(Z) — [2(Z)) function of the complex variable. The
values on the imaginary axis of the coefficients of this infinite matrix also derive from the frequency
response computed by the CAD tool. This suggests a similar route as the one we just described
for time-invariant systems. However, to complete the analysis, the two “ingredients” mentioned
at the end of the previous paragraph have to be provided in the case of periodic system too. On
the one hand, we have to link the local stability of the periodic solution with the singularities of
the harmonic transfer function, or of the entries of the infinite matrix than encodes it. On the
other hand, we have to determine what the structure of the HTF is and wether this operator is
meromorphic or not on the domain that matters for stability, namely the right-half plane, in order to
apply, for instance to a few entries of the infinite matrix defining the HTF, rational approximation
algorithms as discussed in Section 1.5. The arguments given in [BCC' 18], based on complex valued
function analysis, are not sufficient anymore when we consider the harmonic transfer function; in
fact, as mentioned above, the HTF takes its values in a complex Banach space and the theory for
these objects is less tractable than for complex functions. Solving the problem will lead us through
the theory of the delay systems, functional analysis via a compact perturbation argument, the
Lyapunov functions and a constant back and forth between time-domain and frequency-domain.
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Mathematical point of view, models, summary of contributions

Let us move to a more mathematical viewpoint to describe our work in more details. Each lossless
transmission line is modeled, in this thesis, by a Telegrapher’s equation. An amplifier is a directed
graph where the edges are the lossless transmission lines and the nodes are composed of the active
nonlinear components and the passive components. Under the assumption that at each node we can
express all the currents and voltages in function of the voltages of the condensators, the currents of
the inductors and the currents of the lines which arrive at this node, the resolved form of these 1-D
hyperbolic equations leads to the following type of periodic nonlinear “hybrid” delay system (this is
detailed in Chapter 3):

{ Wl — f(t,2(t), y(t), y(t —71), - y(t — 7)) 0
y(t) = g(ta y(t - 7_1)’ ce >y(t - TN)’x(t))

where f and g are obtained through the implicit function theorem from implicit equations, we
neglect this difficulty and assume these maps reasonably smooth. This assumption is systematically
made in electronic engineering, the justification is not immediate for singularities in the equations
may occur, see for instance [Sma72|, but it seems that algorithms in the CAD tools would not
manage to find periodic solutions going through these singularities.

We assume that System (1) admits a periodic solution (Z(¢),7(t)) and we are interested in local
stability of this periodic solution. Linearising System (1) around this periodic solution yields a
linear time-varying system:

W) — Ay (6)a(t) + 3 B Oyt — ),
N i=0 2)
y(t) = i; B2(t)y(t — ) + As(t)x(t),

where the smoothness of the functions of time depend on the smoothness of f and ¢ and on the
smoothness of the periodic solution.

Under adequate smoothness assumptions, we prove in Chapter 6 that the periodic solution
((t),7y(t)) of System (1) is locally stable if the origin of the linearised system (2) is exponentially
stable. Thus local stability is reduced to exponential stability of the linearised system. We also
prove that we have this exponential stability if and only if the monodromy operator of System (2)
has its spectrum strictly inside the unit disk, the monodromy operator being the operator which
integrates the solution one period ahead. These preliminary results are classical but needed technical
adaptation. The core of the thesis is devoted to describing this spectrum in relation with the
singularities of the HTF (Harmonic Transfer function, introduced above) of some input-ouptput
system. Let us keep in mind that the spectrum of an operator defined on an infinite dimensional
Banach space is usually more complicated than a finite set of eigenvalues.

One step in that direction is to consider the “high frequency limit” of System (2), that puts to
zero the x component and leads to the following periodic linear difference delay system:

N
2(t) =) Bi(t)z(t — ). 3)
i=1

For circuits, the behavior of the system at high frequency means that, the condensators become
wires and the inductors become open switches. This is of help for two reasons.

o On the one hand, we prove (see Chapters 2 and 6) that the monodromy operator of System (2)
is a compact perturbation of the monodromy operator of System (3). So, if one proves
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exponential stability of (3), i.e. if one proves that the spectrum of the monodromy operator
of (3) is contained in a disk of radius strictly less than 1, this establishes that the spectrum of
the monodromy operator of System (2) is composed of a finite number of eigenvalues outside
a disk with radius strictly less than one and some part of that disk, that we do not have to
describe because it does not impair stability.

o On the other hand, exponential stability of difference delay systems of the type (3) is studied
in a detailed manner in Chapters 4 and 5. The literature on such equations is really scarce in
the time-dependent case, we believe that the material in these two chapters has an interest
beyond microwave circuits, but in any case they prove that exponential stability holds for
these systems, i.e. for (3), under a passivity property that is always, implicitely or explictely,
assumed in electrical engineering.

The fact that any real life circuit, like an amplifier, is passive, or dissipative, at high frequency
roughly means that, although active, the circuit does not inject energy in high frequency
enough signals. When making a “theoretical” circuit out of ideal diodes, transistors, capacitors,
inductors and lines, one may easily come up with a circuit that does not have this property,
hence is not “real life”. Assuming this property for our models amount to not forget to add
some small capacities or inductances or resistances here and there, to make “ideal” elements
more real. Dissipativity is also a well known idea in mathematics to study the stability of the
systems [BC16, Wil72, BLME(07, TGTN*07, Will13].

Since high frequency passivity is always assumed, this closes the needed description of the
unstable part of the spectrum of the monodromy operator of (2), now known to be composed of
isolated eigenvalues only.

The last point needed in the process, and addressed by the thesis, is to link the unstable part
of the spectrum of the monodromy operator with the unstable singularities of the HTF of the
input-ouptut system obtained by disturbing the circuit represented by System (3) with a current
u and observe the voltage response v; at some node; the resulting input-output system is of the form:

N

W0 = Ay ()z(t) + z Byt — ;) + CL(t)u(t)
y(t) = % B2(t)y(t — 7;) + Aa(t)z(t) + Ca(t)u(t) (4)

=1
ui(t) = S BYOw(t — ) + As(t)x(t) + Ca(t)ul).

for suitable periodic time varying matrices B3(.), As(.), C1(.), Ca(.), Cs(.).

The development of the matrices depending periodically on time in System (4) into Fourier
series and the Laplace transform allow us to better describe the concept of the HTF: it can be
defined as the infinite matrix H(-) function of the complex variable s such that the input and the
output are linked (modulo transients) by

L{v1}(s + iwo) L{u}(s + iwo)
L{v1}(s) = H(s) L{u}(s) : ()
L{v1}(s — iwo) L{u}(s —iwp)
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where wy = 27/T denotes the proper frequency of the system and L£{-} denotes the Laplace
transform:

L{v1}(s) := /OJFOO e St (t)dt,  L{u}(s) = /(J+Oo e Stu(t)dt . (6)

The definition of the HTF will be re-stated and made more precise in Chapters 1, 2 and 6.

Let us briefly state how this thesis links the HTF of System (4) with the monodromy operator
of System (2). Under the stability at high frequency of the amplifier, we are able to prove that
the HTF is meromorphic in some “extended” right half-plane {z € C, R(z) > —a} with « positive,
and that all its poles in that half plane are logarithms of eigenvalues of the monodromy operator
of System (2). This justifies the paradigm that under the stability at high frequency, all unstable
singularities are poles. This is proved into details on a class of examples in Chapter 2 (on this
class of example, system (3) reads z(t) = a z(t — 7) with z scalar real, 7 > 0 and |a| < 1 so that its
stability is not the major problem) and in Chapter 6 for general systems (4). A difficult unsolved
problem is to tell in advance which logarithms will indeed be singularities and which entries of the
infinite matris H(-) do carry these singularities. Partial results are given. The notion of singularities
of this infinite matrix, or of this operator valued function, is subtle.

We describe our contributions in a more detailed way, chapter by chapter, in the next “Plan
and contributions of the thesis”.



Plan and contribution of the thesis

Generalities

Chapter 1 is an overview of the knowledge concerning the Harmonic Balance (HB) techniques, the
Harmonic Transfer Function (HTF) and the link with the local stability for the circuits modeled by
nonlinear ordinary differential equations ([Wer90, Loul4, Sua09, Hal69]). Chapter 1 establishes the
major ideas to study the periodic systems in finite dimension:

e the Floquet theory which sa ys that a linear periodic differential equation is equivalent to a
constant differential equation modulo a periodic change of basis.

o the fact that the local stability is given by the spectrum of the monodromy operator, i.e. the
operator solution that we integrate after one period.

e the variation of constant formula which permits to express the solution of a periodic linear
differential equation disturbed by a pertubation in function of the periodic linear differential
equation itself.

e the Harmonic Transfer Function is an operator valued analytic map, where the values are the
continuous operator from [(Z) to 1?(Z) with [?>(Z) denoting the square summable series.

 the singularities of the Harmonic transfer function are at most the logarithm of the eigenvalues
of the monodromy operator.

o under the classical controllability and observability assumption, if the Harmonic Transfer
Function is analytic in the closed right half plane then the periodic solution is locally stable.

Chapter 2 is devoted to the study of a simple circuit which possesses only one lossless
transmission line. This circuit reduces to a nonlinear neutral differential equation and we follow
the theory that we can find in [HVL93]. The theory stated in [HVL93] deals with the continuous
solutions (space C°) for the neutral differential system. In fact, the theory can be generalized for
the square integrable functions (L? space) and for the absolutely continuous functions with a square
integrable derivative (W4 space). The necessity to use the square integrable functions comes from
the fact that the harmonic transfer function is viewed as an infinite matrix defined on the space of
the square summable series. The absolutely continuous function with square integrable derivative
occurs because, via the resolution of a first kind Volterra equation, the system is controllable on this
space with a square integrable function; i.e. each element of W3 can be reached with an element
of L?. The semigroup theory, a compact perturbation argument and the variation of constant
formula permit to prove that the HTF is a meromorphic operator in the closed right half plane
where the poles are the complex logarithm of a finite number of complex numbers, and if the HTF
is holomorphic in the closed right half plane then the periodic solution is locally stable. Moreover
if we add observability assumptions, the HTF has essential singularities view as a Banach valued
operator in the left half plane when the delay and the period are not commensurable.
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Chapter 3 reduces the network of lossless Telegrapher’s equations with nonlinear differential
boundaries to difference differential equations coupled with nonlinear difference equations. The
result is not new but it seems difficult to find a proper reference in the literature. Moreover, this
reduction is allowed under the assumption that at each nodes of the network, we can express all the
voltages and currents of this node in function of the voltage of the condensators, the current of the
inductors and the current at the end of the lines connected to this node.

Linear time-variant difference delay systems

Chapters 4 and 5 focus on the stability of the linear time-varying difference delay equations. The
literature is relatively large for linear time-invariant delay equations ([CH70, Hen74, HVL93]) but
becomes sparse when the equations are time dependent, where the most complete study can be
found in [CMS16].

Chapter 4 gives a sufficient and necessary stability condition for a periodic linear difference
delay system with continuous Hoélder derivative.

The proof of the sufficiency follows the ideas of [Hen74, BC63]. More precisely, we establish a
variation of constant formula which permits to express all the solutions of the periodic difference
delay system in function of one so called fundamental solution and the initial data. The use of the
Fourier development and the Laplace transform allow us to bound exponentially the variation of
the fundamental solution and we conclude the exponential stability of the system. Contrary to the
time-invariant case, the difficulties come from:

e we have to invert an analytic almost periodic operator a Banach space on a vertical strip and
the theory of the analytic almost periodic complex function does not apply anymore ([Besb4]),

e we have to justify the swapping between the series coming from the Fourier developpment
and the integral coming from the Laplace transform.

The proof of the necessity used in [Hen74, BC63] uses the spectral semigroup properties for time-
invariant difference delay systems. In our case we cannot follow this path because the periodicity.
However we are able to prove the necessity of our stability condition with the use of an input-output
system.

The result is applied to the 1-D hyperbolic equations with continuous Hoélder derivative bound-
aries, equations which are a little more general than the lossless Telegrapher’s equations. We also
give some conjectures for different periodic delay systems, systems more general than the periodic
difference delay system with a finite number of delays that we considered in this chapter.

Chapter 5 undertake the study of the time-varying (not necessarily periodic) linear difference
delay system which comes from a network of lossless Telegrapher’s equations. When the system is
time-invariant, we can find all the classic stability results in [BC16]. The idea of this chapter is to
exploit the equivalence between the L? exponential stability (for the square integrable solution) and
the C exponential stability (for the continuous solution). This result can be found in [CMS16], but
we hope to prove in a slight easier way the same result in Chapter 5. Assuming that the network
dissipates energy at each node, we utilise a Lyapunov function to prove the L? exponential stability
and so the C” exponential stability. In particular, the reasonning permits to give a stability criteria
for the subclass of difference delay system which have the column disjoint.

Hybrid delay systems, harmonic transfer function and application to the circuits
containing lossless transmission lines

Chapter 6 deals with generalities concerning the nonlinear hybrid delay equations, i.e. difference
delay equations coupled with difference differential equations. The results are non-trivial generaliza-
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tions obtained in the periodic neutral differential case in Chapter 2; the results are based on the
establishment of a variation of a constant formula and a compact perturbation argument.

These theoretical results about delay systems are applied to nonlinear electric circuits containing
lossless transmission lines. Under the assumption of the dissipativity at high frequency of each
components of the circuit, we are able to prove that the harmonic transfer function is meromorphic
in the closed right half plane and the poles are the logarithm of a finite number of complex numbers.
Moreover, under controllability and observability assumptions, if the harmonic transfer function is
analytic in the closed right half plane then the periodic solution is locally stable.

The outcomes of this chapter legitimate the harmonic balance techniques and the search of poles
in the closed right half plane via meromorphic or rational approximations under the rather weak
assumption of the dissipativity at high frequency of the circuit.






CHAPTER

Theory of the circuits modeled by
ordinary differential equations

Although the thesis is devoted to active circuits in which the effect of transmission lines is important,
we start with a chapter on the case where this effect can be neglected. The resulting models
are ordinary differential equations rather than a coupling of these with propagation equations, as
described in Chapter 2 for an example and Chapter 3 and further in general. In this simpler setting,
we review here known facts and ideas, but we also show that the mathematical treatment still
contains some challenges and open questions.

The considered circuits contain resistors, diodes (introducing nonlinearities), capacitors and
inductors, as well as a periodic generator that represents a (periodic) signal to be amplified.The
“amplifying” energy is brought by the diodes, that make the circuit active (non conservative).

We first recall how to obtain the equations of such a circuit. We then show that it is reasonable
to assume that these equations have a periodic solution and describe a practical method to compute
an approximation of this solution and of the linearized equations around this solution; the goal is to
determine whether this periodic solution is stable.

Stability of this periodic solution is given by (global) exponential stability of the origin for
the linear time-varying ordinary differential equation obtained by linearizing around the periodic
solution. The most practical way to decide numerically on this stability is to generate the frequency
response of a linear time-varying input-output system obtained by adding a perturbation to the
linearized circuit, produced by an artificial additionnal current in some branch and imagining
the measure of (for instance) a voltage between two nodes; there is some freedom in chosing this
perturbation and this measure.

We describe briefly this process and the resulting linear time-varying input-output system, and
then proceed to introduce the notion of harmonic transfer function, a generalisation of the well-known
transfer function in the time-invariant case, that is not so classical and plays an important role in the
thesis; it is more sophisticated than the transfer function: it is an operator valued (rather than scalar
or matrix-valued) function of the complex variable. We discuss the relation between the singularities
of this harmonic transfer function and exponential stability of the above mentionned time-varying
linear ordinary differential equation. We prove that, if the perturbation and measure have been
chosen so that the input-output system enjoys controllability and observability properties, the zero
solution of the linear time-varying ordinary differential equation is exponentially stable if and only
if the harmonic transfer function is holomorphic in the right half plane. Since it can be proved
to be meromorphic in general, this justifies existing methods that apply rational approximation
to a finite number of values of the frequency response of the input-output system (computed by
Harmonic Balance methods) to locate poles. Here a discussion takes place on the fact that one
only locates poles of coefficients in a Fourrier expansion of the Harmonic Transfer Function and
not of the Harmonic Transfer Function as an operator value function. We also discuss rational
approximation in this context.
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1.1 Equations in finite dimension

We consider in this chapter the simplest nonlinear circuits that we can have, ie a circuit made of
with two kind of electronic components : dipoles (inductors, capacitors, resistors and diodes) and
transistors. More precisely :

i. A dipole, also called a branch [CC98], is an electronic box with 2 terminals, labeled 1, 2, such
that the current through the box, oriented from 1 to 2, is related to the potentials V7, V5 at
the terminals by a linear, nonlinear or differential form. Elementary dipoles considered in this
thesis are the following (see Figure 1.1):

o Ideal resistor, with :
v, = Ri,, (1.1)
where R > 0 and v, = V5 — V4.
e Ideal inductor, with L% =, L>0,v=Vy,— V.

e Ideal capacitor, with C’d;tﬁ =, C >0, v.= Vo — V.
o Ideal diode with :

va = f(ia) (1.2)

where f is a function and vg = Vo — V4. In a circuit with a periodic solution, the ideal
diode is often approximate by its linearization around the periodic trajectory which leads
to the equation :

vg = R(t)igq, (1.3)

where R(t) is a periodic function (possibly negative).

o Ideal periodic voltage generator :

v(t) = p(t), (1.4)

where p(+) is a C* periodic function and v = V5 — V.

7. A transistor is typically modeled by a controlled current source, usually combined with some
resistors and (non-linear) capacitors. After linearization the latter become ordinary capacitors,
so we are left to describe the current sources and their linearization. A controlled current
source has 3 terminals. When the transistor if a Field Effect Transistor (FET), these terminals
are called gate, source, and drain, denoted respectively by G, S and D (see Figure 1.2). Their
behavior is described by a relation of the form :

ip = f(vgs, vps) and ig = h(vas, vps), (1.5)

where f, h are a non-linear real-valued function and vgs = Vg — Vs, vps = Vp — Vs. As in
the case of diodes, this simple model assumes no inductive nor capacitive effect, as f and
g only depends on vgs, vps and not on their time derivatives, nor on the derivative of ip.
Moreover the function f are increasing in both variables. Like the diode, we will often consider
linearized transistor. In a circuit with a periodic solution, the ideal diode is often approximate
by its linearization around the periodic trajectory which leads to the equation :

ip = gm(t)vas + ga(t)vps and i = gm(t)vas + ga(t)vps, (1.6)

where g, (t), 94(t), gm(t) and g, (t) are periodic functions. And g,,(t) and g4(t) are strictly
positive with the assumption on f.
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Elementary dipoles
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Figure 1.2 : Controlled current source.

The components defined in 7 and i are put together to form a connected graph and we call
this object a circuit. In a circuit, The link between the currents and the voltages in the circuit is
given by the Kirchhoff law, ie the current arriving at each node is equal to the current leaving the
node and the directed sum of the voltages around any closed loop is zero. We are interested to
obtain the equations which governs the behavior of the circuit. Given a circuit, if we assume that
all the voltages and all the currents of the circuit can be reconstructed from the knowledge of all
the inductors’ currents and the capacitor’s voltages in the circuit thus the circuit is modeled by a
nonsingular ordinary differential equation (result due to Brayon-Moser [BM64]). We have in the
same way that if there exists some currents and some voltages which can give all the currents and
voltages in the circuit, then the equations of the circuit are (possibly singular) ordinary differential
equations (see chapter 10 of [HS74]). The more general result on the structure of the equation of
such circuits has been proved by S. Smale ([Sma72]). He proved that these circuits are generically
differential equation on a real submanifold.

Theorem 1.1 ([BM64]). Noting by abuse of notation all the inductors current i; and all the
capacitors voltage ve of the circuit and assuming that all voltages and currents in the circuit can be
expressed by i; and v., then there exists two functions h; and h. such that :

di;

¥ = hl(t7il)v6)7
di (1.7)
e i)
dt — fe\by 2, Ue)-

Moreover h; or h. have the minimum reqularity of the functions in equations (1.2) and (1.5).

Theorem 1.2 ([SmaT72]). Assuming that all voltages and currents in the circuit can be expressed
by x € R™ which is a vector composed of some currents and voltages of the circuit (n is equal to the
number of capacitors and inductors), then there exists two functions f and g such that :

df (t, x(t))

S — gt (t). (18)

Moreover f or g have the minimum reqularity of the functions in equations (1.2) and (1.5).

Remark 1.3. Theorems 1.1 and 1.2 stated here are a weaker version than the originals. In fact,
the function hy, he, f and g are a particular structure (almost like an Hamiltonian System) but we
do not take advantage of this more precise information in the rest of the thests.
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1.2 Harmonic Balance Approach to compute a periodic solution

We consider an amplifier with a periodic signal which has to be amplified and we sketch how the
electronic engineers, through the Harmonic Balance Approach, approximate the amplified signal.
Our exposition of the method is a bit mathematical compared with standard electronic textbooks
(see for instance [SQO03] and [Sua09]), which is why we start with the formal assumptions below that
make our account meaningful :

i. the circuit contains one and only one ideal periodic generator with a period T,

ii. the functions (1.2) and (1.5) associated to the nonlinear elements of the circuit (ie diodes and
transistors) are at least of class C*,

771 the assumption of Theorem 1.2 is verified; hence,

df (t, x(t))

o =g(t,z(t)), t >0, (1.9)

where f and g are at least C* and T-periodic in their first variable, while z € R™ is a vector
composed of certain currents and voltages in the circuit.

iv. the system (1.9) has a T-periodic solution T, forced by the periodic generator, which does not
meet a singularity of (1.9), ie d2(¢,Z(t)) is invertible for all ¢ real.

The periodic generator in assumption 4. represents the signal which has to be amplified. Assumption
1i. is important because justifying the Harmonic Balance method mathematically requires some
smoothness. Assumption ¢ii. allows us to express the equations of the amplifier. Among electronic
engineers, it is commonly accepted that for almost all active circuit of interest there exists a periodic
solution; i.e., that assumption #7¢¢. holds. However, from a mathematical point of view, this is not
obvious and it would be interesting to prove theorems on the generic existence of periodic solutions
for such circuits. It has to be noted that under a kind of dissipativity assumption at high frequency
(see equation (1.10) below), one can prove the desired existence via the Brouwer fixed-point theorem

Theorem 1.4. Denote (,) (resp. ||-||) the scalar product (resp. Euclidean norm) on R™. Assuming
that f(t,z(t)) = x(t) in the system (1.9) and that :

(z,9(t,2)) <0, (1.10)

for all t real and all x such that ||z|| > k for some fized k > 0, then the system (1.9) admits at least
one periodic solution of period T'.

Proof. The equation (1.10) permits to prove that all the solutions of the system (1.9) are bounded
and then the Brouwer fixed-point theorem give the result (see [SC64] p.366). O

The assumption (1.10) is always true for realistic circuits. In fact, the realistic diodes and
transistors have capacitive and inductive effects and so have just resistive effects at high frequency.
Hereafter we do not discuss further the existence of a periodic solution, and we take it for granted.
The Harmonic Balance method seeks an approximation of a T-periodic solution to the system
(1.9). However, surprisingly perhaps, there may exist periodic solutions to system (1.9) with a
period different from 7" (see [CGM16]). It is clear that under our regularity assumptions, a periodic
solution 7 is of class at least C3.

Let us quickly go through the method to compute an estimate of a truncated Fourier series of
the periodic solution, following loosely the exposition in [Sua09]. The idea of this method, called
harmonic balance, is simple and can be summed up as :
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e using the Laplace transform, we convert the time domain into the frequency domain,

o we develop the periodic system in Fourier series and to truncate these series,

e we solve for the truncated Fourier coefficients using a numerical fixed point method.

More precisely :

7. We note

2T
Wo 1= = (1.11)

the proper frequency of the system. We take the Laplace transform of the system (1.9)
evaluated in T for s € C with strictly positive real part :

sCLf(E, (1)) }H(s) = L{g(t, (1))} (s), (1.12)

where

L{f(t,z(t))}(s) = 0+°° e SUf(t,z(t))dt and L{g(t,T(t))}(s) := 0+°° e Stg(t,T(t))dt.(1.13)

Note that the Lapace transforms are well-defined for R(s) > 0 since f(¢,Z(t)) and g(t,Z(t))
are C3-smooth and periodic, and hence, are bounded.

We develop the periodic solution Z(¢) in Fourier series :

T(t) = ijeijwot,where T = %fOT Z(t)e 4wotdt Vi € Z. (1.14)
JEZ

From now on we identify the function T with its Fourier series and putting the Fourier
expression of Z(t) in f(t,Z(t)) and g(t,Z(t)), we obtain :

f&,z(t) = f(t, > fjeij‘”‘)t) and g(t,Z(t)) = g(t, > TjeijWOt). (1.15)
=/ i€l

Setting X := (--- ,T_1,T0,T1, - - ) and expanding f(¢,Z(t)) and g(¢,Z(t)) in Fourier series, we
obtain on using the equation (1.15):

ft,z(t) = ij(Y)eij“’Ot,Where (X)) = %fOT ft, 3 mjetkent)eidwotdt i € 7,

g(t,z(1)) = Y g;(X)e 0! where g;(X) := 7 [§ g(t, . Fpehot)emi0ldt, Vj € (@.16)
jez. kEZ

Replacing (1.16) in (1.12), integrating termwise the Fourier series which is permitted because
of the regularity of the periodic solution, we can remark that the equation (1.12) has a
meromorphic continuation for R(s) < a where a is a strictly negative real where the only poles
are in s = ikwy for all k € Z. Evaluating the system (1.12) in each frequency s = ikwy for all
k € Z, we obtain the following infinite system :

(ikwo) f1r.(X) = gp(X), for all k € Z. (1.17)

The equation (1.17) symbolizes the fact that the numerator of the partial fraction decomposition
of each side of the equation (1.12) are equal. The equation (1.17) can be interpreted like the
behavior of the system (1.9) on the multiple of the proper frequency.
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We truncate the system (1.17); i.e. wefix N € Nandnote Xy = (T_n, -+ ,T_1,T0,T1, " , TN )
and we consider the system :

(ikwo) fr(X ) = §u(Xn), for all k € [-N,--- | N], (1.18)

Q¢

where

T / f f zgwot)e—ikwotdt,

ik = / Z T e iwot) gikwot gy (1.19)

Noting fi = (ikwo)f — gi for k € [=N,--- ,N] and fn = (f-n,---, fn)* where the * denote
the transposition, we can rewrite the system (1.18) as :

In(XnN)=0. (1.20)

The truncation transforms the infinite equations with an infinite number of unknowns (1.17)
in 2N + 1 equations with 2N + 1 unknowns and we have just to determine a solution to a
nonlinear equation in finite dimension. In practice, the solution of the system (1.20) is obtain
via a numerical approximation.

771. Determining an approximation of T can be done by performing a fixed point Newton method.
In fact, the Jacobian in (1.20) is easily computed: noting daf (resp. da2g) the derivative with
respect to the second argument of f (resp. g), we have that the Jacobian of fN at the point
Xy is equal to

Diag(—iNwo,--- ,iNwo) Lo, r,N — Loyg,N, (1.21)
where for h equal to f or g, we have :
~ 1 T ijwot z n—k)wot
{Lagh,N(XN)}kne[FN N T/o z Tje dt (1.22)
’ ’ jE—N

and
Diag(—iNwy, - ,iNwy) is the diagonal matrix with diagonal (—iNwy, - ,iNwy). (1.23)

The knowledge of the Jacobian matrix allows one to numerically solve the system (1.18)
efficiently through a Newton method, and thus to obtain an approximation of the Fourier
coefficient of the periodic solution .

To conclude, the harmonic balance method permits to approximate the periodic solution T via the
approximation of a finite number of its Fourier coefficient. From now, we assume that the harmonic
balance has been performed and thus we consider that the approximation of the periodic solution T
via its Fourier coefficients is the knowledge of the exact solution of the system.
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1.3 Stability and monodromy operator

Assuming that we have calculated the periodic solution T by Harmonic Balance, we want to know if
it is "physically observable". In fact, it is possible that after the physical construction of the circuit,
the periodic solution calculated by Harmonic Balance does not occur because of the variability
of the electrical components of the circuit. So to ensure that the periodic solution calculated by
Harmonic Balance appears in a real electrical circuit we need to ensure that the periodic solution is
stable under the variability of the electrical components of the circuit. In mathematical terms, to
be locally stable means that if we consider a solution of the circuit x which starts near the periodic
trajectory thus this solution convergence exponentially to . The classical way to determine the
local stability is to linearize the system (1.9) around the periodic solution and to prove that the zero
of the linearized system is exponentially stable. For a linear periodic system the zero exponentially
stability is given by the eigenvalues of the monodromy operator, ie the operator which integrates
a solution during a period T'. All the following theorems and definitions can be found in a lot of
classical books on ordinary differential equation (see [Hal69] for example).

Definition 1.5 (Exponential Local Stability). We say that the solution T of the system (1.9) is
exponentially locally stable if there exists § > 0 such that there exists a K and ~y strictly positive
such that :

12(0) =T (0)[|2 < 0 = |lo(t) — T(t)||2 < Ke ™™, (1.24)
where z is a solution of the equation (1.9).

To study local stability, we linearise system (1.9) around the periodic solution calculated by
harmonic balance which does not pass through a singularity :

L) = Aty(r), 20, (1.25)

where A(-) is a n x n periodic matrix at least C2.

Definition 1.6. The system (1.25) is said exponentially stable if there exists K > 0 and v > 0
such that :

ly(@®)]l2 < Ke™, t>0. (1.26)

Proposition 1.7. If the system (1.25) is exponentially stable then the solution T of the system
(1.9) is locally stable.

We introduce the fundamental solution X (¢,7) which checks :

d
ZX(T) = ABX(ET), t=T (1.27)

X(r,7) = Id, forall T € R, (1.28)
where Id is the n X n identity matrix. The fundamental solution is central in the following of

this chapter. First of all, the fundamental solution contains all the solution of the system (1.25)
because of :

y(t) = X(¢,0)y(0). (1.29)
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Moreover the fundamental solution contains entirely the stability information of the system
through the monodromy operator and the theory of Floquet, and it permits to link the solution of
the system (1.25) that we disturb by a function h € L} ([0, +oo[,R") :

loc

Ly(t) = Alty() + (1), £ 0 (1.30)

with the system (1.25).
These considerations are summed up in the following theorems and definitions :

Definition 1.8. The monodromy operator of the system (1.25) is the operator X (7', 0).

Proposition 1.9. The system (1.25) is exponentially stable if and only if the spectrum of the
monodromy operator is strictly included in the unit disk.

Theorem 1.10 (Floquet). The fundamental solution has the form :
X(t,7) = P(t)e?""P(r) (1.31)

where P(t), Q are n x n matrices with P invertible, P(t +T) = P(t) for all t, and Q constant.
Moreover, putting z(t) = P(t)y(t) we have that z check the equation :

dz
~Z =0 1.32
dt = (1.32)

and the zero of the system (1.25) is exponentially stable if and only if the eigenvalues of the matriz
Q are in the open left half plane.

Theorem 1.11 (Variation of constant formula). We have :
t
y(t) = X(6,0)y(0) + [ X(t.T)(r)ar (1.33)
0

1.4 Input-output system and Wereley’s Harmonic Transfer Func-
tion matrix

By Proposition 1.9, the local stability of system (1.25) depends on the eigenvalues of the monodromy
operator X (7,0). From a numerical analysis point of view, we could perform time-domain analysis
in order to approximate the monodromy operator and its eigenvalues for the system (1.25). This
strategy is possible when looking at periodic differential systems but fails when looking at circuits
containing transmission lines. Indeed such circuits induces delays effects, and because of the large
number of components of the circuit and the periodicity of the system, the discretization time step
become to small to be able to provide computation in the time domain. Since the main subject
of this thesis is to deal with periodic differential systems coupled with transmission lines, we do
not detail such numerical methods. The harmonic balance method is entangled with frequency
analysis and we give quickly the numerical methods in the frequency domain through a fictitious
input-output system which permits to approximate the eigenvalues of the monodromy operator
(1.25). Obviously it requires a back and forth between the time-domain and the frequency-domain.

To introduce the frequency stability methods, we disturb the linearized circuit by a small source
of current u € L2 ([0, +oo[, R) at time zero, where L? ([0, +oo[, R) is the space of square integrable

loc loc
function on each compact, and we obtain the voltage response to this current perturbation :
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Ly(t) = A(t)y(t) + B(t)u(t) (1.34)
2(t) = C(t)y(t) + D(t)u(t), t >0, '

where A(-), B(-), C(-), D(-) are n x n, n x 1, 1 x n and 1 x 1 T-periodic matrices, at least C?. Thus
we have an input-output system, called a linear time periodic system, where the output is for the
instance considered to be zero for ¢ strictly negative. When the system (1.34) is time-invariant we
can take Laplace transforms and express in a simple way via the transfer function the output in the
frequency domain in terms of the input in the frequency domain. For the periodic case, we can
proceed in the same way after developing the system (1.34) in Fourier series. This leads to the

Wereley harmonic transfer function matrix. Apparently, it initially occurred in the thesis of Norman
Wereley (see [Wer90]).

Another way to recover the harmonic transfer function is to write the output as a convolution
operator applied to the input. The kernel of the convolution is periodic and can be developed in
Fourier series. Performing a Laplace transformation, we obtain the harmonic transfer function
which is an infinite matrix linking frequency domain outputs to frequency domains inputs. One can
prove that the singularities of the harmonic transfer function has just poles. Moreover the poles
are among the logarithms of the Floquet exponents. Since we deal with an input output system,
we can “lose” poles because of a lack of controllability or observability. However, the link between
the observability or controllability and the missing poles in the harmonic transfer function, has
apparently not been studied much, even for linear periodic dynamical system in finite dimension.

1.4.1 The time-invariant constant case

To introduce Wereley’s Harmonic Transfer Function Matrix for periodic systems, we start by recalling
some results about linear time independent systems which can be found in classical books of control
theory (see for example [Son98| or [PW97]). We consider an autonomous system :

Su(t) = Ay(t), y(t) €R", A € Coun(R) 20, (1.35)
We know that the zero solution of the system (1.35) is exponentially stable if and only if the
spectrum of the matrix A is in the open strict complex left half plane. Consider now an input-output
system :

#y(t) = Ay(t) + Bu(t) (1.36)
2(t) = Cy(t) + Du(t) ,t > 0. '

Taking the Laplace transform in the system (1.36), we obtain :
L{z}(s) = H(s)L{u}(s) (1.37)
with
H(s):=C(sl, —A)™'B+D (1.38)

and we call this matrix H(s) the transfer function. We already now by definition that the matrix
H(s) is a rational function. Unfortunately, in bad cases, we can lose some eigenvalues of the
matrix A in the function H(s). However if the system (1.35) is observable and controllable (see
Definition 1.12 below for a definition of the observability and controllability), then the singularities
of the matrix H are poles and are the eigenvalues of the spectrum of A. So the singularities of the
matrix H give the stability of System (1.35). Moreover we have the fact that it is a generic property
to be observable and controllable in the class of linear constant system (which is not entirely relevant
when the linear system comes from a linearization of a nonlinear system).
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Definition 1.12. The system (1.35) is said :

e observable, if knowing that the output and the input are zero, then we have y must be
identically zero,

e controllable, if there exists an input u from state yg at time ty to state y; at time ¢; > .

The definition of the controllability and observability is a little too stronger for us purposes, so
we give the following definition :

Definition 1.13. The system (1.35) is said :

o detectable, if knowing that the output z is zero and the input w is zero, then we have y which
tends to zero at the infinity,

o stabilizable, if any initial state can be asymptotically steered to the origin by choosing the
input u appropriately.

Theorem 1.14. Under the assumption that the system (1.35) is observable and controllable, we
have that the singularities of the transfer function (1.38) are exactly the eigenvalue of the matriz A.
Moreover the system (1.35) is exponentially stable if and only if the poles of the transfer function
are contained strictly in the left half plane.

Theorem 1.15. Under the assumption that the system (1.35) is detectable and stabilizable, we have
that the system (1.35) is exponentially stable if and only if the poles of the transfer function are
contained strictly in the left half plane.

1.4.2 Periodic case

We want to apply the same previous reasoning in the periodic case, ie for the system (1.34). We
would like to take the Laplace Transform in the system (1.34). Unfortunately, since the system is
time dependant, we cannot express directly £{z}(s) in function of £{u}(s). However, developing in
Fourier series the system (1.34), we obtain :

0 X fe'e) )
Ly(t)= > ape™rty(t)+ 3 breloktu(t)
k=—o00 k=—oc0
0 . 00 ) (1.39)
()= > eoky(t)+ 3 dpeotu(t)
k=—o00 k=—00

Taking the Laplace transform in (1.39), and swapping Fourier series and the Laplace transform
(it is allowed because of the regularity of the system), we have :

sCluf(s) = 5 arllybs—ika) + 5 bel{ub(s — ikwo)

L{Ms) = 5 ckc{y}(s—ikwo)+k:§ di L{u} (s — k)

k=—00

(1.40)

In the equation (1.40), it is not possible to express directly L{y}(s) because it appears together
with the expressions £{y}(s + ikwp), k € Z. These have to be considered together in the following
way: first define the following infinite vectors:

L{y}(s + iwo) L{u} (s + iwp) L{z}(s + iwp)
Y(s) = L{y}(s) ,U(s) L{u}(s) and Z(s) = L{z}(s) , (1.41)
L{y}(s — iwp) L{u}(s — iwp) L{z}(s — iwp)
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and then write a countable number of copies of (1.40) where s is replaced by s + ikwy, k € Z, to
obtain the following relation between infinite vectors:

{ Dyy(8)Y (s) = LaY (s) + LpU(s), (1.42)

Z(S) = LCY(S) + LDU(S) ,

where D, (s) := Diag(--- ,s +iwo, 5,8 — iwp, - - - ) and
La = (aj-i)ijez, L = (bj-i)ijez, Lo = (¢j=i)ijez and Lp = (dj-i)ijez-

Definition 1.16. The infinite matrix H(s) := Lo[Dy,(s) — La] 'L + Lp is called the Wereley
Harmonic Transfer Function matrix.

We have proved that that the Harmonic transfer function links the input at all the multiple of
the proper frequency of the system with the output at all the multiple of the proper frequency of
the system :

Proposition 1.17. The harmonic transfer function matriz verifies the following equality :
Z(s) = H(s)U(s) (1.43)

According to Equation (1.43), the harmonic transfer function H(s) relates the output at each
frequencies s + % for a fixed k € Z with the input at all frequencies s + 2’;” for all n € Z. In the
autonomous case, we have seen that the transfer function permits to recover the eigenvalues of the

matrix A under some assumption of controllability and observability. The questions that arise are :

o What is the sense of the matrix H(s)? More precisely on which space acts the function ?

e What is the link between the Wereley Harmonic Transfer function matrix in the Definition 1.16
and the monodromy operator X (7°,0)?

Concerning question 1, it seems relevant to consider that the matrix H(s) acts on the space
12(Z) because of the Fourier development of the system. Concerning question 2, it has not been
studied extensively. In fact the only results we have is that the matrix H(s) has at most poles with

the form m(\ll)# with for each ¥ complex which is an eigenvalue of the monodromy operator.

1.4.3 Link between the Wereley matrix and the monodromy operator

Using the variation of constants formula (see equation (1.33)), we can express in the system (1.34)
the output z as a convolution of the input u, where the kernel of the convolution is strongly linked
with the fundamental solution. We sum up these remarks in the following theorem :

Theorem 1.18. The solution z(-) of (1.34) with initial condition z(0) = y(0) = 0 is given by :
t+t
z(t) = X (t, 7)u(r)dr, (1.44)
0

where,

X(t,7)=Ct)X(t,7)B(T)+ D(t)oo(t —7), t > T, (1.45)

and X is the fundamental solution defined in the equation (1.27) and ¢ is the Dirac distribution in
zero.

The kernel X is called the impulse response of the system and satisfies
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o the function t — X (¢,t — 7) is T-periodic for all fixed 7 € R.

e the function t — X (t,t — 7) is at least C? because of the assumption on the regularity of the
periodic function.

o X(t,t —7) and its derivative in ¢ are exponentially bounded, ie there exists K > 0 and v > 0

such that :
T § - o
/0 @X(t,t —s)|lds < Ke'T, (1.46)
for j € [0,1,2] and where || - || is the norm induced by the euclidean norm || - ||2 on R™.
Definition 1.19 (ITF). The function :
+oo
G(t,s) = X(t,t —7)e °Tdr, (1.47)

0

for s € C is called the instantaneous transfer function.

The properties of the ITF are similar to the classical transfer function. We list here the most
important (see [Loul4]) :

o The response to an exponential complex function e is :

2(t) = G(t,iw)e™" (1.48)

o If we consider zero as an initial data, we have :

2(t) = L7HG(t, 5)L{u}(s)}, (1.49)
where £7! is the inverse of the Laplace transform.

Assuming that X (-, —7) is at least C? for all 7 € R and developing in Fourier series the ITF (which
is licit because of (1.46)) :

=Y Gn(s)e™™, (1.50)

neL

putting Hy, n(5) := Gm—n(s + inwp), we have :

L{z}(s + imwy) Z Hy o (s)L{u}(s + inwp). (1.51)
neZ

And we have that if we evaluate the equation (1.51) for s — s + 2”” for all k£ integer :

ﬁ{z}(s‘—i- iwo) <+ Gols —|— iwp) Ga(s — iwp) - L'{u}(s + dwp)

(s)
L{z}(s) =1-- Goi(s+iwg) Go(s) Gi(s—iwg) --- L{u}(s)

L{z}(s — iwo) o Goa(s+iwg) G-1(s) Go(s —iwg) -+ L{u}(s — iwo)

Comparing the equations (1.51) and (1.43), we have that the infinite matrix (Hy, n($))m,nez is the
harmonic transfer function. We denote Ay, --- , A, the eigenvalues of the monodromy operator and
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mq,--- ,m, their multiplicities. Developing @ in its Jordan basis, ie Q = PJP~! where J denote
the Jordan form of (). Thus inserting the Floquet representation (1.31) in the equation (1.45) and
using the block jordan form of ) we have :

X(t,7) = C(t)P(t)Pe’ T P71 P(r)" B(r) + D(t)6(t — 7). (1.52)

Developing C(t)P(t)P, P~*P(r)~'B(7) and D(t), and inserting in (2.65), we obtain :

Cals) = | YD D0 o han + Dy, (1.53)

P B | (s = A\j + kiwg)?

where L. jq and D,, are complex numbers which depend of the Fourier development of C(-)P(-)P,
P7'P(:)7'B(-) and D(-). The equation (1.53) prove :

Theorem 1.20. Each elements of the Wereley matriz is a meromorphic function. And its poles
are included (possibly strictly) in the set of the complex numbers of the form w forallk € Z
and where  is an eigenvalue of the monodromy operator.

Theorem 1.21. Assuming that the system (1.39) is observable and controllable in sense of the
definition 1.12, then for all ¢ an eigenvalue of the monodromy operator there exists n and k two
integers such that Gy (-) has a pole in w

Proof. Let A\, be an eigenvalue of the monodromy operator. Thus the system (1.39) has a solution
which has the form y(t) = v(t)e*! with v(t) T-periodic. Since we assumed that the system is
controllable, there exists a control uy on a finite time ¢; which leads to this periodic solution. Thus
for t > t;, we have that :

2(t) = C(t)v(t)er?t. (1.54)

Since the system is observable, we have that C(t)v(t) is non zero and so the development in
Fourier series of C(t)v(t) admits one non zero element. Thus there exists n’ integer such that
L{z}(A\r + niwg) is equal to the 400 and so we have the result. O

Remark 1.22. Since we can see the linear autonomous differential system (1.35) as a periodic one
with any arbitrary period T', we have that in this case the development of the instantaneous function is
reduced to the unique Go(s) which is the usual transfer function (see equation (1.38))and the wereley
harmonic transfer function matriz is the diagonal matriz (--- ,Go(s + iwp), Go(s), Go(s — iwp),- - ).
Considering a pole of A, A\, then Gy(s) possesses A as pole and it is analytical in X\ + % for all k
non null integer. Thus the controllability and the observability fail to assure that for all n and k two

integers Gy (-) has a pole in w This ascertainment was obvious with the equation (1.53).
In fact, ascertain that for all n and k two integers Gy (-) has a pole in w is strongly related

with the Fourier development of the Floquet and the matrices B(t) and C(t). It would be interesting
to give some conditions to ensure that the previous property is verified.

1.4.4 Approximation of the first column Harmonic transfer function on the
imaginary axis

The harmonic balance method permits to approach the first column of the Wereley matrix or
equivalently to approach the Fourier coefficient of the instantaneous transfer function G(t, s) (see
equation (1.50)) on the imaginary axis. In fact we recall that if the input is of the form e™* then the
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output is of the form G/(t,iw)e™?. Using the Fourier development of G(t,iw) (i.e put the equation
(1.50) in the equation (1.48)), we have that the output z is of the form :

2(t) =Y Gy(iw)e'@ontet, (1.55)

nel

Taking the Laplace transform in the previous equation (1.55) and evaluating in each frequency
iwon + w for all integer n € Z, we obtain :

Z(iw) = H(iw)U (iw), (1.56)

where U(iw) = [--+,0,1,0,---]*.
On the other side, we have the system (1.42) evaluated in iw :

D, (iw)Y (iw) = LAY (iw) + LU (iw) (1.57)
Z(iw) = LcY (iw) + LpU (iw)
Fix N a positive integer and consider the truncated system :
DwO,N(iw)YN(iw) = LA7NYN(Z'W) + LB7NUN(Z'W) (1 58)
ZN(iw) = chNYN(Z'w) + LD’NU(iw)

Where Uy (iw) = [0,---,0,1,0,---,0]* is a vector column of size 2N + 1. Making the assumption
that the matrix D, y(iw) — L4 n is invertible, we have :

Zn(iw) = Loy (Dwy n(iw) — Lan) " Lp nUn (i), (1.59)

and we have that Zy(iw) is an approximation of the first column of the wereley matrix thanks to
the equation (1.56).

1.5 Rational approximation

In the previous Section 1.4.4 we saw how the harmonic balance method permits to compute the
first column of the harmonic transfer function on the imaginary axis. We assume here that we
know the G (s) on all the imaginary axis for k € [| — N, N||, i.e. we have G(iw) for all w real
and k € [| — N, N|]. How to recover the unstable poles of the Wereley matrix with this data? The
Theorem 1.20 states that the G (-) are meromorphic functions. There exists a large literature to
recover a meromorphic (or rational) function on all the complex plane from the knowledge of the
function on the imaginary axis via rational approximations. We cite the following non-exhaustive list
of papers or thesis which deal with this kind of problem [PB04, PGZC88, MP99, Sual5, AACT10,
BS02, SQ03, Sua09, JPAT01, Bar87, BCT16, PMP99, YL97, HM98, CC98].

Even so far, the more natural way to approximate the meromorphic function G (-) on the complex
plane would be to perform rational approximation techniques with a high order. Unfortunately,
this strategy is not entirely satisfactory because it might create spurious poles [Stad8] (see also
[GS92]) which could be misleading to determine the stability [AACT10]. In order to overcome this
problem [AACT10] proposed to divide the complex plane in small vertical band and to perform
a rational approximation on each one. This algorithm is commercially available in STAN tool
[STA, DGSP*12, MISPM13].

We present too succinctly a method due to Cooman and al (see [CSO'18]). The Hardy space
H?(C™) is defined as the set of all functions g defined on C* such that :

e Vz € CT, g is holomorphic at z
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o supy>o [T g(z + iw)[Pdw < +oc.

We have the decomposition :
L*(iR) = H*(CT) @ H*(C"), (1.60)

If we suppose that the system has not a pole on its imaginary axis, we have that each element Gi(-)
for k € [| — N, N|] are in L?(iw). So to find the unstable poles, we project in a good basis the Gy(s)
for k € [| — N, N|] and we perform a rational approximation algorithm to find the unstable poles.
Obviously, if we perform the result for N larger, thus the result is more accurate (see [CFR116]).
Unfortunately this way to determine the stability is strongly correlated to the assumption that there
is a "small" k and n such that G, (-) has a pole in w for each ( eigenvalue of the monodromy

operator and it is not obvious it is always the case (see Remark 1.22).

1.6 Conclusion

We gave the heuristic method of harmonic balance for the circuits modeled by ordinary nonlinear
differential equations and how the harmonic balance method coupled with the rational approximation
permits to determine the local stability of a forced periodic signal by a periodic signal entry. In
practice, only few (G),) computed and a rational approximation is performed. We saw that the
classical concepts of controllability and observability lead to the fact that at least one G possesses
the pole z;; and hardly more because the example of the equilibrium case. An interesting question
is then :

 For fixed j, which z; is a pole of which G,,?

To answer to this question, it seems necessary to introduce a stronger concept of observability and
controllability, maybe using the controllability and observability on the harmonics. In fact, with the
formula (1.53) it seems strongly correlated to the fact that Fourier development are always non-zero.
We do not give an answer to that question in this thesis.
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A simple circuit containing one
lossless transmission line

We resume the path followed in Chapter 1 for a simple circuit which possesses a lossless transmission
line modeled by a lossless Telegrapher’s equation and a periodic solution. Since the Telegrapher’s
equation is a linear differential equation in the frequency domain, we show how the harmonic balance
technique of Chapter 1 is applied on this simple circuit.

We have that the problem reduces to a neutral delay system and we prove some facts, on this
specific example, which are less obvious than for the ODEs system. In fact, these kind of equations
are infinite dimensional and we need to define functional spaces on which the system occurs. We
use the square integrable functions (L?), the continuous functions (C') and the absolute continuous
functions with a square integrable derivative (W3); and we prove that the convergence is equivalente
for these spaces.

The monodromy operator of a neutral system is related, via a compact perturbation, to the
monodromy operator of a scalar difference delay system. On this simple example, we are able to
compute exactly the spectrum of this last system, thanks to the spectral semigroup theory. So we
are able to give the spectrum of the monodromy operator of the neutral system. More precisely the
spectrum is composed of a finite number of eigenvalues outside a disk of radius strictly less than
one and, when the delay is commensurable with the period, there is a disk of spectrum elements.

The discretization of the system permits to link the spectrum of the monodromy operator and the
harmonic transfer function (HTF). Since we are able to prove controllability and the detectability on
the W functions, the harmonic transfer function is then a meromorphic operator in the closed right
half plane where the poles are the complex logarithm of eigenvalues of the monodromy operator, and
if the HTF is holomorphic in the closed right half plane then the periodic solution is locally stable.
Moreover, under observability assumption, the HTF has a vertical line of essential singularities
view as a Banach valued operator in the left half plane when the delay and the period are not
commensurable

2.1 A simple circuit

We consider the following simple circuit due to Brayton [Bra67].
It contains the following elements :

o A voltage generator, that delivers a tension p(t), assumed to be smooth, and periodic with
period T > 0, with respect to time. This represents the periodic signal to be amplified.

o An active nonlinear element, namely a diode with characteristic i = g(v), where v is indicated
on Figure 2.1 and ¢, is the current through the diode in the indicated direction. The map g is
assumed to be smooth.
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i1=g(v)Y¥Y Ci=— |n

Figure 2.1 : Nonlinear circuit containing a lossless transmission line

e A resistor R and a capacitor Cj.

o A lossless transmission line ("LIN" on Figure 2.1). Its model is described below by a "Telegra-
pher’s" PDE, whose boundary conditions are described by i,v,%9 and vg. It is a linear but
infinite dimensional element. It has two normalized characteristic numbers : L and C.

We introduced the following data :

R,C1, L,C are positive numbers
p(+), g(-) are elements of C¥(R,R), k € N, k > 3.

The lossless transmission line is modeled by the telegrapher’s equation :

(18-t

t T (2.3)
ov _ _ 0

% --%.

where ¢ and v are functions of (z,t) €]0,1[x]0, +oo[ and the boundary conditions at x = 0 and

x = 1 are given by the Kirchhoff laws :

{ p(t) — v(0,t) — Ri(0,¢) =0 (2.4)
C1%(1,1) = i(1,t) — g(v(1,1)).

2.2 Harmonic balance approach

On this circuit, the harmonic balance technique of the Chapter 1 can be applied. We take the
Laplace transform with respect to time in the equations (2.3) and (2.4). Noting P(s) := L{p(-)}(s),
Vs, ) := L{v(z,)}(s), I(s,2) := L{i(z,)}(s), Vo(s) := L{v(0,)}(s), Vi(s) := L{v(,-)}(s),
In(s) := L£{i(0,-)}(s) and I1(s) := L{i(1,-)}(s), we obtain the following equations in the frequency
domain where we assumed that the derivatives and the Laplace transform can be permuted, and
£~ denotes the inverse Laplace transform:

{ 9.V (s,x) = —sLI(s,x) (2.5)
0. 1(s,x) = —sCV (s, ),
and
{ Vo=—IR+P (2.6)
I = L{g(L~H{Vi})} + sViCh.
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*r—

R § il = A(t)l)l SZ 01:: U1

- O}

/ ; jl ;
Figure 2.2 : Linearised circuit around the periodic solution disturbed by a current u

We define K := /C/L the characteristic impedance of the line and 7 := v/ LC the constant of
propagation of the line. Resolving the linear system of constant differential equations (2.5), we
obtain that we can model in the frequency domain a lossless transmission line as a linear matrix :

(- 2
Vi Zon Zwn) \L)’

where Z11, Z12, Zo1 and Zso depends only on the characteristic impedance and the constant of
propagation of the transmission line, and of the complex variable s. Thus putting the equation (2.7)
in the equation (2.6), we have the equation :

V(14O (F228 - ) = 22 4 gL (D) (2 - 72 2). (28)

The equation (2.8) is almost like the equation (1.12) in Chapter 1 except it depends on Zi1,
Z91,Z12 and Zsg which are known. Assuming that this circuit has a periodic solution vy (t) := v(1,t),
we could apply the same technique to approximate a periodic solution 7; as the Subsection 1.2
harmonic balance approach of Chapter 1. In the way to check the local stability, we linearise the
circuit around the periodic solution v(1,t) and we disturb the linearised circuit by a current at the
end of the line that we note u € L} ([0, +oo[,R) and the state response is v(1,t) (see Figure 2.2
where A(t) = ¢'(v1(t))). We took u as notation for the input because it is the convention in the
control theory field even if it is a current.

The boundary condition (2.4) when the system is linearised becomes :

{ p(t) — v(0,t) — Ri(0,¢) = 0 (2.9)
Crg (L) =i(L,t) — g (m(H)v(1,1) — u(t).
Taking the Laplace transform in the equation (2.9), noting U := L{u(-)} and repeating exactly

the same reasoning as before, we have that the solution Vj of the linearised circuit now depends on
the perturbation u, we obtain:

V(1501 (Z220 — 7)) = £ ()L VidH (0 — 222 )

Developing in Fourier series ¢/(71(t)), taking u(t) = ¢! for w € R and performing the same
reasoning as in the Subsection 1.4.4 of the Chapter 1, we can approximate the first column of the
harmonic transfer function H on the imaginary axis, where H is the infinite matrix which verifies :
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L{v1}(s + iwo) L{u}(s + iwo)

L{v1}(s) = H(s) L{u}(s) ’

L{v1}(s — iwo) L{u}(s —iwp)

It is well known for ODE’s systems (see theorem 1.7 of Chapter 1) that the local exponentially
stability of the periodic solution is equivalent to the exponentially stability of the origin of the
circuit linearised around the periodic solution. To obtain this last stability, we disturb the linearised
system by a small current signal u € L%OC([O, +oo[, R) which is the input and we observe the output
v1 which leads to the concept of the harmonic transfer function. The structure of this object is well
known and it is a meromorphic function (see Theorem 1.20), where the poles are the logarithm of a
finite family of complex numbers. Moreover with the assumptions of controllability and observability,
if the harmonic transfer function is analytic in the right half plane, then we have the local stability
of the system.

When we add a lossless transmission line, the following questions arise :

e Is the harmonic transfer function always a meromorphic operator?

e Does the analyticity in the right half plane of the harmonic transfer function imply the local
stability of the periodic solution?

2.3 Results

In the case of circuit that contains transmission line, the structure of the harmonic transfer is not
known. In this chapter, we legitimate all the previous reasoning that we made for the ODE system
in Chapter 1 and we give the structure of the HTF for the simple circuit proposed (2.1). We start
by giving few notations :

._ 1-RK
s a:= IFRK

e« D, = {s € C, Re(s) > ln%“' }, and 0D, the boundary of D,.
Theorem 2.1 (Structure HTF). In D,,

o H is a meromorphic operator 1?(Z) — 1?(Z) which possibly poles at
{zj7k = l"(cﬁ')%z’k”,j e{l.n} ke Z} where ((j)jeq1..m) 18 a finite family of complex numbers.

e Forallj=1,---,n there exists at least one k € Z such that zj} is a pole of a coefficient of
the matriz H.

o Under observability assumption, if T/r ¢ Q, all points of the vertical line 0D, are essential
singularities of the HT'F H, as an operator valued analytic map.

Theorem 2.2. We have :

o Ifthe HTF H is holomorphic in the closed right half plane then the periodic solution is locally
stable. More precisely there exists § > 0 such that there exists a K and ~y strictly positive such
that :

[v1(0) —71(0)| < 6 = |ur(t) — T1 ()] < Ke 7, (2.10)
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where v1 = v(1,t) is a continuous solution of the equations (2.3) and (2.4), where (2.3) is
understood in a distributional sense.

e If the HT'F H has a pole in the open right half plane, then the periodic solution is locally
unstable i.e. there exists eg > 0 such that for all 6 >0 :

’1)1(0) — 61(0)‘ < o= (S)1<lp"l)1(7') — @1(7’)‘ > € (2.11)

where v1 = v(1,t) is a continuous solution of the equations (2.3) and (2.4), where (2.3) is
understood in a distributional sense.

2.4 Equation in time domain : Scalar neutral differential equation

As is well known, the general solution of (2.3) in a distributional sense can be expressed from two
general functions of z —t/7 and x + t/7. After some transformations, and specializing to x = 1 and
x = 0, one obtains :

(2.12)

where z¢(+) and z1(-) are two functions of one variable that we retain to describe the state of the
system. We can then write Kirchhoff’s law as :

{ p(t) — v(0,t) — Ri(0,t) =0 (2.13)
Cra0(1,t) = i(1,t) — g(v(1,1)).

Substituting (2.12) and expressing xo from the first equation yields :
xo(t) = Zop(t) —ax1(t — ) (2.14)

and the second equation then yields :

C’li(xl(t) —axy(t —27)) = K|—ax1(t — 27) + Zop(t — 7) — 21 (t)] — C1Zop'(t — T)

dt
—g(—az1(t — 27) + Zop(t — 7) + z1(1)). (2.15)

with Zy = ﬁ and r = 27.
For simplicity, we rewrite the Equation (2.15) as :
d
2 (@(t) —ax(t =) = f(t, 2(t), x(t - 7)) (2.16)

where the constant a and the map f satisfy :
la] <1, f € C3(R x R x R,R), (2.17)

and f is periodic in its first variable with period T. With no loss of generality, we assume that T > r
(otherwise we would have just to consider the smallest integer p such that pT' > r and take as a
period of the system pT' ). Equations like equation (2.16) are called neutral differential equation and
all classical results about these equations can be found in the Hale’s book [HVL93]. We transformed
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the PDE telegraph equation into a delay differential system. We keep here ambiguous the link
between this two systems and keep focus our study on neutral differential equation. Nevertheless,
we will give the link between in a more accurate way in Chapter 5 for similar equations.

This equation defines a periodic time-varying flow on C' := C°([~r, 0], R). More precisely, for all
¢ € C and s € R, there exists a unique continuous z(-) of (2.16) (for all ¢ € R) such that x5 = ¢
where x5(6) := (s +6). All the flow ¢, maps ¢ to z; where z(-) is the only solution of (2.16) such
that s = ¢. We endow the space C with the uniform norm, ie :

for all ¢ € C, we have ||¢|| := sup |¢p(0)].

—r<6<0

(2.18)

Assumption (periodic solution) : there exists a continuous T' — periodic solution t — Z(t) of
the equation (2.16). From the fact that f is C3, we deduce from [HVL93, ch. 9, lem 7.1] that the
continuous periodic solution Z(-) is in fact C3. Existence of a periodic solution is an hypothesis, and
we are interested in characterizing its local stability. Conditions for existence and/or uniqueness of
such periodic solution for periodically forced systems like (2.16) are considered for instance in Yuan
[YG13], but this is not the purpose of the present thesis.

We are interested to study the local stability of this periodic solution Z. For that we linearise
the equation (2.16) around the periodic trajectory. Thus we have the equation :

d
dt
where B(t) := Oof (t,T(t),T(t — r)) and C(t) := I3f(t,z(t),T(t — r)). We denote by U(t,s) the

linear operator :

(y(t) —ay(t —r)) = Bt)y(t) + C@)y(t —7), (2.19)

U(t,s): C — C, (2.20)

that maps any ¢ in C to y;, where y(-) is the unique solution of (2.19) such that ys = ¢. Periodicity
of B(-) and C(-) in (2.19) give the following properties for the operator U :

e U(t+T,s+T)=U(t,s),
e Ut,s)U(s,7)=Ult,7)fort>s>71,
e U(t+T,s)=U(t,s)U(s+T,s) fort > s.

Moreover, U is a continuous bounded operator. The system (2.16) can be written as the system
(2.19) plus a function. More precisely :

%(x(t) —ax(t —r)) = B(t)z(t) + C(t)z(t — r) + h(t, x¢), (2.21)
with :
h(t,z¢) == f(t,x(t),z(t —r)) — B(t)x(t) — C(t)x(t — r). (2.22)

Our motivation in this chapter is to deal with the stability for the continuous solution of (2.16).
However to prove some results, we will have to use bigger or smaller space that is why we introduce
also the following Banach spaces where I denotes an interval of R :

o LP(I,R), with p € [1, 00, the space of the p-integrable function defined on I and with values
in R endowed with the following norm

1/p
for all ¢ € LP(I,R), we have [|¢]|, = </1 |¢\p) . (2.23)
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o Caps(I,R) the space of the absolutely continuous functions defined on I and with values in R,
i.e. f € Caps(I,R) if and only if its distributional derivative is an L! function (see [EG92]).
Moreover if f € Caps(I,R) then f admits a derivative almost everywhere f’ and :

b
F®) = @) = [ f/(@)ds, Ya,b € [-r,0] (2.24)
We endow Capgs(I,R) with the following norm :

for all ¢ € Caps(I,R), we have ||| g == /I (16l + |6])- (2.25)

o W3 (I,R) the Sobolev space of the absolute continuous functions on I with a square integrable
derivative. We endow W3 (I, R) with the following norm :

1/2
for all ¢ € W(1,R), we have 9]y, = (/I (162 + !¢’\2)) | (2.26)

We note L? := L?([-r,0],R), Cags := Caps([-7,0],R) and W4 := W2([-r,0],R). Until now the
operator U(t, s) was defined on C, but can also be defined on the space L?, Cags or Wy and we
will note these operators U(t, s)|r2, U(t, s)|c, s and U(t, s)‘W; respectively.

Let U(T,0) the monodromy operator. The spectrum of this operator give us the stability or
instability of the periodic solution of the system (2.16) (see Section 2.3). Moreover we can have

exactly the spectrum of U(T,0) (see Section 2.5.3).

2.5 Stability and instability

It is well known that the spectrum of the operator U(T,0) gives the stability or instability for the
origin to the system (2.19) (see Lemma 2.8 and Lemma 2.11 below). It is almost as well known that
this spectrum determines the local (in)stability of the periodic solution for the linear time-varying
system (2.16). In fact, according to the following two theorems (where the Section 2.5.1 and 2.5.2
are devoted to the proofs), this flow also determines the local stability or the instability of the
periodic solution Z(-) for the nonlinear system (2.16) :

Theorem 2.3. Assuming that the spectral radius of U(T,0) is strictly less than 1, there exists 6 > 0
such as for all ¢ € C verifying ||¢p — ¢|| < 9, then there are K > 0 and o > 0 such that for all s >0
andt> s :

|z(t) — T(t)| < Ke o9,
for allt > s, where x is the solution of (2.16) starting from ¢ at the initial time s.

Theorem 2.4. Assuming that the spectral radius of U(T,0) is strictly superior than 1, then the

solution x(t) from time 0 is unstable. More precisely, there exists eg > 0 such that for all 6 > 0,

there exists ¢ € C such that ||¢p — ¢|| < 6 and sup||xs — T¢|| > €o where x is the solution of (2.16)
teR+

starting from ¢.

Before to give the proofs of the Theorem 2.3 and Theorem 2.4, we give the variation of constant
formula in the case of the neutral differential system which is just a generalization of the Theorem 1.38
in the Chapter 1. To give this formula, we need to introduce the fundamental solution of the system
(2.19) which is just a particular solution of this system with discontinuous initial data.



48 CHAPTER 2. A SIMPLE CIRCUIT CONTAINING ONE LOSSLESS TRANSMISSION LINE

Proposition 2.5 (Fundamental solution). Be two real numbers s and t > s. There exists an unique
solution measurable to the equation (2.19) with initial data Xo(0) = 0 for 0 < s and Xo(s) = 1.
We note this solution X (t,s). This solution is continuous on all the domains {(t,s) € IR?, nr <
t—s<(n+1)r}, ne N, and the restriction to this domain extends into a continuous function on
{(t,s) € R%, nr <t—s < (n+1)r}. Moreover it is also continuous on {(t,s) € IR?, t —s < 0}
since identically zero.

Proof. We can remark that for t > s :

t t ot
X(t,s)=aX(t—rs)+ els B 4 / el B0 G () + B(u)A(u)) X (u — r, s)du,
S
is solution to the equation (2.19) with initial data Xy. The uniqueness and the continuous
properties come from directly from this formula. ]
We have that the fundamental solution is exponentially bounded [HVL93, ch. 9, formula 1.14] :

Lemma 2.6. There exists K,y € R such that:

X (t,s)] < K",
Proof. After integration of the equation (2.19) we have just to apply Gronwall lemma. O
We can find in [HVL93, ch. 9, formula 1.16] the following variation of constant formula :

Theorem 2.7 (Variation of constant formula). For all t > 0, the solution of the equation (2.16)
with the initial time 0 satisfies:

2(t) = U(t,0)6(0) + /0 "X (t, $)h(s, 22)ds.

2.5.1 Stability

We start by proving that the spectrum of the monodromy operator U gives the exponential stability
of the origin of the system (2.19) :

Lemma 2.8 ([Bu]). Let u = e* an element of the spectrum of U(T,0) such that |u| is equal to the
spectral radius of this operator. Thus, for all € > 0, there exists Cc > 1 such that for all s > 0 and
t > s, we have :

(9?()%)4%) (t—s)

[|U(t,s)|| < Cee .
Proof. By the Gelfand’s formula, we have :

lim [|U™(T,0)[|"/™ = ™

m—-+00

Thus for € > 0 there exists an integer m such that for all integer M > m we have :
||UM (T, 0) || < e(Re()\)—l-e)M

Let t > mT. There exists ¢ integer greater than m and g € [0, 7] such that ¢t = ¢T + 3, thus :
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U0l = [T, 00U(T,0)]
(GIESERY

S M1€

where M; > 1 is a bound of [|U(r,0)|| for all » € [0,T] (it exists because the Banach-Steinhaus
theorem and the continuity of the operator). In the same way there exists a constant My > 1 which
is an upper bound of ||U(t,0)|| for ¢t € [0, mT]. Then there exists a constant M3 > 1 such that for
all t > 0 we have:

FEN)+e)

U0 < Mge™ 7"

Let ( > 0and t > ¢ +T. There exists § € [0, T and ¢ integer such that ( = ¢7"+ 5. We have :

U, Ol = Ut (¢+1)T)U((q+1)T, Q)|
= ||U®—(¢g+1)T,0)U(T, Bl
< M3€MTHG)“_OM4,

where My > 1 a upper bound of ||[U(T, B)|| for g € [0,T]. For ( > 0 and t < { + T, we have the
existence of 3,3’ two real such that 0 < 8,8’ < T and :

Ul = U@+ 8.8

Then if we take an uniform upper bound of ||[U(z,e)|| for 0 < z < 2T and 0 < e < T', we proved
that there exists M, > 1 such that for all s > 0 and £ > s, we have :

QD) (t-s)

|U(t;8)]] < Cee
O

Lemma 2.9. Let n > 0. There exists 61 > 0 such that if for S > 0 we have ||z; — T|| < 01 for all
t € [0, 5] and for all function x continuous defined on [—r,S], then :

|h(t,@e) — h(t, T)| < 20|z — T4||.
Proof. For t € R, we let F;(8) = f(t,z(t) + B(z(t) — z(t)),z(t — r)B(z(t —r) — z(t — r))) for
B € [0,1]. By the mean value theorem, there exists 5 €]0, 1] (which depends of t) such that :

Fi(1) = Fi(0) = —=(F(B))- (2.27)

s
Then we deduce from the equation (2.27) :

h(t,z) = h(tE)] = |F(1) - F(0) - B)((t) — 2(t) — C(t) (x(t 1) = F(t — 1))

ﬁl(t7$t7ft) + EQ(taxtaft)7 (228)

IN
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with :
hu(t,ze, 7) = Oilégllébf(tﬁ(t) +B() — (), 2(t —r) + fla(t —r) —T(t = 1))
3 _82f<t7f(t)7f(t - T)))(Z‘(t) - T(t))lv
ha(t, x4, Tp) := Oilégl\a?)f(tﬁ(t) +B(t) — (), 7(t —r) + fla(t —r) —T(t = 1))
—03f(t,2(t), T(t — r)))((t) — =(1))|.

By the continuity of the partial derivatives of f and the fact it is periodic in its first variable,
we deduce from the equation (2.28) that there exists, for n > 0, one §; > 0 such that if for S > 0,
we have ||z — Z|| < §; for all ¢ € [0, 5], then :

|h(t,z¢) — h(t,Te)| < 20|z — Tl
Il

If the operator U(t, s) is exponentially bounded then we can prove that the fundamental solution
X (t,s) is exponentially bounded too with the same exponential bound. This result is classic when
the neutral differential system is time-invariant because the theory of the semigroup can be applied.
In the periodic case the result is still true and it is the subject of the following lemma :

Lemma 2.10. If there exists C' > 1 and o € R such that for all s > 0 and t > s, we have :

|U(t,s)|| < C'et=),
then there exists Ko > 1 such that :

|U(t,5)|| < Koe*t).

and

X (t, )] < Ko,
Proof. By the equation (1.10) of [HVL93, ch. 9, thm 1.2], we have for s € R and ¢ > s :

t
U(t,9)8(0) = X(t.9)f(s) + [ X(te)df (@),
Where f is defined as :

f(t):{ ¢(0)—a¢(—7“)+a¢>(t—s—7")—|—f;C(u)¢(u—s—r)du fors<t<s+r
$(0) — ad(—r) + [ C(u)p(u — s — r)du for t > s+ 1.

Let ¢ a real continuously differentiable function defined on [—r,0] such that there exists a
constant S > 0 verifying : ‘ﬁ) < S for all s.
We have :

X(t5)| < 5 1.5 [ X a)lldr@),

and applying the Gronwall lemma ([EK09, p. 498, lem 7.1]), we have the result. O
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Proof Theorem 2.3. With no loss of generality we can take 0 as initial data. For a fixed ¢t € RT,
following the Lemma 2.8 and the Lemma 2.10, there exists Ky > 1 and ag > 0 such that :

Ut )| < Koe™ =),
| X (t,5)] < Koem ),
for0<s<t Lete>0and 0 < a < ay. We define :
el — )
T= 201+ oK,
Let 61 > 0 the 0; from the Lemma 2.9. We define 6 = %' Let ¢(0) := T(0) where T is the

periodic solution of (2.16). Let ¢ € C and ||¢ — @|| < § and = the solution of (2.16) with initial
data ¢. We assume that there exists a S > r such that for ¢ € [0, S] on ait |z(¢) — Z(t)| < d; and
|z(S) — Z(S)| = d1. By the variation constant formula (Theorem 2.7), we have :

e " and K1 = (1 + ¢)Kp.

o0) = 7(0)] < UG 0116(0) ~ 50) + [ 1X(t,)1h(s, ) = A7) ds.

And for all t < S, we have :

_ t
|z(t) = Z(t)| < Koe™*"[¢ — || + 2?7Ko/ e |zg — 74| |ds.
0

Multiplying the last equation by e*, we obtain :

_ ¢
e™a(t) —z(t)] < Kollo — ol + 277K06(a70‘0)t/ x5 —Tsl|ds.
0
We let v(t) = maz{e®|z(s) — T(s)|: —r < s <t} and we have :

t
e (t) — T(t)| < Kollg — @|| + 2nKou(t)el@—0ltter / ela0—a)s g
0

Then :

2nKov(t)e*”

eat|x(t)*f(t)| SK()HQZ)*aHjL —«

Since the right-hand member of the equation is increasing in ¢, we have :

- 2nKov(t)e*"
(1) < Koll — 3] + 22RO,
And thus :
—ev(t)
t) < K, — .
o) < Kollo 9l +
We deduce :

|2 (t) = z(t)] < Kie™*[l¢ — 4.
Then 0; = |z(S5) — Z(S)| < K10 = 01 which is impossible. We have S = +00.
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2.5.2 Instability

The instability theorem 2.4 says that even if we can approach infinitely close the periodic solution
71 we always end up by deviating from a fixed constant € > 0. The instability theorem 2.4 is mainly
due to the ideas of [SS00] and [Str12] where they give a proof in the case of autonomous differential
equation on Banach spaces. The proof that we give here is exactly the same except that it is perform
in the case of scalar periodic neutral differential equation which generates very slight changes.

Lemma 2.11. Let i = e in the spectrum of U(T,0) and such that |p| is equal to the spectral
radius of U(T,0). Then for each v > 0 and each integer m, there exists v € C' such that :

|(U(mT,0) — X < 4|[vl| (2.29)
and
(U (t,0))v|| < 2KRXN/T||y|| for all 0 <t < mT, (2.30)

where K = sup ||U(r,0)|].
rel0,T]

Proof. Since the boundary of the spectrum of U(T,0) is included in the approximate spectrum,
there exists v, € C such that (U(T,0) — e*)v, — 0 when n — +o0. Let v > 0 and m integer, we
have :

(U(mT,0) — e, = (U™(T,0) — e,

If we take n enough large, we obtain the equation (2.29). For v > 0, we take n enough large to have
moreover :

(U GT,0) — eM)v,|| < 1for j=1,...m

We have for 0 <t <mT,t=jT+r,0<r<Tand j€|0,1,...,n].

U, 0)v| 1U(r, )17 (T, 0)][[]va]|

<
< K(14&RV)|[u,|
< 2Kem V|, ||,

for 0 < ¢ < mT and where K > 1 is a bound of ||U(r,0)|| for r € [0, T].
O

Lemma 2.12. There exists a po > 0 and ¢ > 0 such that if S > 0 with ||z — T|| < po then for all
t €10, S] we have:

|A(t, ) = h(t,T)| < cllze — Tl .

Proof. The proof is similar to the proof of Lemma 2.9.
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Proof Theorem 2.4. Let u = e an element of the spectrum U(T,0) such that |u| equal to the
spectral of this operator. For k integer and pg to be defined later, that is 0 < 6 < min{l/k, po/2,1}.
The § is free for power parameter is arbitrarily small. Let us choose t; positive integer from §
defined by:

ln(ﬁ)

Moreover, let v given by the lemma 2.11 with m = ¢; and v = (4k)~!. We normalize ||v|| = ¢.
We have :

We can choose t¢; in the interval |b, b + 1] where b =

)
_ At1
[|(U(t1T,0) — e )| < 0

Then by the lemma 2.11, we have :

0 1 9
tT Migll— — > = — —
0T, 0)0l] > [l ol = o > 1~ o

and
U (,0)]| < 2K5em®Vfor all 0 < ¢ < ;T

Fix dp > § and let ¢ € C such that ¢ = ¢ +v. We note z(t) the solution to the system (2.16)
associated to ¢. We have ||v|| = 0 < §p. By the variation of constant formula (Theorem 2.7) :

o) = 7(0) — U0 < [ 1X(0)lIh(s, ) — b, 7o)l

IN

t
CA‘XQJHMS—EM%B

for ||xs — T5|| < po on the interval [0, S] where S > 0 is a real in the lemma 2.12. We have two
possibilities : there exists a S > 0 such that ||zg — Tg|| = pp or S = +00. We assume that S = +o0.
Thanks to the lemma 2.8 and 2.10, we have :

t —s
z(t) — Z(t) — U(t,0)v(0)] < Kw/e%m%ﬂ%—fﬂ%&
0

We define:

1 s
ty = sup{t: [|zs —Ts — U(s,0)v]| < m(%%(}‘)f and ||U(s,0)v|| < % pour 0 < s < Tt}.

We have to > 0. For t < min{T'ty, Tt;}, we have :
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t —s
()= 7(0) = U(0u0)] £ Kae [ FTOVT(U(s,0) + 22 =7, — Uls, 00l ds
0
t
< Kgc/ e%m()‘)%(QéKe%gR()‘) + L56%()‘)%)26%(9
0 2|l
1 3 t 2T ¢
< Koc(2K + —)26%e: %N "N a7
AR oy
_ k RO L \2
BETAEE
where k = 4|u|?Koc(2K + ﬁ)QReT(A). we deduce :
x — T — U(t,0)v]| < SefeM )2,
We have Tt; < Tty or ||z, — Trg,|| = & If we assume the contrary : Tt; > Tty and
|xTe, — TT4,|| < & . By definition of ¢5, we have that :
1 p c
m(SeR Nt — ||y, — T7g, — U(Tta, 0)0|| < 2|M|2(66R (Viz)2

Then (defleMiz) > % > (6efeNh) We deduce to > t1, which is a contradiction. We assume

thatHthQ - thzH #+ %), then Tty < T'ty. Then :

k
l|lxe,7 — Teor — UG T, 0)0]| < Q‘MP((SeRe(/\)h)Q
k 2
< Jul®
2|uf* k2
-1
2%

Then :

1
|zre, =Tzl > |IU(Tt, 0] = o

2k
N
k 4k 2k
_ 1 94
2k 4k
1
> @car5<1.

We deduce that there exists a time ¢ > 0( T'ta or Tty or S) such that ||z; — T¢|| > min{ﬁ, 21,
which is the result.
O

If one access to the spectral radius of U(T,0), Theorem 2.3 and Theorem 2.4 would determine
the local stability of the periodic solution Z(-) and this was our goal. To estimate the spectral radius
it can be useful to know the nature of the spectrum. In fact, it is easier to approximate eigenvalue
than the other type of the element of the spectrum. These considerations lead to know more about
the spectrum of U(T,0).



2.5 STABILITY AND INSTABILITY 55

2.5.3 Spectrum of monodromy operator

We are interested in knowing more precisely how is the spectrum of the monodromy operator
U(T,0).

In finite dimension, the rank theorem says that it is equivalent to be injective, surjective and
bijective. Moreover the spectrum is composed of eigenvalues where the dimension of the kernel and
the codimension are equal. In infinite dimension, this result does not hold and there is three way to
fail to be bijective. Let A : E — E a continuous linear operator acting on E a Banach space and Id
the identity operator on F, we have the following decomposition of the spectrum :

i. if, for A € C, A—\Id is not injective, then ) is an eigenvalue of A and the kernel, ker(A—AId) :=
{¢ € E|Ap — A\¢ = 0}, is not empty. The dimension of the kernel is called the multiplicity of
the eigenvalue and the set Po(A) := {\ € Clker(A — \) # @} is called the point spectrum of
A.

i. if, for A € C, A — Ald is injective and its range is a dense subset different of £ then A is an
approximate eigenvalue. We note the set of all the approximate eigenvalues Appo(A).

. if, for A € C, A — Ald is injective and its range is not a dense subset of F/, then A is an element
of the residual spectrum A that we call Ro(A).

We note o(A) the spectrum of A, i.e. the union of the sets Po(A), Appo(A) and Ro(A). We call
the nullity of A, nul(A), the dimension of the kernel of A and the deficiency of A, def(A), the
dimension of the codimension of A, i.e. the dimension of E//R(A) where R(A) denotes the range of
A. We define the index of A, noted Ind(A), as the difference between nul(A) and def(A). A is
said to be semi-Fredholm if R(A) is closed and at least one of the quantity nul(A) or def(A) is
finite. The semi-Fredholmness property and the index are preserved under compact perturbation,
more precisely:

Theorem 2.13. [Kat95, ch. 4, thm 5.26] Let K a compact operator from E into E. If A is
semi-Fredholm then A+ K is semi-Fredholm and Ind(A) = Ind(A+ K).

Nullity and deficiency of a semi-Fredholm operator are constant in a neighborhood of this
operator, more precisely :

Theorem 2.14. [Kat95, ch. 4, thm 5.31] If A is semi-Fredholm and B is a bounded operator from
E into E then A+ xB is semi-Fredholm and nul(A+xB), def(A+xB) are constant for sufficiently
small |x| > 0 real.

After these rapid recalls of spectral theory, we are able to characterize the spectrum of U(T,0).
In a first time, we introduce the operator solution T, associated to the solution of the system :

z(t) = az(t —r). (2.31)

We can see that for ¢ € C, := {¢ € C|¢(0) = ap(—r)} this problem has a unique solution z,
defined on | — oo, +oo[, with z(6) = ¢(0) for 6 € [—r,0]. We have the following result which says
the operator U(T,0) is a compact perturbation of the operator 7.

Lemma 2.15. Let ¢ € C! such that ¢(0) = ap(—r) + 1 and we define the operator ¥ : C — C,
with Y(f) = f — ¢[f(0) —af(—r)] for f € C. Thus we have :

U(T,0) =T,(T)¥ + K(T,0)
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with K(T,0) compact operator. Moreover, the restriction of the operator K(T,0) to Caps or Wy is
also compact. We also have :

U(T,0)2 = To(T) 12 + K(T,0)12,
where K(T, O)|L2 is a compact operator.

Proof. When the space is C' the proof is in [HVL93, ch. 3, thm 7.3]. The proof for the spaces L?,
Caps and Wy are not really different. Since the lemma [HVL93, ch. 3, lem 7.2] can be generalized
for the L? functions, we have the existence of a b,y > 0 such that for ¢, 7 real and ¢ € L? :

|K(T' +7,0)¢ — K(T',0)¢], < bew( 1K (7,0)0ll
N (2.32)
+ sup /u \f(s,U(s,O)qﬁ(O),U(870)¢(—7“))!d8> :

0<u<lT

Taking ¢ in a bounded set B of L?, we can have the right hand side as small as we want by
taking 7 enough small. Thus, we have that K(7',0)|72B is an equicontinuous family and uniformly
bounded family, and so relatively compact by the Kolmogorov-Riesz-Fréchet theorem ([Brel0, ch. 4,
thm 4.26]).

Taking ¢ in a bounded set B of Caps. By definition, we have that the operator d%K(t, s)p(0)
exists almost everywhere and d%K (t,s)¢(:) is integrable. Then the generalization of the lemma
[HVLI3, ch. 3, lem 7.2] leads to :

d d

1 <be'T (H;ZQK(T, 0)¢p — d%K(O, 0)¢H1 + hy (T, T)> . (2.33)

where :

hl (T’ T) = OEBET ’f(uv U(u + 7, 0)¢(0)7 U(u + 7, O)¢(_T)) - f(uv U(uv 0)¢(0)’ U(“? O)Qb(—’l”))‘ )

for some v and b positive real. We can have the right hand side of (2.33) as small as we want by
taking 7 enough small. Thus, we have that d%K (T, 0)|C L ps B is an equicontinuous and uniformly
bounded family on L' and so relatively compact by the Kolmogorov-Riesz-Fréchet theorem ([Brel0,
ch. 4, thm 4.26]). We deduce that K(7',0)|c,,,B is also relatively compact for the norm ||-|| 4g5-
The proof of the compacity of K(T, 0)‘W21 is similar and is left to the reader.
O

Remark 2.16. We can see that the spectrum of T,(T)V is composed of the spectrum of To(T) plus 0
where dim(ker(To(T)¥)) = 1 and codim(Im(To(T)¥)) = 1. Thus, with the nature of the spectrum
of To(T') we will have the nature of the spectrum of U(T,0) by theory of compact perturbation (see
[Kat95]). As |a| < 1, we have that the spectral radius of T,(T) is bounded by a. And we can conclude
immediately that U(T,0) has a most a finite number of eigenvalue outside the disk of the radius a.
But we can be more precise to determine entirely the spectrum of U(T,0) by studying more precisely
the spectrum of To(T).

In the view to compute the spectrum 7, (T") we use the classic theory of the semigroups where
all the useful properties can be found in the book [EN00]. In fact the system (2.31) is time-invariant
and then the family {7,(¢) };cr defines a semigroup. The interest of the semigroup is to transform
the system (2.31) in an abstract differential equation on a dense subset of the continuous functions
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where the spectrum can be computed. In particular, the link between the spectrum of the generator
of the semigroup and the semigroup is stated in [ENOO, ch. 4, thm 3.6 and 3.7].

The reasoning that we can find in [HVL93] leads to the following proposition :
Proposition 2.17. The family {T,(t)}+cr s a strongly continuous group. Its generator A verifies :
Ap=¢
and
D(A4) = {6 € C113(0) = ad(r) and $(0) = ad(—r)}.
Moreover the spectrum of A is composed of point of spectrum with finite multiplicity :
o0(A) ={\ eCla=e"}.
Theorem 2.18. We have two cases :

i. If% = %’ is rational, then o(T,(T)) = {aP/%e?F7/9)k € [0, ...,q — 1]} and furthermore all the
elements of the spectrum have infinite multiplicity.

i. If L is irrational, then we have o(T,(T)) = {\ € C, || = la|T/™} . Furthermore, all the
elements of the spectrum are not semi-Fredholm.

Proof. i. We can remark that o(7,(r)) = {a}, thus by semigroup property and spectral mapping
theorem, we have :

and thus :
o(T,(T)) C {aP/1e2k7 /1)) € [0, ..., q — 1]}.

Moreover as Po(T,(T))\{0} = 7774 where Po is the point spectrum, and that 0 is not in
the spectrum of T, (t), we have by the spectrum of A in Proposition 2.17 :

o(T,(T)) 2 {aP/ 12/} € [0, ..., q — 1]}.

By corollary 3.8 p278 of [EN00], we have for all A complex :

— 2mn
AT - .
- T,(T)) = +i— — A),
ker(e (1)) Tlee%ker()\ ) T )

where lin is the closure of the subspace generated by the kernels. As % is rational, for
€ o(Ty(T)) there exists a subset countable (infinite) J such that :

ker(u = Tu(1)) = Tiker (1; = A)

with p; distinct eigenvalue of A. Thus we have that all the elements of o(7,(7")) have infinite
multiplicity.
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it. By [Hen74], we have :
T C o(T,(T)) C |a|™ ™ U {0}, (2.34)

and by the Proposition 2.17, the density of irrational rotation and the fact that T,(T) is
invertible, we have :

o(Tu(T)) = {X € C, [A| = |a"/"}. (2.35)

Moreover we have by the spectral mapping theorem for residual and point spectrum, and
Proposition 2.17, that Ro(T,(T)) = {@} and Po(T,(T)) = {aT/"e*™ T/"|k € 7Z}. As the
complementary of {a”/"e*™T/7|k € 7} is dense in the circle of radius |a|T/", we have that all
element of this circle must not be semi-fredholm because 15 (7") is bounded, and the nullity and

the defficiency of a semi-Fredholm operator are constant in a neighborhood (theorem 2.14).
O

Corollary 2.19. The spectrums of U(T,0), U(T,0)|z2, U(T,0)|c, s
the spectrum of To(T) plus possibly the same finite number of eigenvalue. We note (y,--- ,(n the
eigenvalues which are outside the disk with the spectral radius of To(T).

Proof. We can remark that the family {7} (¢)}:cr acting on L2, or {¢ € Caps|#(0) = ap(—r)} or
{¢ € W4|¢(0) = ap(—r)} defines also a strongly continuous group with the same domain than in
Proposition 2.17. Then Proposition 2.17 and Theorem 2.18 are also true for the family {75(t)}icr
acting on L? , {¢ € Caps|¢(0) = ag(—r)} and {¢ € W3[$(0) = ad(—r)}.

The theorem 2.13, the lemma 2.15 and the theorem 2.18 imply that the spectrums of U(T,0),
U(T,0)2, U(T,0) and U(T, 0)|W21 are equal to the spectrum of T,(T") plus possibly a finite
number of eigenvalues. Moreover we have W21 C Caps C C C L?, with W21, Caps and C dense
in L2 and stable through the operator U(T,0). We can deduce that the spectrum of U(T, 0)|2
is included in the spectrum of U(T,0) which is included in the spectrum of U(T',0)c, ,, which is
included in the spectrum of U(T,0)|W21, and thus the operators U(T,0), U(T,0) 52, U(T,0)c, 4
and U(T, O)|W21 have the same eigenvalues. O

and U(T, 0)\W21 are equal to

|[CaBs

The corollary 2.19 is important because, through the theorem 2.3, it says that the stability of
the zero solution for the linear system (2.19) is equivalent for the spaces L%, Caps, W3 and C.

2.5.4 HTF and link with the monodromy operator

We introduce the following (fictitious) input-output system. Linearising this system (2.15) around
the periodic solution calculated by harmonic balance and disturbing the zero signal at time zero of
the linearised circuit by small periodic current entries u € L2 ([0, +oo[,R), L2 ([0, +oo[, R) denotes

loc loc
the space of the square integrable function on each compact of [0, co[ with values in R, like what we

did for the frequential case on the right of the line. The input-output system that harmonic balance
compute have the equations for ¢ > 0 :

E(@1(t) —axi(t — 1)) = G K + g/ (—az(t — ) + Zop(t — r/2) + T(t))]1 (1)
+&[K + g (= ZT(t — 1) + Zop(t — r/2) +T(t))]21(t — 1) — 42, (2.36)
v(t) =x1 — Zx1(t — 7).
We can rewrite the input-output system (2.36) as :

{ 4(z(t) — ax(t — ) = B(t)a(t) + C(t)x(t — r) +u(t), (2.37)
y(t) =z(t) —azx(t —r), t >0,



2.5 STABILITY AND INSTABILITY 59

where y(t) and x(t) are equal to zero for ¢ > 0 and are two continuous function on R, and for ¢t > 0 u
is a square integrable on each compact function on [0, 4+o0c[ and with values in R. Since f is at least
C? then B, C are at least C2. We note wy := 2% In the context of finite dimensional systems, the
definition of the transfer function and its relation to the monodromy operator is well known thanks
to Floquet’s theory (cf. [M6100]). One can also connect the monodromy operator and the transfer
function without going through the theory of Floquet but considering a lifting of the system. The
following results generalize the results of [M6l00] in our framework of neutral equations, and give
moreover a mathematical justification of the computation that we can find in [M6100]. Firstly we
give expression of the impulse response of the system :

Lemma 2.20. We have :

y(t) = / "X (6 7) — aX(t — 7, D)u(r)dr (2.38)

B 0
= /OtX(t,T)U(T)dT (2.39)

where X is the fundamental solution of system (2.19), ie the solution satisfying the initial condition
X(t,s) =0 fort < s and X(s,s) = Id. Moreover there exists K,y > 0 such that for all s € R and
t > s, we have :
X (t,s)] < Ke't%), (2.40)

Proof. See Lemma 2.6 and Theorem 2.7. O

To justify all the computations, we need estimation for the impulse response like for the ODE
system. More precisely, we have :
Theorem 2.21 (Regularity impulse response). Let X (7,s) := X (s + 7,s), we have :

i. The function X is continuous outside {(7,s) € IR?, 7/r € IN}, everywhere continuous
compared to his second argument (s) and admits everywhere a limit to the left and right
compared to his first argument(T).

i. If B and C are C* then X is k continuously differentiable from its second argument s (for T
fized) and for all j, 1 < j <k,
ol x
(Tv 5) = g(ﬂ S)

s continuous.

1. There exists v > 0 and K > 0 such that :

oX*
%(T, s)| < Ke'.
Proof. i. The first item is a classical property of the fundamental solution (see proposition 2.5).
#. Assume B and C are C*. We put :
V(r,s) :=X(r,8) —aX (T —1,5), (2.41)
C(t) :=C(t) + aB(t). (2.42)

By definition of fundamental solution, we have :

%y(ﬂs) :B(s+7‘)y(7',s)+a6’(5+7)X(7—r,5)
Y(0,s) =1, Y(r,s) =0 for 7 <0
X(r,s) =Y(7,8) +aX (T —1,5)
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e We prove that if B and C are C* then Y is k continuously differentiable from its second
argument s (for 7 fixed) and for all j, 1 < j <k,
J
(1,8) — 6853;(7', s)

is continuous. For simplicity let us show the result for K = 1. By variation constant
formula, we have :

t t ot ~
V(t,s) eJo Blstuddu / el Bls+0)dvqGi(s + u)X (u — r, 8)du for ¢ > 0,
0

Y(0,s) =1
X(r,s) =Y(r,8) +aX(T —1,58)

Thus we have for t > 0 :
t t t R +o00
V(t,s) = eJo Blstwdu / e Blst0)dvGig 4 qp) Z a*Y(u — (k+Dr, s)du.
0 k=1

Let’s show by recurrence on n where t € [nr, (n + 1)r[ that )(¢, s) is differentiable in s and
that the differential is continuous. For n negative integer, it is true because )(t, s) is equal to
zero eveyrwhere. If, that’s true for n, so that’s true for n + 1 by hypothesis of recurrence and
the previous equation.

We have :
400
X(t,s) = Z a*Y(t — kr,s) for all t and s. (2.43)
k=1
According to the preceding point, we deduces the result of differentiation and continuity of X.
Put Z(r,s) := %—f(T, s). We have :

d

ﬁ(X(T, s)—aX(r—rs))=B(t+s)X(1,8) + C(Tt+ s)X (T —1,5). (2.44)

Integrating this equality and differentiating with respect to s (which is legal by the point i)
we have :

Z(1,s) =aZ(t —r1,5)) + /ST[B(’LL + 5)X(u,s) + C(u+ s)X(u —r,5)
+B(u+s)Z(u,s) + C(u+s)Z(u—r,s)|du. (2.45)

Thus, by differentiating with respect to 7, we have :

d

%(Z(T, s)—aZ(t—rs))=B(t+5)Z(1,s) + C(1+ 8)Z(u—r,s) + B(1 + s)X(r,5)

+C (1 + 5)X (T —1,5).(2.46)

Remarking that Z(t,s) = 0 for t < 0, by Corollary 1.1 p259 of Hale [HVL93] there exists K’
and ~/ positive integer such that :

|Z(r,5)| < K'e"'" /O "B+ )X (u, 5) + Clu + )X (u — 7, 5)|du. (2.47)
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As B and C are periodic regular and the fact that the fundamental solution is exponentially
bounded (see Corollary 1.1 p259 of Hale [HVL93]), thus there exists K, v positive such that :

oX

E(T, 5) S Kew.

We can prove in a similar way by a recursive argument :

oXk

87(7', S) S Ke'VT.
S

O

In the view to bring out the monodromy operator, we discretize the continuous dynamical system
in a discrete dynamical one. For that we consider the input and the output on interval of length T'.
Put :

uy :=u(kT +t) for t € [0,T] and k € Z,
Uk == y(kT +t) for t € [0,T] and k € Z.

Thus we have the following discrete system :

Theorem 2.22. We have for all integer positive k :

yr = Cxpr + Duy,

where :

A:C(-r0,R) — C([-r,0],R)
v — U(T,0)v,

B:I2([0,T],R) — C([-r,0],R)

; }_}fOTJr_ A (T, 0)]o(a), with K(t,a)(0) = [ X(t + 0,v)dv for 0 €

D: L*([0,T],R) — C([0,T],R)
v o— [ X(,mv(r)dr —a [, X(- =7, T)v(T)dT,

‘$0:0;

e Forallk €N, zg 1) is a function of [—r,0] in R continuous.

Proof. Recall the system (2.37) :
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L(z(t) —azx(t —r)) = B(t)z(t) + C(t)z(t — r) +u(t), (2.49)
y(t) = z(t) — azx(t — r). '

Let k € N. Recall the notation : z(41)r(0) = x((k + 1)T + 0), with 6 € [~7,0], and where x is the
only solution of the system with the initial data xqg = 0. Applying the variation of constant formula

(Theorem 2.7), we integrate during a period T for each k the system (2.49) with initial time k7.
We obtain for ¢ € [0,7] :

wepyr(8) = U((k+ DT Kz (6) + fp VT dlE ((k + DT, 0)]u(a),
y(t+kT) =U({t+ kT, kT)xkr(0) — aU(t + kT, kT)zpr(—1)
+ [ X (t 4+ kT, m)u(r)dr — a [i77 X (6 + kT — 7, 7)u(r)dr,
where K(t,a)(0) = [3' X (t + 0, a)do for 6 € [—r,0]. By periodicity we have the result. O

For a sequence of operator a := (ay,)nen we define the z — transform as:

a:=Y anz ", (2.50)

neN

when for z € C this series exists. Taking the z — transform in the equation (2.48) :
Y = [C(zId — A)"'B + D]U, (2.51)

where Y := (yn)nen and U := (up)pen. On in the other side, we can compute the impulse response
of the discrete system and we have for n integer :

Y t) = Z H[kz]an—k(ﬂv (252)
k=0
where :
Hygolt) / X (T +t, 7)o(r)dr (2.53)

is the discrete impulse response of the discretized dynamical system. Taking the z — transform in
the equation (2.52), we have for z € C with real part enough large that :

Y(z) = H(2)U(z), (2.54)
where H(z) is the z — transform of (H[n}) o We deduce from the equation (2.51) and the
equation (2.54) :

H(z)=C(zId— A)'B+D. (2.55)

Even so far the singularities of the discrete transfer function (2.55) would give the exponential
stability of the origin of the neutral differential system (2.19) if there is not an eigenvalue cancelled by
the input-output system (2.48). We saw in Chapter 1, i.e for the ordinary differential equations, that
it is not the case when the system is controllable and observable. In the case of neutral differential
equations, even when the system is time-invariant, it is not an easy task to give a necessary and
sufficient condition to ensure the controllability. We can cite the two following references which give
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such conditions [OT83] and [Yam89]. When the system is a linear scalar periodic neutral differential
equation, we did not find a literature available for the contrallability of such system that is why
we give the following proof of the controllability of the system (2.37). We prove, with the use of
the resolution of a Volterra first kind equation, that the discrete system (2.48), and so the neutral
system (2.37), is controllable in the sense that all the functions absolutely continuous wwith square
integrable derivative are reachable from a locally square integrable input.

Theorem 2.23. The discrete system (2.48) is

o detectable in the sense that if there exists a K integer such that for all k > K we have y, = 0
and up = 0, then xpr tends to zero when k tends to the infinity.

o controllable for the absolutely continuous function with square integrable derivative, i.e. for
all zy € Wy, there exists ¢ € L*([0,T],R) such that z; = Bg.

Proof. e Let K integer such that for all kK > K we have y, = 0 and up = 0. We have by the
system (2.37) that zxr tends to zero when k tends to the infinity because |a| < 1.

e The controllability for the discrete system is equivalent to a Volterra first kind equation. The
general theory of these kind of equations can be found in the textbooks [Brul7, GLS90]. We

+oo
have that t — d; X (t,5) = h(t,s) + 3. a¥do(t — a — kr) where h is a continuous piecewise
k=1

function on R2. Let :
e too
_ / h(t,u)du — 3 bt —a + kr), (2.56)
0 k=1

where h(7) is the Heaviside function which is zero for 7 < 0 and 1 for 7 > 0 (so that
its derivative is a Dirac delta at 0), we have that d,k(t, ) is equal to —d: X (¢,). Let
xr € Wi([0,T],R), we search ¢ € L%([0,T],R) such that for all ¢ € [0, 7] :

++

(1) = /0 X (t, 5)é(s)ds. (2.57)

The equation (2.57) is a first kind Volterra equation which can be transformed into a second
kind Volterra equation using the derivative in the equation (2.57). We obtain for almost all
tel0,7T]:

d

o +/_dt (. 5)6(s)ds, (2.58)

and with the equation (2.56)

/ dyr(t, $)(s) + jt (). (2.59)

The Appendix, and more precisely Lemma A.2 and Lemma A.1 (see also [GLS90, ch. 10,
thm 2.5]), says that the kernel x is a Stieltjes-Volterra kernel on [0, 7] x [0, 7] and admits a
resolvent p, which is a Stieltjes-Volterra kernel on [0,7] x [0,7T]. Let n an integer, a solution
of the equation

= /0 i dski(t, 8)pn(s) + fu(t), (2.60)
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where f, is a function of bounded variation, is given by :

6u0) = 1a) = [ dplts ) fule), (2.61)

for t € [0,T] and ¢, is a bounded function. By density we can find a sequence (fy,)nen of
function of bounded variation which converges in L?([0,7],R) toward %x(-) and we define
the sequence of (¢, )nen Which verifies the equations (2.61) for all integer n. Since dp has
just a finite number of Dirac, we have that (¢, )nen is a Cauchy sequence in L2([0,T],R) and
then is convergent toward a ¢ in L?([0,T],R). There exists a subsequence of (¢, )nen Which
converge almost everywhere toward ¢. Then we have for almost all ¢ € [0, 7] that ¢ satisfies
the equation (2.59) and

(1) = %x(t} _ /0 7 dp(t,a)%x(a). (2.62)

Moreover, if we assume that 4 z(0) = 0, then the solution ¢ in the equation (2.62) is a solution
of the Volterra equation of first kind (2.57).

Let xy € W3 and we search ¢ € L?([0,7],R) such that :
z; = Bo, (2.63)

and equivalently :

T+
zy(0) = X(T+0,0)¢(a)da. (2.64)
0
We define z € W([0,7],R) such that z(t) = 0 for t € [0,7 —r] and z(t) = z¢(t — T)
for t € [T —r,T] and then the equation (2.64) become the equation (2.57) which admits a
solution in L?([0,7],R) by the previous reasonning. It has to be noted that this solution is
not necessarily unique.

O]

Remark 2.24. We proved that the system (2.48) is detectable. The delay can induce a lack of
observability, however we can see that if aB(t) + C(t) is not equal to zero for all t real then the
system (2.37) is observable and so the system (2.48) is observable too.

Corollary 2.25. For all z complex with modulus greater than the spectral radius of T, we have
that H(z) is an analytic Banach valued function except in the (; for j =1,--- , N where it has poles.

Proof. The two equations (2.51) and (2.54) leads to the equation (2.55) for z with a modulus enough
large. We have that A and the restriction of A to W4 has exactly the same spectrum composed
of the eigenvalues (1,--- ,Cy (see Corollary 2.19). Then, the structure of the spectrum of A, the
controllability and detectability of the discrete system (Theorem 2.23) and the analytic continuation
principle permit to extend the equation (2.55) for z with modulus greater that the spectral radius
of T, except when z is an eigenvalue of A in this domain where it is a pole. ]

We recall from the Definition 1.19 that the Instantaneous Transfer function (ITF) is defined by :

+oo

G(t,s) = X(t,t —7)e *"dr. (2.65)
0

Let us now give the link between the monodromy operator and the ITF.
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Lemma 2.26. We have :
G(s,t) = e ' [H(e*T)e¥ (). (2.66)

Proof. We have by the definition of the z — transform:
+o0 .
H(z)v(t) = Z Hyo(t)z~
k=0
400 T _
= Z z_k/ X (kT + t, 7)v(T)drT. (2.67)
k=0 0

We have by the equation (2.65) and integration by substitution :

t ~
Gst) = [ Xt ar

+oo
= X(t,7)e* T Vdr
+oo T _
= > / X(t,7 = kT)es " ) dr
k= m>0
+o00 T _
= Y etk / X(t+ kT, 7)edr. (2.68)
k=0 0

T

Since the equation (2.67) is equal to the equation (2.68) with z = e*", we have the result. O

The link between the ITF and the monodromy operator permits to reach the link between the
monodromy operator and the Harmonic Transfer Function HTF. In fact, we recall from Chapter 1
that the HTF H is the infinite matrix with coefficient Hy, ,(s) := Gm_n(s — 21%) where the
(Gn(8)),ez are the Fourier coeflicients of the ITF G(-,s)). Let us prove our two major theorems :

Proof of Theorem 2.1 and Theorem 2.2. Fix s € C with real part enough large. Let
A(s) : L*([0,T],R) — L*([0,T],R), (2.69)

where [A(s)¢](t) = e [H(e5T)es ¢(-)](t) for all ¢ € L?([0,T],R). Theorem 2.21 gives the existence
of K(R(s)) real positive which depend only of the real part enough large of s complex :

K(R(s))
|Gn(s)] < T

where G, is the n-th Fourrier coefficient of G(-, s). We have that the Fourier development of A(s)o(t)
is :

(2.70)

A(s)p(t) = > (Z arGn_1(s + 2i7rk/T)> 2/ T (2.71)

ne€Z \keZ

with (ag)rez the Fourier coefficients of ¢. In fact, when ¢ € C2, we deduce from Lemma 2.26, the
equation (2.70), the regularity of the Fourier coefficient of ¢ that the equation (6.68) holds. By a
density argument, the equation (6.68) holds as well for a function ¢ € L?([0, T],R).

By Parseval’s identity :

The HTF H(s) is a bounded operator on [?(Z) < A(s)
is a bounded operator on L2([0,T],R) .
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Corollary 2.19 implies that the spectrum of U(t, s) restricted to L?, Caps, W4 and C are equal
and are composed of a finite number of eigenvalues outside a disk of radius strictly than 1. Then
A(s) is a bounded operator on L? if and only if 7 is not in the spectrum of the monodromy
operator U(T,0), we have that H(s) admits an analytic continuation on the domain D, except
on the M where ( is an element of the spectrum of the monodromy operator of U(T,0). In
particular, under observability assumption (see Remark (6.24)), if T'/r ¢ Q, Corollary 2.19 implies
that all points of the vertical line 0D, are essential singularities of the HTF H, as an operator
valued analytic map which proves Theorem 2.1.

Put ¢; for some i in {1,---,n} an isolated eigenvalue of U(T,0) and E; its kernel. Since the
discrete system is controllable for the W functions (Theorem 2.23), E; is not empty. For all ¢ € E;
we have by the representation of the resolvent of A :

N P CN¥B¢
H(z)p=)_ PRaTeT (2.72)

k=0

where N a nilpotent operator, for all z complex in a neighborhood of (; and p is an integer. Put sq
such that e®*” = (;, s is a complex in the neighborhood of sy and W,(-) = e~ ¢(-). Thus :

lim (e - esoT)p“ [A()9](t) = =" [CBU,, ()| (1), (2.73)

S$—S0

Since the discrete system is detectable (Theorem 2.23) the right hand side of the equation (2.73) is not
+1
identically equal to zero. We deduce that there exists n and k such that lim (eST - eSOT)p Gn_k(s+

S$—S0

2imk/T) is non-zero. We deduce the Theorem 2.2 from the Theorem 2.3 and Theorem 2.4. O

2.6 Conclusion

The structure of the harmonic transfer function is more complicated than in the finite case. In
fact, there are other ways for the HTF H(s) to not be a bounded operator from [?(Z) to [?(Z) than
to be a pole. Theorem 2.1 remarks that all the information of the stability is not contains in the
coefficient of the matrix H(s) but is contained entirely in the matrix H(s) view as a Banach valued
operator. However we can see that the HTF is meromorphic in the closed right half plane where
the poles are the logarithm of a finite family of complex numbers. Since on this simple example, we
proved that the system is controllable and detectable, the analyticity of the HTF in the closed right
half plane implies the local stability of the periodic solution (Theorem 2.2). It would be interesting
to investigate further the structure of the harmonic transfer function in all the complex plane. We
rise some open interesting questions which are linked with this possibly investigation.
Open questions

e The actual knowledge of the spectral theory for autonomous constant difference delay equation
and neutral differential equation permits to know that the spectrum of the monodromy operator
for an autonomous difference delay system is composed of not semi-Fredholm elements. Since
the monodromy operator of the neutral differential system that we considered is a compact
perturbation of the monodromy operator of the autonomous delay system, we have that the
spectrum of the monodromy operator of the neutral differential equation is composed of
elements which are not semi-Fredholm plus a finite number of eigenvalues. Because of the
elements of the spectrum which are not semi-Fredholm are highly unstable after a compact
perturbation (see the article of Bouldin [Bou82] for the Hilbert case and the article of Gonzalez
et al [GO86] for the Banach case) it would be interesting to characterize entirely the nature of
the elements of the spectrum of the monodromy operator for the neutral differential delay
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system because the nature of this spectrum is strongly linked with the singularities of the
harmonic transfer function.

e Bound on the number of unstable poles?

e« We saw under observability assumption and the commensurability of the delay and the
period that the harmonic transfer function has a vertical line of singularities in the left half
plane which is composed of essential singularities where the HTF is viewed as a Banach
valued operator from [2(Z) to 1?(Z). This essential singularities come from the fact that the
monodromy operator of the neutral differential equation possesses an entire disk of elements
of the spectrum. For the infinite HTF to be an essential singularities could be caused by
different things. In fact let sy an essential singularity of the harmonic transfer function, then
the following things could happen :

— H(sp) is not a continuous operator from [?(Z) to [*(Z)
x all the coefficient of H(sg) are analytic complex valued function
% some coefficients of H(sg) have poles
* some coefficients of H(sg) have essential singularities

— H(sg) define a continuous operator from [?(Z) to I2(Z) but fail to have an analytic
continuation in an open neighborhood of sg.

In the way to perform rational approximation on the coefficient G,, of the harmonic transfer
function via the harmonic balance method it must be important to answer to the following
question : May the (stable) singularities of the G,,’s be other than poles 7






CHAPTER

Equations of a circuit containing
lossless transmission lines

In this chapter we are interested to give the equations for general circuits containing several lossless
transmission lines coupled with multiport which are composed of capacitors, inductors, resistors,
diodes and transistors. More precisely :

i. Putting together the components of the Chapter 1, ie capacitors, diodes, inductors, resistors
and transistors we can form a multiport. Formally speaking, the multiport is a directed
graph with labeled vertices (called junction nodes), and edges (called branches). Branches
correspond to the components and nodes to terminals thereof.

To each junction node j is associated a potential v;, and to each edge k an electric current iy.
One of the junction nodes, say vy, is the ground (its potential is 0 by convention). We always
assume that the graph associated with a multiport is connected. The currents iy, := (ixy, - - ,ik,, )
are plugged in between the ground and the junction nodes (ky,- - - , ky,) of the circuit containing
the components (see figure 6.1 below), where m is an integer which denotes the number of
output of the multiport.

Vi —_—

Figure 3.1 : A m multiport

To give the equations which govern the behavior of a such multiport, we assume that the
voltage of such multiport vy, = (vg,,--- ,vk,,) can be expressed with the voltage of the
capacitors, the current of the inductors and 4,, the current of the multiport thus by the
Brayton-Moser theorem (see [BM64]), we have that the equation of the multiport is :
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d . .
Cm dqjictm = hC(va s Uy s Zm)
L ZZ" = hl(vcm7ilm7 im)a (3.1)

Um = hm(vcma Z.lm s Z'm)a

where v, (resp. i;, ) denotes the voltage (resp. current) of the capacitors (resp. inductors)
contained in the multiport and the function h., h; and h,, have the maximum regularity of the
functions in the equation (1.2) and (1.5) that we assume at least C*. Like in the Chapter 1,
we add a smooth periodic generator and then the equations (6.71) become :

dve . .
Cmdfitm = C(tvvcmvllmalm)
Lm% = hl(t7vcm7ilm7im)a (3.2)

Um = hm(ta Ve s ilmv Zm)a

7i. We already introduced the modelization of a transmission line in the Chapter 2 without
explaining where comes from the lossless telegrapher’s equation. Since a transmission line
(see Figure 3.2) is commonly modeled as a concatenation of infinitesimal capacitors, resistors
and inductors with the same impedance [Pozll1] (see Figure 3.2, in which G denotes the
conductance of the resistor and the hatched region is the ground).

z  I(z) z+dz I(z+dz)
””” —o——————00000—— Wl
Ldz Rdz
V(x) Gdz Cdz | V(z+dz)

Figure 3.2 : Model of a transmission line

This model leads to the so-called telegrapher’s equation [ML86, sec. 9.7.3]:

gv = ‘ng -l

; . (3.3)
1 v

oz~ G o

When R and G are non zero and L/R # G/C, the previous equation doesn’t have an analytic
solution on a bounded domain in space. To be able to manipulate an analytic solution to
telegrapher’s equation, we assume in the following that R = G =0, ie :

v (3.4)
9i v
ox ot

To define the amplifier containing the lossless transmissions lines and the multiport, we have to
connect each others. Formally speaking, we consider a directed graph with N edges and N’ nodes,
where N and N’ are two positive integers. Nodes are numbered by integers from 1 to N’ (that we
denote as p) and edges by integers from 1 to N (that we denote as k).
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Each edge figures a lossless transmission line. More precisely, we see edge number k as an
oriented unitary real segment [0, 1] (i.e. a transmission line of unit length) with two real function
vi(t,.) and ig(¢,.) (the voltage and the current) defined on this segment at each time ¢, satisfying
the following lossless telegrapher’s equation ie R and G in the equation (3.4) are zero :

avk(tvx) 6Zk(t7$)
O T T e
. X (t,z) € Q, (3.5)
I 8Zk(t>x) _ _avk(tvx)
Mo or
where
Q= {(tr)eR?’ 0<z<1land0<t< +oo}, (3.6)

and, for each k, Lj and C} are two strictly positive numbers (the inductance and the capacity of the
line k). In (5.3) we define numbers 7, and Ky, often called the delay and characteristic impedance
of the line k, and we assume without loss of generality after possibly re-ordering the edges, that the
delays 73 are increasing:

T =V LCh KkZ\/Ck/Lk, O<mn<m---<7n. (3.7)
Each node consist in a multiport connected to the transmission line which touches this node.
More precisely, if

o j(p) is the out-degree of the graph at node p (i.e. the number of edges outgoing from node p)
and j(p) the in-degree of the graph at node p (i.e. the number of edges incoming at node p),
and

o ki <. <kjgy) are the labels of the edges outgoing from node p and kj,)41 < -+ < Kjp)1j500)
the labels of the edges incoming at node p,

e ¢p (resp. [,) is the number of capacitors (resp. inductors) in the multiport at the node p

o v, (resp. i,) denotes the voltage (resp. current) of the capacitors (resp. inductors) at the
node p for r belonging to ci,--- , ¢, (vesp. l1, -+ ,1p)

then node number p couples equations (3.5) together by imposing j(p) + j(p) + ¢, + I, relations
between the 2(j(p) + j7(p)) + ¢p + I, entries of the following three vectors:

(™ (t, 0) —ikl (t, 0)
‘/p(t) vkj(p) (t7 O) 7 Ip(t) _ _ikj(p) (tv 0) (38)
Ukjpy41 (35 1) Uiy 2 (£
ki3 (B 1) iy (6 1)
and
Ve, (1)
() = | ) (3.9)

ill (t)

ilp‘(t)
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Thus applying the equation (3.2), we have that :

Vo(t) = hp (8 1p(2), (1)),
{ d%(t) = hy, (¢, I,(t), 2,(t)) pe[1,N'], (3.10)

where hy, and hy, are at least C%.

So far, we wrote a system of hyperbolic equations, namely (3.5), indexed by the edges of our
graph, with boundary conditions given by a collection of N’ linear time dependent relations, namely
(3.10), indexed by the nodes of the graph. As a result, the boundary conditions at x = 0 and at
x =1 for a given telegrapher’s equation of the form (3.5) are generally obtained from two different
relations of the form(3.10). To offset this, we shall write the collection of all boundary conditions in
lumped form, as a single linear relation between concatenated vectors V(t) and I(¢) defined as

vi(z, 1) ir(z, t) v(t,0) —i(t,0)
o(a,t) = : i) = . V() = , I(t) = . (3.11)

vy (z,t) in(z,t) v(t, 1) it 1)

that aggregate all boundary values of voltages and currents in the lines. We aggregate too all the
current and the voltage of the inductors and the capacitors respectively :

Z1 (t)
z(t) = : . (3.12)
ZN! (t)
It follows that we can rewrite the sytem (3.10) :
V(t) = hi(t,1(t), 2(t)),
L Then o )

where hy (resp. hy) is a function at least C* from R x R2N x R(crth)(en+in) (resp. R x R2N x
R(Cl+ll)---(CNl+lN/)) intO RQN (resp. R(Cl+l1)'"(CN/+lN/)).
3.1 Nonlinear hybrid differential delay equations

Let us now construe the system of coupled telegrapher’s equations from (3.5) and (3.13) as a delay
equation. Let fi, gi, thus a resolved form of the telegrapher’s equation is :

Q‘}k(tam) :fk(x*i)+yk($+%)v (3.14)
in(t,x) = Kg[fu(z — 5) —y(z + )],

and define: ; .
zp(t) = fk(‘?k) and yx(t) = gr(1 + E)' (3.15)

Putting (3.15) in (3.14) we obtain :

Uk(t, 0) = xk(t) + yk(t — Tk) s
ik(t,0) = Ki[zk(t) — yu(t — 7k)] (3.16)
Uk(t, 1) = :L‘k(t — Tk) + yk(t) y

[

wi(t — 1) — yk(t)] -
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Putting the equation (3.16) in the equation (3.13), we obtain :

(El(t) xl(t—ﬁ)

0 :ill ‘, xn(t) , xn(t —7N) =)
y1(t) yi(t — 1)
xl(t) xl(t—ﬁ)

dx(t) _j, an(t) | |anE—Tn) |

a )t () || nt—mn) =0
() \utt =)

where h; and hy are at least C* and in the space necessary to give a meaning to the equation (3.17).
The equation (3.17) is called a nonlinear hybrid differential equation.
3.2 Linear hybrid differential delay equations
Assuming that the circuit contains a continuous periodic solution which is generated by the periodic

generator. We can linearize the system (3.10) around this periodic solution, we obtain the following
periodic system :

{%@ = Ap(O)Ip(t) + Az(t)2p(1), (3.18)

where ¢ — A, (t), Az(t), By(t) and B,(t) are maps from IR" to the set of (j(p)+7(p)) x ((p)+i(p)),
() +7(p)) x (cp+1p), (cp+1p) x (j(p) + )(p)) and (cp+1p) % (cp + 1) matrices which are assumed
to be two time continuously differentiable and T-periodic.

Since the vectors V,(t) (resp. Ip(t)), defined in (3.8), altogether contain each component of V(t)
(resp. I(t)) exactly once as p ranges from 1 to N, there is a 2N x 2N permutation matrix P; such
that

Vi (t) I (t)
| =PV, | =P, (3.19)
Vi (t) Ini(t)

The set of equations (5.5), 1 < p < N’, can now be written as

{ V(t) =A@)I(t) + Ag(t)2(t), (3.20)
dz B(t)I(t) + By,(t)z(t) '
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with
Aty = dzag(Al( )y Ani(t)) Py (3.21)
A,(t) = dmg( (1), .. ZN, (1)) (3.22)
B() = diag(Bu(t)...., Bar() P (3.23)
B.(t) = diag(B,(1),.. B.,, (1)), (3.24)
where diag(A1(t), ..., An/(t)), diag(Ag (t),. .., Azy,), dzag(Bl(t), ..., Byr) and diag(By, (t), . . .

are 2N X 2N, 2N x (c1+1y) - -

(c14+10)---
(3.20) gives us

(CN’+ZN’) (c1+1y)---

(en/+1n) X 2N and (c1+1) - -
(en7 + Inv) block-diagonal matrices respectively. Plugging (3.16) in the first equation of

7BZ‘N/)
(CN/+ZN/) X

z1(t) y1(t —71) —Kix1(t) Ky (t —m)
on® |, |owtt—m) | _ o || =Kwan@ | | K- ]
y1(t) i w1 (t — 1) =AW —K1y1(t) " Ky xq(t —71) AL
yn(t) N (t—7N) L\—Knyn(t) Knan(t—1n)/ | (3.25)
[ xi(t) y1(t) ]
da(t) _ N (t) yn () ,
i B(1)K 1t —7) + it —m) + Ba(t)z(t)
I wN(t;TN) yN(t'—TN) 1
and finally, defining
. (0 Id
K:dZCLg(Kl,...,KN,Kl,...,KN) and PQ— (Id O) (326)
where Id has size N x N, we get as P,K = KP, and
:Ul(t) 1‘1(25 — ’7’1)
WO L AOK) T T AQK) PR | NN AL )20,
Y1 (t) yi(t — 1)
yn(t) yn(t —7v) (3.27)
[ m(t) Y1 (t) ]
d=(t) _ ry(t) yn(t)
di =B(t)K et ) - it — ) + B, (t)2(t)
L ﬂSN(t;TN) yn(t —7n)/ |




3.3 HARMONIC TRANSFER FUNCTION FOR A CIRCUIT CONTAINING LOSSLESS TRANSMISSION
LINES 75

Remark 3.1. We needed to intervert the matriz I+ A(t)K in the equation (3.27). We just assumed
that it was possible but we will see in the Chapter 6 that under some reasonable physical assumption
(dissipativity of the circuit at high frequency), this matriz is always invertible.

Remark 3.2. The system (3.27) is slightly more complicated than the neutral one in the Chapter 2.
Assuming that A,(t) is invertible, then we can recover a linear differential neutral system but in
general there is no reason allowing to do this assumption.

3.3 Harmonic transfer function for a circuit containing lossless
transmission lines

To check the zero exponential stability stability , we disturb the linearized circuit by adding a source
of current i, at one node of the multiport which compose one node of the circuit containing the
lossless transmission line and we observe the voltage u.. Thus the equation (3.18) become an input
output system with the following equations :

Vp(t) = Ap(t)Ip(t) + AL (t)2(t) + Ac(t)ic(t),
Lol)  — B (0)I,(t) + B.(6)2(t) + Bu(1)ic(t) p € [[1,N']], (3.28)
ue(t) = Cp(t)Ly(t) + Ca(t)2(t) + Celt)ie(t

In the aggregated way the equations (3.20) become :

V(t) =A@) 1) + Az(t)z(t) + Ac(t)ie(t)
=0 — B()I(t) + By (t)2(t) + Be(t)ic(t (3.29)
Ct)I(t) + Cy(t)2(t) + Cc(t)ic(t)

Ue

with

A(t) = diag(Ac(t),..., A, (1)), (3.30)
B.(t) = diag(B(t),. .,BgN,(t)) (3.31)
Cc(t) = diag(Ce (1),...,Cc, (1)) (3.32)
C(t) = Pidiag(Ci(t),...,Cni(t)), (3.33)
Ca(t) = diag(Cs (1), ...,Cx, (1)), (3.34)
Cc(t) = diag(Ce(t),...,Cc, (1)) (3.35)

Putting the equations (3.16) in (3.29), we obtain the following equations which are the input-output
version of the equations (3.27) :
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z1(t) y1(t)
dz(t) _ o () yn(t) s ;
ar = BOK x1(t —11) " y1(t —11) T Ba(1)z(1) + Be(D)ie(?)
L \zn(t —7n) yn(t —7n)/ |
xl(t) CCl(t—Tl)
WO _ AR - AGK) Py | VT AL (0)2(0) + Ad(0)i(t) (3.36)
y1(t) y1(t —71)
yn (1) yn(t —7n)
[ () yi(t) ]|
uc(t) = C(HK xN ® s yN@ + C,(t)2(t) + Ce()ic(t)
‘ :L’l(t—Tl) yl(t—Tl) “ ¢ ¢
L \zn(t —Tn) yn(t —7n)/ |

Since the system is periodic and linear we can define the harmonic transfer function H(s) which
is the infinite matrix satisfying the following equation :

Uc(s) = H(s)I(s), (3.37)
where
L{ue}(s + iwo) L{ie}(s + iwo)
Ue(s) = L{uc}(s) and I(s) = L{ic}(s) . (3.38)

L{uc}(s — iwp) L{ie} (s — iwo)

Once again, using the frequency domain, we can express each transmission line (3.5) as a linear
matrix (see equation (2.7) in the Chapter 2). Putting this linear matrices in the boundary equations
(3.10) leads to a system like the system (1.12) and we can perform the Harmonic Balance analysis
to approximate a periodic solution and approximate the Harmonic Transfer Function H on the
imaginary axis.

The questions which arrive are :

i. Under suitable observability and controllability assumptions, does the holomorphy of the
harmonic transfer function in the right half-plane give the local stability of the periodic
solution?
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7. Does the harmonic transfer function have possibly only poles in the right half-plane?

Because of the regularity of the system it seems natural to think that the answer to the question
i is yes but it is not a trivial thing because system like (3.27) hasn’t been really considered until
nowadays in the time-varying (here periodic) case. Concerning the question i it seems to be more
complicated. However, we can follow the intuition of the electronic engineers who say that, since the
system at high frequency is exponentially stable, then the harmonic transfer function has possibly
only poles in the right half plane. From an electronic engineers’s point of view, the system at high
frequency is the system where the capacitors are replaced by a wire and the inductors are replaced
by an open switch. In mathematical terms, it means that = become zero in the equations (3.27) and
thus we obtain the following equations, which models the behavior of the system at high frequency :

:L‘l(t) l‘l(t — ’7'1)
Zflv(f)) ——(I+AMK) (I-A@t)K) P QZE; - ZV)) : (3.39)
yn(t) yn(t—7n)

The equation (3.39) is a periodic difference delay equations and are not really present in the
literature. That’s why before to address the issue of the questions ¢ and ¢¢ in the Chapter 6, we study
stability conditions for system like (3.39) in the Chapter 4 and Chapter 5. The Chapter 4 studies
stability condition for general periodic difference delay system generalizing methods of Bellman,
Cooke, Hale and Henry whereas the Chapter 5 give stability conditions using the particular structure
of difference delay equations which come from a network of lossless telegrapher’s equations.

The Chapter 6 relies the equations (3.27) with the equation (3.39), in fact the behavior of
the system is just a compact perturbation of the system at high frequency. And since all the
multiport are assumed to be passive at high frequency, we can conclude through the Chapter 4 or
the Chapter 5 to the fact that the harmonic transfer function has just possible poles in the right
half plane. Moreover we give some local stability results for the equations of the forms (3.27).






CHAPTER

Stability criteria of linear periodic
difference delay systems

4.1 Introduction

Motivation

Physical models involving delays naturally arise in circuit theory, which has been an initial motivation
of the authors for the present work. Indeed, in electric networks operating at high frequency, one
cannot neglect delays induced by the transmission lines between the linear static (resistors), linear
dynamic (capacitors/inductors), and nonlinear (diodes/transistors) elements of the circuit. Lossless
transmission lines are typically modelled by telegrapher equations, which are the simplest transport
partial differential equations (PDE). Using the integrated form of the latter, one obtains at a generic
functioning rate a model for the circuit consisting of a system on nonlinear ordinary differential
equations (ODE), coupled with a nonlinear delay difference system:

{ W0 — fa(t), y(t -
y(t) =

where the z variable collects voltages or currents at terminals of the devices while the y variable
consists of (combinations of) voltages and currents at the ends of the transmission lines [Bra67].

7—1)?"' 7y(t_7_N)) (4'1)
g(@(t),y(t —71), -yt — 7)),

Periodic solutions of such dynamical systems arise spontaneously in the case of oscillators, or
by periodic forcing in the case of amplifiers (the forcing is the signal to be amplified, represented
for instance by a periodic voltage source). Assuming such a periodic solution (Z(t),7(t)), one may
linearize the equations around the latter to investigate local stability of the system, based on the
exponential stability of the first order approximation [Sua09]. This linearized system consists of
periodic linear ODE coupled with a periodic linear difference delay system of the form:

=

) — A(t)x(t) +

B;(t)y(t —75)
! (4.2)
Dj(t)y(t — Tj).

J

<
=

I
2
=
8
=
+
M=

I
—

J
As explained in [HVL93, Ch. 3, thm. 7.3] for the so-called neutral case (i.e. when C(¢) is smoothly
invertible so that the a-variable can be eliminated) and more generally in [Fue20], the solution

operator of (4.2) is a compact perturbation (modulo a projection) of the solution operator of the
high frequency limit system which has no dynamics:

y(t) =D Di(t)y(t — ). (4.3)

J=1
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Hence, the high frequency limit system must be exponentially stable for the original system to be
exponentially stable, and when this is the case exponential stability of system (4.2) depends only
on the sign of the real part of finitely many eigenvalues, due to the compactness of the perturbation.
This motivates our study below of time-varying periodic difference delay systems of the form (4.3).

Recap of known results for time-invariant delay systems

Historically, the main efforts to study the stability of the system (4.2) have been made without
considering the linear autonomous difference in itself. This efforts can be classified in two principal
areas. The first consists to give a stability condition using the right complex half plane where the
proofs are based on the Laplace transform techniques, the theory of the complex almost periodic
function and the spectral semi-group theory (for this classical results, see the Bellman-Cooke book
[BC59] or the Hale book [HVL93]). The second way to analyse the stability of this systems is to
use the theory of the Lyapunov-Krasolneskii functional (see the chapter 5 of the book of [HVL93]).
Nowaday, the efforts focus on the building of such functional (see [GEM19], [RN02]).
Surprisingly, the first stability of autonomous linear difference system occur late in [CH70] for a
finite number of commensurable delay. This result has been improved by Henry who proved the
same theorem for an infinite number of discrete delay and non necessarily commensurable (see
[Hen74]), and later by Hale for distributed delays (see chapter 9 of [HVL93]). We consider the
following constant difference delays system :

N
y(t) =Y Djy(t — 1), forallt > s, (4.4)
j=1

where s is a real time initial data, d and N are positive integer, and each D; is a constant d x d
matrix and solutions ¢ — y(t) are C? valued functions of time ¢ and the delays can be ordered as
71 < -+ < 7n. For constant difference-delay equations like (4.4), the Henry-Hale theorem below
gives a necessary and sufficient condition for zero to be exponentially stable (see [Hen74, CH70]).
Hereafter, ||.|| indicates the Euclidean norm.

Theorem 4.1 (Henry-Hale). The following two properties are equivalent:

(a) There exists v > 0 and K > 0 such that for all continuous function y, satisfying (4.4) and

verifying :
sup ||yt +0)|| < Ke ") sup ||y(0)||, for allt > s and all s real. (4.5)
s—1N<0<s s—TN<0<s
where || - || is the euclidean norm on C.

(b) There exists a < 0 such that :

N
I — 3" Dje P7 is invertible for all complex p with real part greater than c. (4.6)
j=1

The assumption of the Henry-Hale theorem is not always simple to check because it involves the
computation of an infinite number of determinants. However the condition (4.6) is often simplified
in the case of transport equation, because each delays 7; acts only on the non zero columns of D;

N
for all ¢ € {1,---, N} and we have just to check that the spectral radius of > D; is in the unit
j=1
disk. Theorem 5.17 is proved with a Laplace transformation technique for one implication and by
the spectral semigroup theory for the converse.
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Review of the existing results of the linear time-varying difference delay system
and outline of the chapter

When the linear difference delay equation becomes non-autonomous (ie time-varying), the case turns
out to be more difficult and has not been studied extensively. First, a straightforward generalization
of the Theorem 5.17 in the time-varying case become obviously false. In fact, considering the
following delay system :

y(t) = Di(t)y(t — 1), (4.7)

where Dq(t) is a 2 x 2 continuous 2 — periodic matrix. We can construct a matrix Dj(-) which has
the spectral radius strictly less than one and however has the spectral radius of D;(¢)D;(t — 1)
greater than one which is an example which checks the condition 2. of the Theorem 5.17 but which
is not exponentially stable.

For the time-varying linear delay system, the first article referring to a sufficient stability condition
which is obtained through the Perron-Frobenius theorem can be found in [NH15]. Involving a kind
of a joint spectral radius, Chitour et al ([CMS16]) give a necessary and sufficient condition in the
general case of linear non-autonomous difference equation. But the condition leads to a complicated
combinatories and the criterion become difficult to check. When the linear time-varying system
come from a network lossless telegrapher’s equations we can find a stability result for a subclass
of difference delay system in [BFLP20]. To sum up, the stability of the constant linear difference
equation is entirely understood via the Henry-Hale theorem, and the general time varying seem
to lead to a too complicated combinatorics to have a general result like the Henry-Hale theorem.
Between this two cases, it seems interesting to investigate the periodic difference delay system who
provide, through the using of the Fourier developpment, an intermediate case in terms of difficulties.
In this article we give a generalization of the Henry-Hale theorem in the case of linear regular
periodic difference equation and show an application of this theorem to the 1-D hyperbolic equation
with linear periodic boundaries.

4.2 Notation

We let R and C be the real and complex fields, and R¢ (resp. C¢) the Euclidean (resp. Hermitian)
space of real (resp. complex) dimension d. When z,y € R? (resp. C%), we write (x,y) for their
scalar (resp. Hermitian) product and ||z|| for the norm of x. The notation is the same for the real
and complex case, but the context will keep the meaning clear.

For E C R% or C¢, we let C°(E) be the space of continuous real or complex valued functions.
Likewise, for B a Banach space, we write C°(E, B) for continuous B-valued maps on E. When E is
compact, we endow C(E) and C°(E, B) with sup norm. For a € (0,1), we designate by C®(FE) the
space of real or complex valued Holder continuous functions with exponent «; i.e., f € CY(E) if
and only if |f(x) — f(y)| < C||lz — y||* for some constant C' and all z,y € E, the smallest C' being
the Holder constant of f. For f € C*(FE), we note the partial derivative aa% the smallest C such
that |f(t) — f(y)| < C||t — y||* for all y € E. The space C*(E, B) is defined analogously. When E
is open, we let C1(E) (resp. C'(E,B)) designate real or complex (resp. B-valued) functions on E
whose first derivatives lie in C(E). The space C%*(E) comprises functions whose first derivatives
belong to C%(E), and C'(E) those functions which are restriction to E of an element of C1(E’),
where E’ is open and contains E. The spaces C%(E, B) and C*(E, B) are defined analogously. The
space of continuous periodic functions on R with period T' > 0 identifies, for any a € R, with the
subspace C%([a,a + T) of C%([a,a + T)) consisting of f for which f(a) = f(a + T). Alternatively,
this space may be viewed as C°(T) where T is the unit circle, up to a rescaling of the variable by
27 /T. Similar definitions hold for B-valued periodic functions.
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For I a real interval, recall that a function f: I — R is said to have bounded variation if

N
Wi(f) = sup Y |f(xi) = flwi-1)| < oo (4.8)

zo<w)<---<TN i=1
z,€],NeN

In the degenerate cases where I is empty or reduces to a point, we set Wy(f) = 0. The number
Wi (f) is called the total variation of f on I, and we let BV (I) indicate the space of functions of
bounded variation on I endowed with the norm || f||gy(ry = Wi(f) + |f(0)|, where o is arbitrary
but fixed in I. Different o give rise to equivalent norms, for which BV (I) is a Banach space. When
I is bounded on the right and contains its endpoint b, we choose o = b for definiteness. Note that
functions in BV (I) are bounded and ||.||gy(s) is stronger than the uniform norm, because evidently
|f(z)] < |f(o)| + Wi(f). A function of bounded variation is the difference of two nondecreasing
functions, therefore it has a limit f(z~) (resp. f(z™)) from the left (resp. right) at each z € I
where the limit applies [L.0oj88, sec. 1.4]. If f,g € BV (I), then clearly fg € BV (I) with

Wi(fg) < Wi(f) Sup lg(z)| + Wi(g) Sup |f(z)]. (4.9)

To f € BV(I) one can associate a unique finite signed Borel measure vy on I such that, whenever
(a,b) C I, we have vs((a,b)) = f(b™) — f(a™), while if I is bounded on the right (resp. left)
and contains its endpoint a, then v¢({a}) = f(a) — f(a™) (resp. f(a™) — f(a)) [L0j88, ch. 7, pp.
185-189]. For g : I — R a measurable function which is summable against v¢, the Lebesgue-Stieltjes
integral [ gdf is defined to be [ gdvy, whence the differential element df identifies with dvy [£0j88,
ch. 7, pp. 190-191]. From (4.8) and the regularity of finite positive Borel measures on R [Rud82,
thm. 2.18], it follows that Wr(f) = |lv¢|| when f is monotonic on I, where ||| indicates the
total variation of the measure vy, see [Rud82, sec. 6.1]. In general, it holds that |jv¢|| < 2W;(f):
this follows from the definition of vy [L0j88, eqn. 7.5.13] and the decomposition of f into its
continuous and saltus part [F.0j88, thm. 1.4.4]. Note that different f may generate the same v;:
for example if f and f; coincide except at finitely many interior points of I, then vy = vy . In any
case | [ gdf| < [|gldv¢| < 2Wi(f)supy|g|, where |vy| is the total variation measure of vy; that is:
|vf| is the only positive measure on I with mass ||vf|| such that v is absolutely continuous with
respect to |v¢| and the Radon-Nykodim derivative dv/d|vs| has modulus 1 at |v¢|-almost every
point, see [Rud82, sec. 6.1]. We let BV,.(I) C BV (I) denote the subpace of functions that are
right-continuous. Likewise, BV;(I) C BV (I) is the subpace of left-continuous functions. Because
I-l By (1) is stronger than the uniform norm, BV,.(I) and BV;(I) are Banach spaces in their own
right. We shall lean especially on the space BVj[a,b]). By what precedes, it consists of functions
of the form u(t) = v[a,t) + ¢ with v a finite signed measure on [a,b] and ¢ a real constant; clearly
then, v, = v.

Given f € BV/(J), we often need to integrate a function g with respect to df over a subinterval
I C J. The subinterval I is typically encoded by assigning bounds to the integral sign: a lower
bound a~ (resp. a™) means that I contains (resp. does not contain) its lower bound a, while an
upper bound b" (resp. b~) means that I contains (resp. does not contain) its upper bound b. Care
must be used with this notion, for Vi, needs not coincide with the restriction of vy, to I. More
precisely, if there is an endpoint a of I that belongs to I and lies interior to J, then the two measures
may differ by the weight they put on {a}: when a is the right (resp. left) endpoint of I, the two
measures agree if f is right (resp. left) continuous at a. For example, when splitting an integral of
the form ff: gdf as f;ir gdf + fcbf gdf where ¢ € (a,b), we must use ¢t (resp. ¢7) if f is right (resp.
left) continuous at c.

We denote by BVj,.(R) the space of functions whose restriction to any bounded interval I C R
lies in BV ().
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We apply the above notation and definitions to complex, vector and matrix-valued functions,
replacing absolute values in (4.8) by moduli, Euclidean and operator norms, respectively. This of
course means that the real and imaginary parts, or components lie in the corresponding spaces of
real-valued functions.

4.3 Results

We consider the following periodic difference delay system:
N
y(t) =) Di(ty(t—m),  t=s (4.10)
j=1

where s € R is the initial time, d and N are positive integers, D; : R — Cd is a continuous
T-periodic matrix-valued function for 1 < j < N, and the solutions to (6.6) are C? valued functions
t — y(t) of the time ¢. Without loss of generality, we order the delays so that 0 < 73 < --+ < 7p.
Note that all delays are assumed to be strictly positive. The case where 71 = 0 and I — Dy (t) is
invertible for all ¢ quickly reduces to the present one, but when I — D;(t) is not invertible new
difficulties arise that we shall not take up here.

Without loss of generality, we can assume that T > Ty (otherwise just consider the smallest
integer p such that pT > 7y and let T' := pT'). In order to have a unique continuous solution to
(6.6), we need continuous initial data on the interval [s — 7, s] that satisfy a compatibility condition
at the endpoints. So, we define the space :

N
Cy 1= {6 € Col|—mw, 0], C)[6(0) = 3" Dy(s)6(~1;)}- (4.11)

j=1

Since the system is T-periodic, we have that Csy 7 = Cs. We endow Cy with the supremum norm :

9llso := sup [|¢(0)]], (4.12)
—7n<6<0
where || - || is the euclidean norm on C%. For ¢ € Cj, a recursive argument shows that the system

(6.6) admits a unique continuous solution y with y(s + 0) = ¢(0) for § € [—7n,0]. Thus, we may
define the solution operator:

U(t, S) : OS — Ct (413)
¢ — Ult,s)o, (4.14)
where (U(t, s)¢) (0) = {y(t+0), 0 € [—7n,0]}.

Definition 4.2. The zero solution of the system (6.6) is called C° asymptotically exponentially
stable if there exist v > 0 and K > 0 such that :

U (, $)9||o0 < Ke 74 9)||¢]|n, for all s € R, all t > s and all ¢ € Cs. (4.15)

Before stating our main theorem, we introduce more notation. We consider the Fourier coefficient
(Dj(k))kez of Dj for j € {1,--- ,n}, that is:

_ 12wkt

Di(k) = % /0 " Dy ar. (4.16)
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We let Lp, be the (doubly infinite) block Laurent matrix associated with D;(t), whose entries are
(LD].)]c =D;(k—n), nkeZ (4.17)
N

Since each D; is bounded, these Laurent matrices act on the Hilbert space :

—+00
[3(Z) = {z = (z))jezlz € C%, Y |Izl]* < +oo}, (4.18)

j=—o00

equiped with the norm||z||2 given by
1213 := D [zl (4.19)

Note that ||Lp,z|l2 = [|DjZ| r2(r) where T is the unit circle and L?(T) the familiar space of square
summable functions on T, while Z € L?(T) is the function whose Fourier coefficients are the z.
For A :1%(Z) — I3(Z) a linear operator, we denote by || A||, its operator norm:

A
1Al = S‘;pH 2lle (4.20)

o [12ll2

Irrespectively of k € N, we put I for the identity operator on 12(Z) and, for 1 < j < N, we define
the (doubly infinite) block diagonal matrix D, by

DTj — dlag{ o e—4i7rT]-/TId 7 e—ZiWTj/TId I, €+2i7rTj/TId, 6+4i7r7j/TId e }’ (421)

where I is the identity matrix of size d x d.

Theorem 4.3. Assume that the D; : R — C¥? are periodic and differentiable with Holder
continuous derivative for 1 < j < N. We have the following equivalence :

o there exists a real number o < 0 such that :

N s
i Ino — j;l e P% Lp, Dy, is invertible in 13(Z) to 13(Z) for all p € {z € C|R(2) > a},

~1

N

1. [Ioo - Z e P Lp, D.rj is uniformly bounded for all p € {z € C|R(z) > a},
i=1

2

o the System (6.6) is CO exponentially stable.

The chapter is organised as follows. The section 4.4 deals with the proof of the sufficiency of the
theorem 4.3 while the section 4.5 is devoted to the proof of the necessity. The section 4.6 represents
a discussion about the assumptions and the immediate corollaries of the theorem 4.3, and gives an
application to the 1-D Hyperbolic Systems with linear periodic boundaries.

4.4 Sufficiency

We assume that the assumption ¢ and 47 of the theorem 4.3 are verified and we prove that the
System (6.6) is C° exponentially stable. We proceed in four steps.
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Step 1:

Step 2:

For s € R and t > s, we introduce below a function X : R2 — R%*9_ called the fundamental
solution of System (6.6), that satisfies the equation:

0 for t < s,
X(t,s) = N 4.22
A S Di(H)X(t—75,5) for t > s. (4.22)
j=1
Proceeding inductively, it is easy to check that X uniquely exists. Introducing the set :
N
F = {an7j|nj€Nforj:1,---,N}, (4.23)
j=1

we remark that X (¢, s) is continuous when ¢ — s ¢ F and has a bounded jump across each
line t — s = f as f ranges over F. In particular for fixed t € R, X(¢,-) is locally a function
of bounded variation on R with respect to its second argument. The importance of the
fundamental solution stems from the following integral representation formula expressing the
solution y of the system (6.6) in terms of X and the initial data ¢ € Cs:

N r(s+my)”
) =-3 /_ T X (L a)Dy()bla— T — ), >, (4.24)
j=17s

where the right hand side of (4.24) is a sum of Lebesgue-Stieltjes integrals and the minus
or and plus superscripts in the bounds indicates they are taken in the lower and upper
limit, respectively; i.e., the j-th integral above is taken on [s,s 4 7;(, and d, X (¢, o) indicates
differentiation of [s,s + 7;(3 a — X (t,a). We observe that the corresponding formulas for
autonomous linear difference-delay systems which appear in [Hen74] and [Hal77] seem to have
issues, which is why we give a proof of (4.24) in A.1. We have that the fundamental solution
is exponentially bounded. More precisely, we prove by induction on k integer the existence of
a K > 2and a A > 0 such that :

X (t, s)|| < Ke*t=%), for all t > s, (4.25)

where || X (¢, s)|| denote the operator norm of X (¢, s) induced by || - || on C%. Let K’ a positive
uniform bound of the periodic continuous family (D;(-));—; .. ; and we take A enough large
such that :

K'Ne™™ < % (4.26)

For k = 0, it is obvious that the equation (4.25) holds for 0 < ¢ — s < 71 for some A\ and K
positive real. We assume that (4.25) hold for k integer and all ¢, s such that 0 <t — s < k7.
For t, s real verifying kmy <t — s < (k+ 1)71, we have from the formula (4.22) :

I1X(t,8)]| < 1+ K NKe AeMt=s) (4.27)
< Kerts), (4.28)

which concludes the induction. To prove that y(¢) is exponentially stable, we will compute
the variation of X (¢, s) in its second variable by using the Laplace transform.

Since we assumed that the D; has a Holder continuous derivative, we have the following
regularity of the fourier coefficients ([Zyg02, Ch. 2, thm. 4.7]) :

Dy(k)| < 1+|(;1+5 je{l, -, nl, (4.29)
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where C' is a positive constant and § €]0, 1] the Holder exponent of the derivative. Putting
the Fourier coefficient of D; (see equation (4.16)) in the equation (4.22) we obtain :

X(t,s) —I—i—ZZemktb X({t—m5,s)ift>sand 0if t < s. (4.30)
keZ j=1
The equation (4.30) has a sense because of the regularity of the fourier coefficient (4.29).
Performing the Laplace transform in the equation (4.30), and permuting the series and the
integral by the dominated convergence theorem (thanks to the equation (4.29) again), we
obtain for p complex with the real part of p equal to ¢ € R largest than the A defined in the
equation (4.25) :
+oo +oo 2L7rk:
/ e PIX (L, 5)dt = / T soof(B)e P Tdt+ 3 Z/ PP (R)X(t— 1, 5)dt,
—00 —00 keZ j—1
(4.31)
where 1, | [ is the charateristic function equal to 1 on [s, +oo[ and 0 elsewhere. We note the
Laplace transform of X (¢, s) in its firt variable :
A +oo
X(p, s) ::/ e PP X (t,s)dt. (4.32)
—00
By N substitutions (t — ¢ — 7j for all j =1,--- ,N), we deduce from the equation (5.38) :
A [ V A 2 ) k
X, PELD (X (p - = 9). (4.33)
keZ j=1
. —<p+5i”>s
. X<p + 2’1@-7 ) p+2}7r
We define X(p, s) := X(p,s) , é(p,s) = eppSI
K- %.s) U
p—F
and
A N ~
H(p) :=1Ix—> e PiLp Dy, (4.34)
j=1
Replacing p by p + 222 for all n € Z we can rewrite equation (5.25) as
H(p)X(p, s) = é(p, 5)- (4.35)
Step 3: Thanks to Fourier’s series and Laplace transform, we transform the periodic delay system in

finite dimension (4.22) into the linear constant infinite dimensional system (4.35). In order
to express X(p, s) -and in particular X (¢, s)- we have to inverse the operator H(p). Let an
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infinite matrix A := (a; ;)i jez Where a;; is a d x d matrix with its coefficients in C for all
i and j integer. We define B(I3(Z),[3(Z)) the space of the infinite matrix A which define a
continuous operator from 13(Z) to (3(Z) with a finite Wiener’s norm |||l where :

1Al = > sup flai;ll. (4.36)

kez li—il=k

The Wiener’s norm is the sum of the supremum of the diagonals. The space B(I3(Z),13(Z)) is
a Banach space. Since the periodic functions D; are differentiable with a Hélder continuous
derivative for j = 1,--- , N we have the equation (4.29) and thus H (p) has a finite Wiener norm.
Since an operator with an infinite Wiener norm define an operator from [%(Z) in [3(Z), we have
that H(p) € B(13(Z),13(Z)). Moreover we have that H:{zecCIR(2) >a} — B(13(2),1%(Z))
is a Banach valued holomorphic function. By the assumption ., we have H (p) is invertible
on I2(Z) to I3(Z) for all fixed p € {z € C|R(z) > a}. By the assumption i, we have that the
inverse operator of H(p) is uniformly bounded in the complex plane {z € C|R(z) > o} with
the norm ||-||,. By the theorem 1.2 in [GK14], we deduce that the inverse H~!(p) is uniformly
bounded in the Wiener norm for all p € {z € C|R(z) > a}, thanks to the equation (4.29) :

-1
N
[Ioo — Z e PTLp, DT]. is uniformly bounded for all p € {z € C|R(2) > a}.

=7

w

Applying the theorem 2.6 in [Krill] (or [BK10]), which is a generalization of the Wiener’s
lemma, we have that H~1(p) admits a Fourier developpment on the vertical line p = a + iR
which is absolutaly summable and of the form :

O Ya+iw) =Y HFeP forallweR, (4.37)
kEZ
where f3 real for k € Z, H* € B(13(Z),13(Z)), and :
3 ]HH’“‘HW < +oo. (4.38)
keZ

Following the proof of the theorem in the paragraph 3 of Dirichlet’s series p147 of [Bes54]
which is allow because the Cauchy’s theorem is true for holomorphic banach valued function,
we deduce that H* is equal to H*e® where H* € B(13(Z),1%(Z)) for all k € Z and we can
rewrite the equation (4.37) and (4.38) as :

H Yo +iw) = Z H*ePrePret for allw e R, (4.39)
keZ
and
H¥|| e*Pr < 40 4.40
5 ], a0

Using the fact that for p with real part enough large we have by the Von Neumann series :

. +o00 N B "
H ' p)=>" (Z LDjDTje—PTJ') : (4.41)

n=1 \j=1
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and always using the proof of the theorem in the paragraph 3 of Dirichlet’s series p147 of
[Besb4], we deduce :

N
{Bklk € Z} = {Z n;j7;| nj non positive integer for j =1,--- , N}. (4.42)
j=1
1
Step 4: We search now to compute X(¢,s). For that, we apply the Laplace inversion formula (see

lemma 5.2 in chapter 1 of [HVL93] for example). We have :

X(t,s) = lim — /Cmﬁ—l(p)é( s)ePldp. (4.43)

w-stoo 27 iw

In the view to keep the proof straightforward and meaningful we cite the two following lemmas
that we delay the proofs after this proof because it is technical with the using of several time
of residue theorem and dominated convergence theorem :

27rm

Lemma 4.4. Let w,, := + 7 for all positive integer m, we have :

1 a+iwm 1 R ot
Kts) = lm oo [T e syt dp+ Q) (4.4
where :
N —227]' 2int A 227T 2imt
Q(t) ==+ H {( Je T +H() Y0)+ A (T)eT

T
with ﬁk_l the k th column of A1

Since X(t,s) is the Oth element of the vector column X(¢,s) and if for each k € Z, we call
(H(])in)neZ the first line of the the matrix H* defined in the equation (4.39), we obtain from
the equation (4.44):

1 a+iwm —(p—27%)s
X(t,s) = —— lim > H, 76p(t+6’“)dp+Q(t)0, (4.45)
2 m=t00 Ja—in 452y o

with Q(t)o the Oieme element of the column vector Q(t).

Lemma 4.5. We have for allt and s such thatt+ 0y — s # 0 forallk € Z :

X(t, ) = 3 HE e T ) 4 Q(t)o. (4.46)
a(t+Br—s)>0,n€Z

We want to evaluate the variation of X in its second argument when it is in [s, s + 7n]. We
deduce from the equation (4.46) :

EE N S i
- ( > ’HHé“,nmeaﬁke““N) e(t=9), (4.48)
kn€eZ

!The equations (4.39), (4.40) and (4.42) are a reminiscence of the equations (12.15.12) and (12.15.13) p 429 of
[BCHY] in the case of complex functions.
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From the equation (4.24) and (4.47), we deduce :

Wl < N( Var, X(t,7)>|]¢‘|oo o
s<T<s+7N
< N 3 [agaflee?selem e g, (450)
kn€EZ

which is the result of the sufficiency of the theorem 4.3.
O

Proof of Lemma 6.4. Considering the subsequence w,, = Q“Tm + 7, we deduce from the equation
(4.43) that :

1 ctHiwm
X(t,s) = lim / A (p)élp, s)ePdp. (4.51)

m=f-00 21i —iwm

We can remark that each component of the vector H~1(:)é(-, s) is a meromorphic function in the
complex plane {p € C|R(p) > a} and has poles in the set {p € C|p = *T k € Z}. Then, from the
equation (4.51), we have by the analytic continuation and the residue theorem

X(t,s) = lim i (/QHUM e + /C Mm) (p)é(p, s)ePdp + Q(t) (4.52)

m—r400 271 a—iwm a+iwm iWm

where we recall that :

A -2 2int N N 207 2int
1 o ! 1 2imt

with ﬁ,;l the k th column of H—1. We have that :
lR@)llz < || )], < +oo. (4.53)

and then the equality (4.52) has a sense. We want to prove that :

ctiwm c—iwm
lim H(p)é(p,s)ePldp = lim H(p)é(p,s)ePtdp = 0. (4.54)

m—+00 J o Liwm mM—=+00 J o —iw,

We have that the j — th line of the vector lim [<T“m F=1(p)e(p, s)ePtdp for j € Z is equal to :

m——+o00o Fiwm

) ctiwm e—(p—2inm/T)s ot
ml_lfﬂoo /QHWM T%Hj,n(p)me dp. (4.55)
We have :
‘ [ i S
atiwm neZ s p— Zimr/T
c+iwm 1
<3 s Wsnlonticn)llsup (e ) s (4.56)
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Since we have :

|wm — 22| > I for all n and m, (4.57)

the right member of the equation (4.56) tends uniformly in j to zero by the dominated convergence
theorem and the uniform bound for the Wiener’s norm when m tends to +0o. Then we proved that

ctHiwm
hm/ H=(p)é(p,s)ePtdp = 0. (4.58)

m——+00 a+iwm

In the same way we would prove too :

Cc—iWwm

lim H=(p)é(p,s)ePtdp = 0. (4.59)

m——+00 Q—iwm

So we deduce from the equations (4.52) and (4.54) the result of the Lemma 6.4.
0

O

Proof of Lemma 6.5. Let t and s such that ¢ 4+ 8 — s # 0. We have by a substitution (p — p — 2””
foralln e Z):

+iwm ( 2z7rn)s
lim o Z ePEHBR) gp
moEee Ja—ivm o2y — 2
o— BI04, imn p(t+Bx—s)
— lm Z / S HE (t+ﬁk)€7dp. (4.60)
m—>+oo 2z7rn_zwm ez p

Since we have :

m+lwm ep(t+ﬁk S)

ST HE, T /
2imn

knEZ =7 —iwm

e 5 e, o

and the right hand side of the equation (4.61) is finite because the Wiener’s norm is finite, we can
swap series and integral in the equation (4.60) and we obtain :

a+iwm e ( _2i,171:n s
lim Z Hk : ep(HB’“)dp
m— 400 . __ 2imn
a—iwm g onez, P T
: — 278 it op(t+Be—
= lim > HE,e T / T Mdp. (4.62)
m—+00 O a— 21 gy, p
kneZ m
We have by an integration by parts that :
/a_ 2R i oP(t+Br—5) (t+Bx—s) 1%~ HFtFiwn a= B vy op(t+Br—s) ( )
‘ dp = + / , ———dp, (4.63
a2 iy, p P+ Br = 8) ] o amn_y, S 2priwn (E4 B = 5)p?

We have from the equation (4.42) that there exists a 6 > 0 such that |t + S — s| > 0 for all
k € Z. Using the inequalities (4.57), we deduce from the equation (4.63) :
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[ P(E48—s) ‘|a 2imn +zwm‘ 1 e(t+Br—s) e (t+B—s)
+
t + - S iTn t + — S 2 2
p( /8]43 ) afozwm | /Bk | \/CY2 + (Wm _ %%) \/062 + (wm _|_ 27-(-Tn>
2ea(t+ﬂkfs)
< (4.64)
SyJa?+ (F)°
and
O(*Qi%‘f’iwm ep(t+5k75) ea(t+5k78) wmfan 1
A [ e R W
a—27n iy, (t+ Bk —s)p |t + B — 8| J—w—2z2 2 + p3
a(t+5k—s) 1 wm72i7rn
< - { arctan <p2)] g
|t+5k—8| o /]y, 2im
< T eolt+Bi-s), (4.65)

|6

We deduce from the equations (4.64) and (4.65) that there exists a constant K > 0 independent
of k, n and w,, such that :

dp

_ 2imn ; —
/ i I (4.66)

2imn _
e p

And we have from the equation (4.66):

a— 2i17:n +iwm ep(tJrﬁk*S)
S e [T T AT,
k,neZ a— 2T —iwy, p

< ket S || HE[|e*Pdp. (4.67)
kn€eZ

Since the right hand side of the equation (4.67) exists because the Wiener’s norm is finite (equa-
tion(4.40)), the dominated convergence theorem permits to swap limit and series in the right hand
side of the equation (4.62) :

_ 2imn

lim 1 /a-l-iwm Z H(’inie_(p .T)Sep(t—i-ﬂk)dp

. 2
o0 2 Jo iy, k,neZ -7
2imtn _
]. 2iTn . a— T —WWm ep(t+6k_s)
— —HE T ) Jim _ ——dp. (4.68)
o= 20 m=+00 Jo 2z iy, p

A classical computation give :

inn a+iwm p(t+ﬂ _S) imn
iﬂéﬁ e ZF(HBE)  Jim Ldp: Z H[’)“ o X7 (t+Bk) (4.69)

2w " m=—+oo | _.
k,neZ a—iwm p a(t+By—s)>0,neZ

Putting together the equations (4.45), (4.62) and (4.69), we obtain the result of the Lemma 6.5.
0

O
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4.5 Necessity

The Henry-Hale Theorem 5.17 deals with a necessary and sufficient condition to ensure the stability
of the linear delay system (4.4). The sufficiency is proved in the same manner as proceded in the
section 4.4. The necessity is proved through the spectral theory of semigroup. We cannot follow
this path to show the necessity when the system becomes periodic because we have not a semigroup.
The goal of this section is to prove the necessity of the assumptions of the theorem 4.3. To tackle
the problem, we will consider an input-output system. More precisely, we want to prove under the
C° exponential stability of the System (6.6) that the assumptions 7 and #i are verified. Before the
proof of this fact in the section 4.5.2, we start by the statement of some stability results for the
periodic system (6.6) and we establish a variation of constant formula for the system (6.6) which is
disturbed by a square integrable function on each compact in the section 4.5.1.

4.5.1 Stability, monodromy operator and variation of constant formula

Until now, we dealt we the C? stability. Here we need square integrable initial data on the interval
[s — 7w, 8] to have a square integrable solution to (6.6). We define the space :

L% .= {¢ € L*([~7n,0],CH}. (4.70)

We endow L? with the following norm :

foll= (/o) @)

For ¢ € L2, a recursive argument shows that the system (6.6) admits a unique square integrable
solution on each compact y with y(s 4+ 0) = ¢(0) for almost all § € [—7x,0]. Thus, we may define
the solution operator:

Us(t,s): L? — L? (4.72)
¢ — Us(t,s)o, (4.73)
where (Us(t, s)¢) (0) = {y(t + ), for almost all § € [—7x,0]}.

Definition 4.6. The zero solution of the system (6.6) is called L? asymptotically exponentially
stable if there exist v > 0 and K > 0 such that :

|U(t,8)8||]o < Ke™E=9)||¢]|2, for all s € R, all t > s and all ¢ € L2 (4.74)

It is a classical fact that the spectrum of the monodromy operators give the exponential stability
of the system (see for example [BP01, lem. 4.2]) :

Proposition 4.7. The system (6.6) is L? (resp. C°) exponentially stable if and only if the spectral
radius of the monodromy operator Us(T,0) (resp. U(T,0)) is strictly less than one.

A nice result that we can find in [CMS16, Corollary 3.29] or [BFLP20, Theorem 3.4] is that the
L? stability is equivalent to the C? stability :

Proposition 4.8. The system (6.6) is L? exponentially stable if and only it is C° exponentially
stable.

We consider the system (6.6) disturbed by a function w :
N
y(t) =3 Di)y(t —m) +ul®),  t=s. (4.75)
j=1

We note for t > s, y(0) = y(t + 6) for 6 € [—7n,0].
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Proposition 4.9. Foralls € R, ify(-) and u(-) belong to L? ([s—7n, +oo[,C?) and L2, ([s, +oo[, C)

loc

respectively and which verify the equation (6.19) for almost all t > s, we have for allt > s :

tt+

yr = Us(t, s)ys + ) do K (t, a)u(w), (4.76)

S
where the previous integral is understood in Bochner sense and

at

Kt,a)0) = [ doX(t+0,0), (4.77)

S

with X (+,-) the fundamental solution defined in (4.22).

Proof. With no loss of generality, we can assume s = 0. For ¢t = 0, we have by the definition of the
fundamental solution that :

o+

Us(0,0)yo + : do K (t, a)u(a) = yo. (4.78)

Let 0 € [—7n,0] and ¢ > 0 such that t+6 > 0, We prove that the formula (6.25) verifies the equation
(6.19) in t 4 0 for almost §. We note g = Ua(t, s)ys. We have :

yw(@) =yt +0)=g(t+6)+ 0t+ do X (t + 6, 0)u(a)

= iV:Dz‘(t—i-G)y(t + 60 — 1) +u(t+0).

O
O

Proposition 4.10. Assume that the D; : R — C™4 qre periodic and differentiable with Holder
continuous derivative for 1 < j < N, .i.e D;(-) € OV with & €]0,1[. For all s real, the distribution
t — d X (t,t — s) is T-periodic and belongs to the space C1°. Moreover for all t,T real there exists
K,~v > 0 such that :
-
)

Proof. With the definition of the fundamental solution X(-,-) in the equation (4.22), we can see
that the distribution ¢ — ds X (¢, — 7) is composed of a sum of Dirac on the set F defined in the
equation (4.23), more precisely we have :

J
P Xt — )

. T P
50 < Ke'T, for j ={0,1,144}. (4.79)

Ao X (1t —5) = 3 En(t)a(s), (4.80)
neF

where Ey, (t) represents a finite product of some elements (possibly delayed) of the family (D;(-)), <,y
and d, denotes the Dirac in n € F. By the assumption we deduce that the distribution ¢ —
ds X (t,t — s) is T-periodic and belongs to the space C10. Let 7,t real and :

Yt,r) = /OT d,X (1t —s), (4.81)

Z(t,7) = /0 Id X (£t — )] . (4.82)
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We have by the formula (4.22) that :

:iDj(t)Y(t—Tj,T—Tj). (483)
j=1

Since Y (-, -) is periodic in its first variable we deduce from the equation (4.83) that there exists a
K > 0 such that for all real ¢,7 :

N

Z )+ 1

(4.84)

Performe an induction like we did to prove the exponential growth of the fundamental solution
X(+,-) (see equation (4.25)), we conclude that

Z(t, 7)< K'e', (4.85)
for some v and K’ positive real, and we proved the equation (4.79) for 7 = 0. The use of the same
reasonning would prove the majoration (4.79) for j =1 or 1+ § as well. O

O

4.5.2 Proof necessity theorem 4.3

From now, we assume that the hypothesis of the theorem 4.3, ie the system (6.6) is C° exponentially
stable. We give in this subsection the link between the spectrum of the monodromy operator
associated to the periodic linear difference delay system (6.6) and the operator H='. The ideas
follow the ideas in [M6l00]. We consider the input-output system (6.19) with initial data 0 and at
the time 0, ie let u € L2, ([0, +00), C?) the input and let the y(t) € C¢ the output at the time ¢ > 0,
more precisely :

N
Z D;(t)y(t — 1) + u(t), for allmost all ¢ > 0, (4.86)
j=1

with y(t) = 0 for t < 0. We note the Laplace transform of y(¢) and wu(t) :

N +oo
Y(p) = / e Ply(t)dt, (4.87)
0
N oo
U(p) = / e~ Phu(t)dt. (4.89)
0
It has to be noted that developping the system (6.43) in Fourier series, taking the Laplace transform
and swapping the series and the Laplace transform like we did for the fundamental solution X (-, -)

in the proof of the theorem 4.3, we obtain for p complex with a real part enough large :

/\

Y(p) = A ()0 (), (4.89)

Y(p) := Y (p) ,U(p) = ] and H(p) := I, Z e PiLp. DTJ
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For the electronic engineers the operator H ~1(-) is called the harmonic transfer function and it
links the input of the system with the output [Wer90, Loul4]. Put the variation constant formula
(6.25) in the equation (6.43) leads to :

tt+
y(t) = do X (t, a)u(a), t >0, (4.90)
0

where X (¢, ) is the fundamental solution defined in the equation (4.22). We define the instantaneous
transfer function :

+oo
Gls, 1) = / d X (8, — 7)e*, (4.91)
0

for s € C. We can deduce from the proposition 6.13 that the function ¢ — G(t, s) is C'*° and T
periodic. We developp in Fourier series the instantaneous transfer function :

Gs,t) = 3 Guls)e™om, (4.92)

neL

with wg := 27/T. Where there exists K(R(s)) real positive which depend only of the real part
enough large of s complex such that ([Zyg02, Ch. 2, thm. 4.7]) :

K(R(s))
< —7 4.
Gl < Tl (4.93)
We deduce from the equations (4.90), (4.92) and (6.22) :
0
T U (s + imuw). (4.94)

Y (s +inwy) = Z Gr-m(s+

Combining the equations (4.89) and (4.94), we see that the Eﬁ;}n(p) = Gpom(p + 222). In the
view to bring out the monodromy operator and the link with the operator H ~1(p), we discretise
the continuous dynamical system in a discrete dynamical one. For that we consider the input and
the output on interval of length T'. Put :

up = w(kT +t)forte[0,T] and k € N,
Uk = y(kT +1t)forte[0,T] and k € N,
Zkr = y(kT +0) for 0 € [-7n,0] and k € N,

Thus we have the following discrete system :

Theorem 4.11. We have for all integer positive k :

2(k+1)T = %2kT + éak (495)
Y = CZyr + Duy,
where :
. A: L*([-7n,0],C%) — L%([—7n,0],C%)

v +— Us(T,0)v.
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B: L2([0,T],R%) — L2([—7n,0],C%)
v fo TdK(T, @)v(),

C: L*([-7n,0],CY)  — L2([0,T],C%)
v — Us(-,0)v(0)

D : IL2([0,T],C% — L2([0,T],C%)
v — [y doX (-, a)v(a),

050:0

Proof. Using the variation constant formula (6.25) in the system (6.43), we obtain for ¢ € [0, 7] :

{ Zrnr = Us((k + V)T, ET) a5 + [T do K ((k+ DT, @)u(a),
y(t + kT) = Ua(t,0) 57 (0) + [ duX (¢, a) k().

By the periodicity, we have the result. O

For a sequence of elements a := (an)neN we define the p-transform as:

L{a}(p Z app™ " (4.96)

neN

when for p € C this series exists. Take the p-transform with a great modulus in the equations (6.53),
we have :

L{y}(p) = [C(pld — A)~' B + DIL{u}(p), (4.97)

where ¥ := (Yn)nen and @ := (up)pen. On in the other side, we can compute the impulsional
response of the discrete system and we have :

Y t) = Z H[k]an—k’(t)v (498)
k=0
where :
Hyyo(t / d, X (KT + t,7)o(7) (4.99)

is the discrete impulsional response of the discretised dynamical system. Take the p-transform in
the equation (6.56) for p with great modulus (which is licit because of proposition 6.13), we have:

L{7}(p) = L{H}(p) L{T}(p), (4.100)

where H := (H (n))neN. Since we assumed that the system (6.6) is CY exponentially stable, we have
through the propositions 6.3 and 4.8 that A = Uy (T, 0) has its spectrum strictly inside the unit disk.
We note a, a positive real strictly less than one, the spectral radius of the operator U (7, 0). We
introduce the set P, := {z € C||z| > a} and for p complex with a real part enough large, we deduce
from the equations (6.55) and (6.58) that :

L{H}(p) = C(pld— A)"'B+ D, (4.101)

and by analytic continuation, the equation (6.59) holds on F,.
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Lemma 4.12. Fort € [0,T], we have :
G(s,t) = e~ [L{H}(e)e" | (1) (4.102)

Proof. We have, by the definition of the p-transform and the equation (6.57), for v € L?([0, T],R)
and t € [0, 7] that:

+o0
L{H}Yp)o(t) = > Hyo(t)p™" (4.103)
k_
A
= > " / d: X (KT +t,7)v(7). (4.104)
k=—o00 0

and on the other side the equation (6.48) where we performed an integration by substition (¢t — ¢t —7)
and using the periodicity of the system leads to :

t
G(s,t) = / d- X (t,7)e’ " (4.105)
+o0o
_ / d, X (t, 7)) (4.106)
400 T
= Y / d- X (t, 7 — kT)esTt=F1) (4.107)
k=—o00 0
400 T
= Y etk / d X (t + kT, 7)e*T (4.108)
k=—o00 0
and thus we have the result with p = e*7. O

Fix s € C with real part enough large. Let
A(s) : L*([0,T],C%) — L*([0,T],C7), (4.109)

where [A(s)¢](t) = e S [L{H}(e*T)e* ¢(-)](t) for all ¢ € L([0,T],C%). Because the equation (6.22)
justifies the swapping between the series, we deduce from the lemma 6.25 and the equation (4.92)
that the Fourier development of A(s)¢(t) is :

A(s)o(t) = Z (Z Gni(s+ QiWk/T)ak> e/ T (4.110)

neZ \kEeZ

with (ag)rez the Fourier coefficient of ¢. We have that the operator [pId — Uy(T,0)]™" is uniformly
bounded for p € P,, then we deduce that there exists a constant C' > 0 independ of s € {z €
C|R(z) > l"}a)} such that :

IA(s)¢l|2 < Cl[8]]2 (4.111)

By Parseval’s identity, we deduce from the equations (4.110) and (4.111) that there exists C' > 0
such that for all s € {z € C|R(z2) > %} :

el <

which conclude the proof of necessity of the theorem 4.3.
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4.6 Discussion, Corollaries and Stability of 1-D Hyperbolic Sys-
tems with linear periodic boundaries

In the Henry-Hale Theorem 5.17 for the constant difference delay system the assumption (b) consists

N
to invert the matrix operator I — >  Dje P for all complex p with real part greater than a some

j=1
strictly negative a. Thanks to the determinant and the theory of complex analytic almost periodic

function (see [Bes54]), we have that the assumption (b) implies :

-1
N
{I - Z D; e_ij] is uniformly bounded in euclidean norm for all p € {z € C|R(z) > ¢3.112)
j=1

In our Theorem 4.3 for the periodic delay system, the condition (b) is replaced by the inversion
N -
of the infinite matrix operator Ioo — Y. e P% Lp Dy on the bigger space I5(Z). More precisily
j=1
the assumption (b) become the assumption 7 in the periodic case. We previously saw that in the
constant case the condition (b) implies the condition (4.112). In the case of periodic difference
delay system the question of knowing if the condition ¢. imply the condition 4. is still open. The
difficulties are that there exixts few results about inverse of analytic almost periodic Banach valued
function probably because the Rouché theorem fails to apply for general operator. However if we
assume that the delays are commensurable, ie for each i € {1,--- ,N} and j € {1,--- , N} there
N -
exists p and ¢ two integers such that 7;/7; = p/q, thus the operator I, — > e P7 Lp, D; is periodic
i=1
in the variable p and we can deduce that the assumption 7 implies the assumption 4 which leads to
the following corollary :

Corollary 4.13. If the delays are commensurable then the Theorem 4.3 is true without the condition
Remark 4.14. We have assumed that the periodic matrices D;(-) were in the space of the differ-
entiable operator with Holder derivative. Actually, the Theorem 4.3 would be true if we omit to

impose regularity assumption on D; and we replace the assumption ii by the following which is more
difficult to check :
N ) -1
I — ZeprjLDij is uniformly bounded for all p in {z € C|R(2) > a}. (4.113)

1=j

w

Hitherto we give a condition stability for the periodic delay system (6.6) in terms of the Laurent
matrices associated to the fourier development of D;(-) for j =1,---,N. In some special cases, we
can deduce a stability condition directly from the D;(-) for j =1,--- ,N. It is the subject of the
following corollary :

Corollary 4.15. If the column of the periodic delay system (6.6) are disjoint, ie if for some k,n € Z
we have (D;)kn # 0 thus for all j # i and for all k € Z we have (Dj),;’n = 0. If there exists an

invertible diagonal matriz D such that

‘HD i D;(t) D71 <1, (4.114)
=1

for all t real, then the system is exponentially asymptotically stable.
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Proof. If we note Lp the Laurent matrix of D, we have, because of the column are disjoint and by
properties of Laurent’s matrices (see [BS99]), that :

N -
for some v < 0 and p € {p € C|Re(p) > ~v}. Thus I, — ;::1 e P%i Lp, D, is invertible in I}(Z) to

N
< sup Dz:e_/p”Di(t)D_1 ) (4.115)
tE[O,T] i=1

< 1 (4.116)

N
LpY e PiLp, DLy}
1=1

2

12(Z) and uniformly bounded in the space of{y € C|Re(p) > v}. Thus we have the result by the
theorem 4.3. n
]

We give now an application to the 1-D hyperbolic PDE and more precisely to the systems
of linear periodic conservation laws. We will prove that these kinds of equations are equivalent
to a periodic difference delay system with the disjoint column property which permits to use the
stability results of the corollary 4.15. More precisely, we consider the hyperbolic system following
the notation of the chapter 3 of [BC16] :

O R(t,x) + A0 R(t,x) = 0, (t,z) € Q (4.117)

where the diagonal matrix A is defined as

+ — ;
A (A0 ) AT = et el (as)
0 —-A- A~ = diag{\m+t1, s A}
with
Q= {(tr)eR?’ 0<z<1land0<t< +oo}. (4.119)
Rt
We note R := , where :
R~
Rl Rm—i—l
Rf=| : | and R = : : (4.120)
R, R,
And the boundary conditions :
+ +
REEON gy (BT (4.121)
R~ (t,1) R~ (¢,0)

First of all, let us give a precise meaning to (4.117) when R(¢,z) is assumed continuous. Indeed,
(4.117) a priori requires differentiability and (4.121), as well as definition of the initial conditions
R™(0,.) and R™(0,.), require that R and R~ prolong to some functions on the boundary of  (this
boundary is {0} x[0,1] U [0, +00) x {0} U [0, +00) x {1}). We note Q2 the set of Q plus its boundary.

Concerning (4.117), it must simply be taken in the sense of distribution, i.e. R(¢,z) belonging
to CY(Q, IR), are said to be a solution of (4.117) if one has

// (&gcp* + @,;(p*A) Rdtdz = 0 (4.122)
Q
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for any smooth functions ¢ : 0 — R" with compact support contained in €.

By the characteristic method, it is well known that if R is continuous function checking the
equation (5.14) then there exist n functions such that

x1(z — M\it) x1(z + Apgat)
RY(t,z) = : and R~ (t,x) = : , (4.123)
T (T — Ant) T (T + Ant)
where zj is continuous in | — oo, 1[ for & = 1,--- ;m and =} is continuous in |0, +oo[ for
k=m+1,---,n. Considering the continuously continuation in 1 and O respectively, noting

( ) —:ck( Aet) for k=1, m, yp(t) = xp(1 + M\gt) for k=m+1,--- ,nand 7, = )\% for all
=1,---,n, the equation (4.121) become :

y1(t) yi(t — )
: = K(t) ; , (4.124)

Yn(t) Yn(t — Tn)
which is a periodic delay system and has the nice property to have the column disjoint.

Theorem 4.16. There is a unique map (t,z) — R(t,x), continuous Q — R™ which is a solution of
(4.121)-(5.14).

Proof. The system (4.121)-(5.14) leads to the delay difference system (4.124). Since a delay difference
system admit a unique continuous solution, we have the result via the equation (4.123). O

O

Theorem 4.17. If there exists an invertible diagonal matriz D such that ||[DK(t)D7t||2 < 1 and
K(t) is a differentiable function with continuous Holder derivative then there exists v, K > 0 such
that, for all solutions given by Theorem 5.7 one has:

IRt N coo.1,mmy < Ke "[RO, )l cogo,1),mny  for all t > 0). (4.125)

Proof. Since the system (4.124) has its columns disjoints we can apply the corollary 4.15 which
gives the exponential stability of the system (4.124). Then we obtain the equation (4.125) via the
equation (4.123). O

O

The theorem 4.17 is the generalization of the theorem 3.7 in the book of Bastin and Coron
[BC16] in the case of smooth linear periodic boundaries for hyperbolic systems.

4.7 Conjectures for more general linear periodic delay systems

It might be possible to generalize the results obtained for the difference delay system for more
general delay equations. In this section we give conjectures about periodic linear difference delay
with a countable number of delay and periodic linear neutral differential equation. We indicate
where we need more ideas than we had for the theorem 4.3 to conclude the proofs of the conjectures.
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4.7.1 Infinite countable delays

Z y(t —15),  t>s, (4.126)

where s € R is the initial time, d and N are positive integers, D; : R — Cd is a continuous
T-periodic matrix-valued function for 1 < j < oo, and the solutions to (4.126) are C? valued
functions ¢ — y(t) of the time ¢. We assume that 0 < 7; < r for some real r > 0, 3 ||D;|| < oo
and >°- - ||D;(t)[| tends uniformly in ¢ to 0 when € tends to 0%. We define the space :

Cs == {¢ € Co([-7n,0],CH|p(0) = > Dj(s) (4.127)
7j=1

Since the reasonning did in the appendix can be applied for this system, we have for ¢ € C than
the system (4.126) admits a unique continuous solution y with y(s + 6) = ¢(0) for § € [—7n,0].
Thus, we may define the solution operator:

Ul(t,s): Cq

— Oy (4.128)
b — U

(t,5)9, (4.129)
where (T (t,5)6) (0) = {y(t +0), 0 € [~7w,0]}.

Definition 4.18. The zero solution of the system (4.126) is called C° asymptotically exponentially
stable if there exist v > 0 and K > 0 such that :

[T (t,8)¢]|oo < Ke " 9)||¢]|o, for all s € R, all t > s and all ¢ € C. (4.130)

Conjecture 1. Assume that the D; : R — R4 qre periodic and differentiable with Holder
continuous derivative for 1 < j < oo. We have the following equivalence :

o there exists a real number ov < 0 such that :

i Ioo — § e_pTJ'LDj]jTj is invertible in 13(Z) to 13(Z) for all p € {z € C|R(z) > a},
j=1

o
i. [IOO —> e ?iLp D,

J=1

-1

is uniformly bounded for all p € {z € C|R(z) > a},

2

o the System (4.126) is C° exponentially stable.

For the sufficiency the proofs of the lemmas 6.4 and 6.5 do not hold anymore because it is
possible to have an accumalation point of delay. For the necessity, it must be possible to prove the
conjecture 1 as we did for theorem 4.3 with no other difficulties than technical details.

4.7.2 Periodic linear neutral differential equation

We consider the periodic linear neutral differential system :

N N
=Y D)yt —m)| = > Be(t)y(t —m),  t>s, (4.131)
7j=1
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where the notations follow the notations given in the section 4.3, and 79 = 0 and By, : R — C@*¢
is a continuous T-periodic matrix-valued function for 0 < &k < N. We may define the solution
operator :

Ul(t,s) : Co([—7n, 0], c

) — Co([-7n,0],C% (4.132)
¢

T(t, 8)o, (4.133)

where (U(t,5)0) () = {y(t +0), 0 € [~7x,0]}.

Definition 4.19. The zero solution of the system (4.131) is called C° asymptotically exponentially
stable if there exist v > 0 and K > 0 such that :

T (t,5)B]|so < Ke " "9||¢||oo, for all s € R, all t > s and all ¢ € Co([—7n,0],C%). (4.134)
We define the following diagonal matrix for p complex :
Dy, (p) := Diag(--- , (p + iwo) L, g, (p — iwo) g, -+ ), (4.135)
with wg := 27 /T. We define too :

N
oo = Z e "% Lp, Dr,
Jj=1

N
—> e ™ Lp, D, (4.136)
k=0

H(p) := Dy, (p)

Conjecture 2. Assume that the D;(-) and By(-) are periodic and differentiable with Hélder contin-
uous derivative for 1 < j < N and 0 < k < N. We have the following equivalence :

e there exists a real number ov < 0 such that :
i. H(p) is invertible in 12(Z) to I3(Z) for all p € {z € C|R(2) > a},
1. H‘H(p)*lm2 is uniformly bounded for all p € {z € C|R(2) > a},
o the System (4.181) is C° exponentially stable.

The difficulty of the sufficiency comes from the matrix D, (p) which do not permit to prove
again the lemmas 6.4 and 6.5 as we did for the theorem 4.3. The necessity can be done in a same
way than for the theorem 4.3.



CHAPTER

Sufficient Stability Conditions for
Time-varying Networks of
Telegrapher’s Equations or Difference
Delay Equations

The present Chapter 5 is based entirely on the preprint [BFLP20], conditionally accepted
for publication.

The chapter deals with the stability assumptions ensuring that a time-varying network
of Telegrapher’s equation is exponentially stable with the norm. There is also a stability
result for a subclass of linear time-varying delay equations. Only the conclusion of
this chapter differs from [BFLP20], it consists in the comparison of the stability results
obtained in Chapter 4 for a general periodic difference delay system and the stability
results established the present chapter.

5.1 Introduction

The stability of electrical circuits operating at high frequency, that is, when delays induced by wires
cannot be neglected, has received a lot of attention in the last decades, see for example references
[Bra68, RN02]. At such an operating regime, wires should be considered as transmission lines, and
it is customary to model each of them by a lossless telegrapher’s equation (a 1-D hyperbolic partial
differential equation, in short: PDE) where voltage and current are functions of abscissa and time.
The other elements in the circuit, some of which may be active and nonlinear (transistors, diodes),
induce couplings between the boundary conditions of these PDE consisting of a system of both
differential and non-differential equations with finite-dimensional state, obtained by applying the
classical laws of electricity, at each node, to the boundaries that “touch” this node.

Periodic solutions for such infinite dimensional dynamical systems occur naturally in several
contexts; for instance, they arise spontaneously in the case of oscillators, or through periodic forcing
in the case of amplifiers (the forcing is the signal to be amplified, represented for instance by a
periodic voltage source). Assuming a periodic solution, one may linearize the equations around the
latter to investigate its local exponential stability, based on the exponential stability of the first order
approximation. The linearized system consists of the original collection of telegrapher’s equations
(which are linear already), coupled at their nodes (i.e. the endpoints of a line) by a set of linear
differential and non-differential equations with periodic coefficients, obtained by linearizing the initial
couplings, see [Sua09]. To this linear system, one associates a high frequency limit system (in short:
HFLS), where the linear differential equation at each node degenerates into a linear, time-varying
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but non-differential relation (i.e. there is no dynamics in the couplings at infinite frequencies), so
that the state of the HFLS reduces to currents and voltages in the lines. The behavior of the HFLS
is crucial to the stability of the linearized system, because the solution operator of the latter is, in
natural functional spaces, a compact perturbation of the solution operator to the HFLS, see [HVL93,
ch. 3, thm. 7.3] and [Fue20]. In particular, the stability of the HFLS is essentially necessary to the
stability of the linearized system.

The HFLS is a system of lossless 1-D telegrapher’s equations, with linear couplings that depend
on time in a periodic manner. With this application in mind, the present paper is devoted, more
generally, to the stability of lossless 1-D telegrapher’s equations with linear time varying couplings
whose coefficients are measurable and uniformly essentially bounded with respect to time, but not
necessarily periodic. As is well known, integrating the telegrapher’s equation yields an expression
of the general solution in terms of two (essentially arbitrary) functions of one variable, and this
allows one to recast the original system as a time-varying linear difference delay system; the two
frameworks are equivalent to study issues of stability.

Stability of networks of hyperbolic PDEs has been addressed extensively, including more
general systems of conservation laws than telegrapher’s equations (possibly nonlinear), but almost!
only when the boundary conditions (i.e. the couplings) consist of time-independent relations, see
[BC16, CN15] and the bibliography therein. Another possible, different application of these criteria
is to stabilization of such equations with control, like in [CVKB13, HVLO02] for instance. As far as
methods are concerned, Lyapunov functions are a classical tool to obtain sufficient stability conditions,
see [BC16] where they are applied to certain systems of hyperbolic PDEs with conservation laws, or
for instance [FT09], where Lyapunov functions are constructed through linear matrix inequalities, to
retarded delay systems. We are not aware of attempts in this direction for difference delay systems.

In another connection, a typical way of obtaining necessary and sufficient stability conditions for a
time-invariant network of telegrapher’s equations is to apply the Henry-Hale theorem [Hen74, HVL93]
or variants thereof (cf. Section 5.3) to the equivalent difference delay system with constant coefficients.
However, no analog for the time-dependent case seems to be known.

The main contribution of this paper is to establish sufficient conditions for exponential stability
of networks of telegrapher’s equations, in the form of a dissipativity assumption on the couplings
at each node of the network, which is fairly natural in a circuit-theoretic context. We also derive
sufficient conditions for exponential stability of time-varying difference delay systems, that are a
consequence of the former and of independent interest. To our knowledge, this is the first result of
this kind in the time-varying case. The proof, which involves going back and forth between the
PDE formulation and the difference delay system formulation, has interesting features that should
be useful in other contexts as well. Roughly speaking, we rely on classical energy estimates to first
obtain a Lyapunov function in the L? sense for each telegrapher’s equation, using the dissipativity
condition at each node; this allows us to show L? exponential stability of the system of PDE,
therefore also of the associated delay system. In a second step, we deduce from the L? exponential
stability of the difference delay system its exponential stability in the L> sense (and in fact in the
LP sense for all p € [1,00]). This second step is actually subsumed under the work in [CMS16],
but we feel our derivation is simpler and worthy in its own. Note that applications to the local
stability of a periodic trajectory in an electrical network indeed require L stability (or C? stability)
and not just L? stability, for the state along a perturbed trajectory of the linearized system must
remain uniformly close to the state along the periodic trajectory of the original system, in order that
linearization remains meaningful. This paper makes no attempt at handling more general PDEs or

1 As an anonymous reviewer pointed out to us, although the paper [CN15] deals with local stability of an equilibrium
point for nonlinear time-invariant hyperbolic systems, it contains a statement (Lemma 3.2) about stability of smoothly
time-varying linear systems of hyperbolic PDEs for some Sobolev norm. We discuss this further in Section 5.3.2 and
sketch in Section 5.4.4 how the proof of that lemma may be adapted here.
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coupling conditions. We rather tried to remain as elementary as possible in treating the problem at
hand. In particular, our arguments for well posedness may fail for general hyperbolic 1-D equations,
for which notions like broad solutions were introduced in [Bre00] and used e.g. in [CN19], see also
[BC16] for other approaches.

The paper is organised as follows. Section 5.2 introduces networks of telegrapher’s equations
coupled by time-varying boundary conditions, gives well-posedness results that we could not find
in the literature, discusses the construction of equivalent difference delay systems and defines the
notions of stability under examination here. Section 5.3 contains our main result, both in terms of
networks of telegrapher’s equations and in terms of difference delay equations, while Section 5.4 is
devoted to the proofs.

5.2 Problem statement

5.2.1 A time-varying network of hyperbolic equations

Consider a directed graph with N edges and N’ nodes, where N and N’ are two positive integers.
Nodes are numbered by integers p € {1,--- , N'}, and edges by integers k € {1,--- ,N}.

Figure 5.2.1 represents a graph with 3 nodes and 4 edges whose only purpose is to illustrate the
definitions.

O—1~OL 130

Figure 5.1 : A graph that induces coupling boundary conditions for (5.1) with N = 4.

Each edge figures a telegrapher equation. More precisely, we see edge number k as a copy of
the real segment [0, 1] (i.e. a transmission line of unit length) on which two real function vg(¢,.) and
ix(t,.) are defined for each time ¢>0 (the voltage and the current) in such a way that the lossless
telegrapher’s equation is satisfied:

dug(t,z) _ Oig(t, @)

Ck = 5
- o taeq, (5.1
L ik (t, x) _  Oug(t, z)
ot or
where
Q= {(t,z) eR?), 0<z<land0<t< +oo}, (5.2)

and, for each k, Ly and C}, are two strictly positive numbers (the inductance and the capacity of
the line k). In (5.3) we define the numbers 73, and K, often called the delay and characteristic
impedance of the line k, and we assume without loss of generality, possibly after a re-ordering of the
edges, that the delays 75, are increasing:

T =V LClr, Ki=1/Ci/Lp, 0<7 <79---<7N. (5.3)
Each node couples the edges adjacent to it through boundary conditions involving, for each

such edge, the endpoint of [0, 1] that touches the node. More precisely, if

o j(p) is the out-degree of the graph at node p (i.e. the number of edges outgoing from node p)
and j(p) the in-degree of the graph at node p (i.e. the number of edges incoming at node p),
and
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o ki <--- < kjg) are the labels of the edges outgoing from node p and kj(p)11 < -+ < kjp)+jp)
the labels of the edges incoming at node p,

then node p couples the equations (5.1) together by imposing j(p) + j(p) relations between the
2(j(p) + j(p)) entries of the following two vectors:

Vky (t, 0) _ikl (ta 0)
v = | o0 1y ] The 0 (5.4)
Uk (1) Uy (B
ka0 (6 1) iy (B 1)
These relations read
Vp(t) = Ap(t)Ip(t), (5.5)

where ¢t — A, (t) is a map from R™ (the nonnegative real numbers) to the set of square (j(p) +
7(p)) x (4(p) + j(p)) matrices which is assumed to be measurable and bounded. In many cases of
interest (e.g. when modeling an electrical circuit), it is moreover continuous. Our results rest on
the following condition characterizing dissipativity at (each) node p:

Ap(0) + A1) > apId, 0y >0, pe{l,-- N}, (5.6)

where superscript * denotes the transpose of a matrix and «, is independent of ¢. Inequality (5.6) is
meant to hold between symmetric matrices, for a.e. t. We shall have an occasion to deal also with
complex matrices, in which case superscript * denotes the transpose conjugate. Here and below,
the symbol Id stands for the identity operator or the identity matrix of appropriate size, while the
context will keep the meaning clear.

Example 1. For the graph in Figure 5.2.1 it holds that N = 4, i.e. we have four telegrapher’s
equations of the form (5.1), numbered with k € {1,2,3,4}, and we have that N' = 3, hence we get
three sets of boundary conditions. Let us detail the latter.

- For p=1, we have j(1) =1, 7(1) =0, and we see from the graph that k1 = 1,

- for p =2, we have j(2) =2, 7(2) = 1, and we see from the graph that k1 =2, ko =4, ks = 3,

- for p =3, we have j(3) =1, j(3) = 2, and we see from the graph that k1 = 3, ko = 2 and ks = 4.
This yields three equations of the form (5.5) as follows, with A;(t) a scalar, A2(t) is a 4 x 4 matriz
and As(t) a 3 x 3 matrix:

’Uz(t,O) _i2(t7 0) v ( i (t O)
_ . va(t,0) | —ig(t,0) o S
U1 (t7 0) - _Al(t) Zl(tv 0)) - AQ(t) . y UQ(t, 1) = Ag(t) 1,2(t7 1)
Ul(t7 1) Zl(t7 1) . (t 1
vs(t, 1) is(t, 1) vatts Ll
(5.7)

Remark 5.1 (On the minus signs in the vector I, in (5.4)). We shall see later why (5.6) amounts
to energy dissipation in some sense. This is one justification for the minus signs in the first entries
of the vector I,(t) defined by (5.4): removing the minus signs, one may still express the (same)
boundary conditions by an equation like (5.5) with a different A,(t), but then condition (5.6) will
assume an intricate form. Alternatively, from a circuit-theoretic viewpoint, the minus signs are
justified by Kirchhoff’s law of currents.
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Remark 5.2 (On the normalization of line lengths). We have assumed that the space variable x
belongs to the interval [0,1] for every k in equation (5.1) rather than [0,£y] for some positive .
This is no loss of generality, for such a normalization can always be achieved by a linear change of
variable on x. With this normalization, Ty, given by equation (5.3) has the meaning of a time delay.

Remark 5.3 (On the possibility of loops). In the above framework, nothing prevents an edge from
being both outgoing from, and incoming to a given node p. In this case, the index k of this edge
appears twice in equation (5.4), once as a k; with j < j(p) and once as a k@) with 1 < 7.

So far, we endowed a system consisting of N PDE, indexed by the edges of our graph (namely:
(5.1)), with boundary conditions given by a collection of N’ linear time-dependent relations, indexed
by the nodes of the graph (namely: (5.5)). As a result, the boundary conditions at x = 0 and at
x =1 for a given telegrapher’s equation of the form (5.1) are generally obtained from two different
relations of the form(5.5). To compactify the notation, we shall rewrite the boundary conditions in
lumped form, as a single linear relation between concatenated vectors V(t) and I(¢) defined by:

U1 ('% t) il(xa t) U(t, 0) —i(t, O)
v(z,t) = : , iz, t) = : , V()= , I(t) = , (5.8)

vy (z,t) in(z,t) v(t, 1) i(t,1)

that aggregate all boundary values of voltages and currents in the lines. Since the concatenation of
all vectors V) (t) (resp. Ip(t)) defined in (5.4) contains each component of V() (resp. I(t)) exactly
once, as p ranges from 1 to N’, there is a 2N x 2N permutation matrix P; such that

Vi(t) Li(1)
L | =RV, | =PI, (5.9)
Vi (t) In:(2)

The set of equations (5.5), 1 < p < N’, can now be written as
V(t) = A(t)I(¢) (5.10)

with

A(t) = P! diag(Ai(t), ..., An') Py (5.11)
where diag(A;(t),...,An/(t)) is a block-diagonal 2N x 2N matrix. Note that this “aggregated”
notation may be understood as collapsing all the nodes into a single one; all edges are then “loops”

as described in Remark 5.3. Clearly, the hypotheses on A, made in (5.6) translate into the following
assumption on the matrix A(¢) that will be used throughout the paper :

Assumption 5.4. The map t — A(t) is measurable and essentially bounded [0, +o00) — R2V*2N
moreover there exists a positive number «, independent of t, such that

A(t)+A*(t) > ald, a>0 t e R. (5.12)

5.2.2 Well posedness of evolution problem in the L? and C" cases

Equations (5.1) (1 <k < N) and (5.10)-(5.8) define a linear time-varying dynamical system, whose
state at time ¢ consists of a collection of 2N real functions on [0,1], namely = — vg(¢,z) and
x — ig(t,x) for 1 <k < N. Before we can study the stability of this dynamical system, we need
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to address the issue of well posedness, i.e. of existence and uniqueness of solutions given initial
conditions vy (0,.) and i,(0,.) (the Cauchy problem). When the matrices Ay,(t) (or equivalently the
matrix A(t)) do not actually depend on ¢, well-posedness results are classical, see for instance the
textbooks [BC16, Daf10].

In the time-varying case, which is our concern here, a very definition of well-posedness seems hard
to find in the literature, perhaps because the introduction of time dependent boundary conditions
leads to a failure of classical semigroup theory. We shall consider two cases according to whether
the state at time ¢ consists of continuous functions or merely LP-summable functions on [0, 1],
1<p< oo

To fix notation, we denote respectively by N and R the sets of nonnegative integers and real
numbers. We also recall the notation RT for nonnegative real numbers. We write the Euclidean
norm of z € R! as ||z||, and the Euclidean scalar product of z,y € R! as (z,y), irrespectively of
I. We put C°(E) for the space of real continuous functions on any (topological) space E. When
E is compact we endow C°(E) with the sup norm. Also, whenever E C R! is measurable and
1 <p < o0, we put LP(E) for the familiar Lebesgue space of (equivalent classes of a.e. coinciding)
real-valued measurable functions on E whose absolute value to the p'" power is integrable, endowed
with the norm || f|| 1o () = (/5 |f (z)|Pdz)/P where dz indicates the differential of Lebesgue measure
(restricted to F). The space L*°(E) corresponds to real, essentially bounded Lebesgue measurable
functions, normed with the essential supremum of their absolute value on E. More generally, for F
a Banach space with norm ||.||, we let C°(E, F) be the space of F-valued continuous functions on
E, and if E is compact we set || f|lcog,r) = supg || f||r. In a similar way, LP(E, F) is the space of
F-valued measurable functions f on F such that ||f||r € LP(E). We also define locally integrable
functions: L? (F) designates the space of functions whose restriction Jfix to any compact set K C E

loc

belongs to LP(K). Likewise, we let LY (E, F) be the space of F-valued measurable functions f on E

loc

such that || f||p € LY (E). Since R! is o-compact, the topology of LP-convergence on every compact

set is metrizable on Lf o C(Rl, F'). The spectral norm of a linear operator B : F; — F5 between two
Banach spaces is [|B|| = sup,ep, ||Bz| 7 /||z| F,, keeping the notation independent of I, Fy for
simplicity.

Next, let us make precise the meaning of (5.1) and (5.10) when vy, and i, lie in L}, (), where (2
is defined by (5.2) and 2 indicates the closure of { in R?. Later, we shall see this space is big enough
to accomodate cases we have in mind. Note that Q = [0, 00) x [0, 1], and that L}, () identifies with
a subspace of L} (), since [0, 00) x [0,1] \ 2 has 2-D Lebesgue measure zero. Indeed, the latter set

loc

is just the boundary 99 of © in R?:
00 = ({0} x(0,1)) U ([0, +00) x{0}) U ([0, +00) x{1}). (5.13)

Equation (5.1) is understood in the distributional sense as soon as (vg,ix) € L} () x L} .(Q).
That is, (vg, i) is a solution to (5.1) if, for all C*°-smooth functions ¢ : @ — R with compact

support, it holds that

//Q<Lkik(t, x)%f(t,x) + ot x)gi(t,a:))dtdx =0,

(5.14)
//Q(ck vk(t,x)g—f(t,m) + ik(t,:):)g—i(t, 2))dtdz = 0.

As to (5.10), the definition (5.8) of V and I, as well as the choice of initial conditions vg(0,.) and
ir(0,.), require that vy and iy extend in some way to 92 described in (5.13), and this is where their
membership to L},.(Q2) (not just to L}, (2)) is useful. In fact, when h € L}, () = L}, .([0,00) %[0, 1]),

loc loc loc

we get from Fubini’s theorem that 7 — h(7, ) belongs to L}, ([0,00)) for a.e. € [0,1] and that
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s+ h(t, s) lies in L'([0,1]) for a.e. t € [0,00). For such z and t, we set

- 1 e ~ 1 e ~ 1t
h(0,2) = il_r)r(l) .y h(s,z)ds, h(t,0) = il_r)r(l) .y h(t,s)ds, h(t,1) = ;I_I)I(l) <) h(t,s)ds,
(5.15)

whenever the limits exist.

Definition 5.5. We say that h € L}, .(Q) has a strict extension to 9Q if and only if the limits in
(5.15) exzist for almost all z € (0,1) and almost allt € (0,00), and then the functions x — (0, z),
t— h(t,0) and t — h(t,1) define the strict extension of h to O, almost everywhere with respect to
H1-Hausdorff measure?, see e.g. [EG92, ch. 2] for the definition of Hausdorff measures.

Remark 5.6. Definition 5.5 may look strange at first glance, since when h € Llloc(ﬁ) it seems to be
defined already on 02 C Q; but of course it is not so, because OS) has 2-D Lebesgue measure zero,
hence the values assumed by h there are immaterial. When the limits in (5.15) exist for a.e. x
and t, they produce a specific definition of h on 0X), a.e. with respect to H', that we call the strict
extension. If h: Q — R is continuous and extends continuously Q — R, clearly the strict extension
exists and it is the natural one. Even then, we sometimes use the notation E(O, x), ?L(t, 0) and E(t, 1)
for reasons of consistency, although writing h(0,x), h(t,0) and h(t,1) is more appropriate in this
case.

If all v; and iy have a strict extension to 0f2, then we interpret the boundary conditions (5.10) to
mean the following set of equalities between (a.e. defined) measurable functions of a single variable
t:

61 (ta O) _/Z\l (ta 0)
on(t,0) [ —in(t,0)
an |~ A(t) ae) | a.e. t € (0,00). (5.16)
ON('t, 1) ?N(.t, 1)

We can now state a well-posedness result for the system (5.1)-(5.10). Part I deals with solutions
belonging to L}, ([0,0), LP([0,1])), and part II is about continuous solutions. They do not run
completely parallel to each other, because continuity requires a compatibility relation on the initial
conditions, see (5.18). The theorem is standard in nature but, as mentioned already, we could
not find a reference in the literature for the case of time-varying boundary conditions (5.16).
To connect the statement with the previous discussion, we observe that L} ([0, 00), LP(]0,1])) C
Li ([0,00) x [0,1]) = L} (Q) for 1 < p < oo, by Holder’s inequality and the Fubini theorem.

loc loc

Theorem 5.7 (Well-posedness). Let A : [0,00) — R2V*2N meet Assumption 5.4 and 1 < p < co.
I) Ifi9,09 € LP([0,1]), 1 < k < N, there is a unique map (t,z) — (vi(t,z),...,on(t,z),i1(t,2), ... in(t,3))
from 0 into R2NV>2N such that:

ot (vi(t,.), .., un(t, ) 01t ), ... in(E, ) belongs to LY ([0,00), (LP([0,1]))?Y) and vy, i
have a strict extension to OS2 satzsfymg the initial conditions

06(0,2) = vp(z), %(0,2) =i)(z) k=0,...,N, (5.17)

o (t,z) — (vi(t,x),...,oN(t,z),i1(t,z),...,in(t,x)) is a solution of (5.1)-(5.10), 1 < k < N,
in the sense of (5.14) and (5.16).

*H! restricted to 9 C R? is simply the measure whose restriction to each curve {0} x (0, 1), [0, +00) x {0} and
[0, +00) x {1} coincides with arc length.



CHAPTER 5. SUFFICIENT STABILITY CONDITIONS FOR TIME-VARYING NETWORKS OF

110 TELEGRAPHER’S EQUATIONS OR DIFFERENCE DELAY EQUATIONS
IT) If, in addition, t — A(t) is continuous and vY,...,v%,4,...,i% are elements of C°(]0,1))
satisfying

v1(0) —i1(0)

0 0

MO A [ TIVOT (5.18)

vi(1) ir(1)

v (1) i (1)
then the map (t,z) — (vi(t,),...,on(t,2),i1(t,2),...,in(t,2)) from part I is continuous Q — RN
(equivalently: t — (vi(t,.),...,oN(t,.),i1(t,.), ..., in(E, ) ds continuous [0,00) — CO([0, 1])2V*2N)

and satisfies the initial conditions in the strong sense:
vp(0, ) = vp(z), ix(0,2) =i)(z), re[0,1], k=0,...,N. (5.19)

Remark 5.8. Assumption 5.4 is stronger than needed for the previous result to hold. In fact, it is
enough for part I that the maps t — A(t) and t — (I + A@t)K)™! be well defined, measurable and
bounded (K is defined in (5.28)), and for part II that they be continuous and bounded. We do not
dwell on such generalizations.

The proof of Theorem 5.7 is given at the end of Section 5.2.3, after establishing the equivalence
of (5.1)-(5.10) with a suitable difference delay system. As a first step in this direction, we stress
below the special form of solutions to (5.1) in L} (£2), and show they have a strict extension to 9§
if, moreover, they lie in L (Q).

Proposition 5.9. Let iy and vy, belong to LY () (resp. C°(Q)) for some p € [1,00], and satisfy
(5.1) on Q in the sense of (5.14). Then, the following properties hold.

i. There erists two functions f, and gy, in L7 ((—00,1)) and LY ((0,00)) (resp. in CO((—o0, 1))

loc loc
and C°((0,00))) such that

ok(t,z) = %+%@+>,nwm:K4nm—;w%w+;0,<mm

t
r—
Tk Tk
for almost every (resp. every) (z,t) in Q, where 1, Ky, are defined by (5.3).

i. If, in addition, vy and iy lie in LY (Q) (resp. extend continuously @ — R), then fi and gy
lie in LY ((—o0,1]) and LY ([0,00)) (resp. in C°((—o0,1]) and C°([0,0))), moreover vy, iy

loc
have a strict extension to € according to Definition 5.5. More precisely, we have that

5(t,0) = fil—) + gr(H)., (t,0) = K (ful-) — ()

Th Th Th Th
Ug(t, 1) = fr(1 - Ttk) + gr(1 + Ttk), U (t, 1) = Ky (fk(l - Ttk) —gr(1+ ;)) , (5.21)
25(0, ) = K, (fr(x) — gr(2)) , 0x(0, ) = frp(z) + gr(z),

where the first four relations hold for almost all (resp. all) t in (0,+00) and the last two for
almost all (resp. all) x in (0,1).

iii. Conversely, if fy and gy lie in LY ((—o0,1)) and LY ((0,00)) (resp. in C°((—o0,1)) and
C%((0,00))), then vg and iy, given by (5.20) belong to LY (Q) (resp. C°(Q)) and satisfy
(5.1). If, moreover, fi and gy lie in L} ((—oc,1]) and LY, ([0,00)) (resp. in C°((—oc,1]) and

C%([0,0))), then vy and iy belong to LY () (resp. C°(Q)) and (5.21) holds.

loc
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Proof. Point (7) is classical: if we introduce new variables r = x — t/7, s = x + t/7;, and define
two functions fx, gr on Q1 := {(r,s) € R}, 0 <r+s <2and —oc <r—s < 0}, in one-to-one
correspondence with vy, i via

o)
9k (Ta 8)

then fi,gr € LY (1) by the change of variables formula, moreover they are continuous Q; — R

when i, and vg are continuous on €2, and System (5.1) gets transformed into the distributional

identity

of _0u

ds  Or
Equation (5.22) means that f; does not depend on the second argument nor g; on the first one,
hence the form (5.20) for v and i;. We turn to Point (7). First, we observe that if v; and iy lie
in L} () (resp. extend continuously @ — R), then f;, and g lie in L} ((—o0,1]) and L ([0, 00))
(resp. in C°((—o0,1]) and C°([0,00))), by the change of variable formula (resp. by inspection).
The case where v;, and i), extend continuously Q@ — R is now obvious. To handle the case where
vk, i, € LP (€2), recall that a (non-centered) Lebesgue point of a function ¢ € L}, .(R) is a point
z € R such that lim|; 0 73, ﬁ J7 1(y) —£(x)|dy = 0, where the limit is taken over all closed intervals

ik(t, I’) Kk—Kk

N| = N =

1 . —r+s r+s
2K,/ \" T2 T

(5.22)

I containing z and |I| indicates the length of I. Let fk and g be the extensions by 0 of fi and g
to the whole real line. Using (5.20) in (5.15), we see that the first two relations in (5.21) certainly
hold for t € (0,00) such that —t/7x is a Lebesgue point of f and t/7; is a Lebesgue point of g,
the third and fourth relations if 1 — ¢/7 is a Lebesgue point of ka and 1+ t/7y is a Lebesgue point
of g, and the last two if z € (0,1) is a Lebesgue point of both fk and g. Since almost all points
are Lebesgue points of a given function in L}, .(R) [EG92, thm. 1.34], while L} (R) C L}, .(R) by
Holder’s inequality, this proves Point (i7). Point (i) is obvious, reverting computations. O

Remark 5.10. The weak formulation (5.14) defines solutions vy, i to (5.1) as locally integrable
functions Q — R, while Theorem 5.7 stresses their representation as functions R™ — LP([0,1]).
The two points of view are essentially equivalent by Fubini’s theorem, but suggestive of different
moods. In this connection, it is worth mentioning that if p < oo, then the solution set forth in
Part I of Theorem 5.7 not only belongs to L} ([0,00), (LP([0,1]))2Y), but in fact is continuous
[0,00) = (LP([0,1]))2N*2N. Indeed, granted that fi, and gy lie in L} ((—00,1]) and L ([0,00)) by

Proposition 5.9, this follows from the very proof of the theorem (cf. (5.31) and (5.26) below) and
the fact that T — f(. — ) is continuous R — LP(R), whenever f € LP(R), p < oo.

5.2.3 Difference delay equations and their relation with networks of telegra-
pher’s equations

A general linear time-varying difference delay equation in the variable z is of the form
M
2(t) = ZDi(t) z(t —m;) for all (or almost all) t >0, (5.23)
i=1

where the delays 0 < 71 < --- < my are arranged in nondecreasing order, each t — D;(t) isa d x d
matrix-valued function, and solutions ¢ + z(t) are R%valued functions. Hereafter, we make the
following assumption.

Assumption 5.11. The maps t — D;(t) belong to L>°(RT, R¥*%) for 1 <i < M.

BN v(—r—i—sT 7"—1—3)
2K, M2 R (vk(t,x)):<1 1 )(fk(ac—t/m,x—l—t/rk)

gk(x —t/’]’k,$+t/’rk)

).
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Given initial conditions on [—ny, 0], we recap existence and uniqueness of solutions to (5.23)
in the following theorem. The existence of continuous solutions requires an additional continuity
assumption on the D;, as well as compatibility relations on the initial conditions; this is why we
introduce the following space:

C:= {6 € C°=[=nu, 0L, RY) [ $(0) = > Di(0)(—mi)} - (5.24)

Theorem 5.12. Let Assumption 5.11 hold and ¢ be an element of LP([—naz, 0], R?) with 1 < p < co.

(i) There is a unique solution z to (5.23) in LY ([—nur,+00),RY) meeting the initial condition

loc
Ym0 = ¢
(ii) If, moreover, the maps D; : RT — R¥9 are continuous and ¢ € C, then z € CO([—nyr, +00),R%)).

Proof. This is a classical, elementary inductive argument, see e.g. [HVLI3]: for any T > 0, if a
solution has been found on [—nys, T}, it clearly can be extended to [—nas, T+ 1] in a unique manner
using (5.23). When the D;(.) are continuous, ¢ € C is clearly necessary and sufficient for the unique
solution to be continuous. O

Remark 5.13 (merging repeated delays). In (5.23), we allow for repeated delays, i.e. it may be
that n; = ni41 for some i. This to comply with (5.1)-(5.3), where it would be too restrictive to
require that the numbers 13, are distinct, and because we are about to convert (5.1)-(5.3) into (5.23)
in such a way that n; = ;. However, when dealing with (5.23), it is better to avoid repetition by
merging terms with the same delay. Since it will be needed in the statement of Theorem 5.22, let
us formalize this: first, define an enumeration without repetition of the original list of delays, say,
0<in <2 <- <y with M < M, then define for each j

Diity= > Di(t). (5.25)

It is clear that (5.23) can be re-written as z(t) = Zj\/il Bj (t) z(t — 0;), and if the n; were distinct
already, then the system is left unchanged.

We now construe the system of coupled telegrapher’s equations from Sections 5.2.1 and 5.2.2
as a difference delay system of the form (5.23). For this, let (vg,ix) € L} .(Q) x L} .(Q) (resp.
C°(Q2) x C°(Q)) be, for 1 < k < N, solutions of (5.1)-(5.10), observing from Proposition 5.9 (i)
that the boundary conditions (5.10) indeed make sense. Let fi, gx be as in Proposition 5.9, and

define: . .
zp(t) = fk(—;k) and y(t) = gr(1+ —). (5.26)

Tk

The functions fx and g lie in L}, ((—o0,1]) and L}, .([0,00)) (resp. in C°((—o0,1]) and C°(]0,0)))
by Proposition 5.9, therefore zj and yy lie in L}, .([—7k, +00)) (resp. CO([—7%, +00))). Moreover,
the boundary values of vy and iy are related to zj and yj as follows (substitute (5.26) in (5.21)):

k(t,0) = 2 (t) + y(t — 7)),

(t,0) = Kg[zg(t) — yu(t — 71)], (5.27)
1) = 2t — ) +y(t) ,

(t,1) = K[zt — 7i) — y(t)] -

DD
—~
\_@F
~—
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Plugging (5.27) in (5.16) gives us

w1 (t) y1(t — 1) —Kyz1(t) Ky (t — 1)
(1) n yn(t—7n) | _ A®) —Knzn(t) n Kyyn(t—7n)
y1(t) x1(t — 1) — K y1(t) Kizi(t—mp)
yn(t) zn(t —7N) L\—Knyn(t) Kyan(t—1n)/ |
Thus, if we define
. 0 Id
K = ding(Ki,.. K. Koo K)o =00 (5.28)

where Id has size N x N, and observe that P, K = KP» while noting that relation K = K* > 0
together with the dissipativity condition (5.12) entail that I + A(¢) K is invertible, we obtain:

a1(t) w1t — 1)
20N T+AOK) I -AWK) P, an(t=7n) | (5.29)
y1(t) y1(t —71)
yn(t) yn(t —7N)

Setting d = 2N and letting z(t) be the vector [z1(t), - ,xn(t), y1(t), -+ ,yn(t)]" and, for each
i€ {l,---,,N}, the d x d matrix D;(t) have the same i and (i + N)™ columns as the matrix
—(I4+A®)K) ™' (I — A(t)K) Py, the other columns being zero, it is obvious that system (5.29)
can be rewritten in the form (5.23) with M = N and n; = 7, 1 <i < N. As for initial conditions,
we obtain from (5.26) and the last line of (5.21) that

o1(t) = e (Keob ) + -0 ) L lt) = g (Ko + D) =1+ D)) Lt [omao),

(5.30)
where we note that both —t/7; and 1+ /7 range over [0, 1] when ¢ ranges over [—7%,0]. The only
difference with the situation in Theorem 5.12 is that initial values for xy, yi are only provided
over [—7, 0] through (5.26) and (5.21), not over [—7x,0]. However, with the previous definitions of
z(t) and D;(t), 1 <i < N, the values of z} and yi on [—7x, —7%) when 73 < 7n are unimportant
to the dynamics of (5.23) for ¢t > 0, because the columns of D;(t) other than i*" and (i + N)*™
are identically zero. Thus, we may pick initial conditions for zj and y, on [—7x, —7%) arbitrarily,
provided that we comply with summability or continuity requirements. For instance, we can extend
z and yi to [—7n,0] using the operators J[[ ™ ’]] defined as follows. For a < b < ¢ three real

[a,c]

numbers, J[ 3 be an extension operator mapping functions on [a,b] to functions on [a, ] so that

L?([a, b]) gets mapped into LP([a, c]) and C%([a,b]) into C°([a, c]), in a continuous manner. Such an
operator is easily constructed by choosing a smooth function ¢ : R — R which is 1 on (—o0,b] and 0
on [min{2b — a, c}, +00); then, for f : [a,b] — R, define J[ac f tobe fon [a,b] and ¢(t)f(2b —t) for

€ (b, c], where the product is interpreted as zero if 2b — t < a. Similarly we define J[[b Cﬁ] mapping

functions on [b, ¢] to functions on [a, c].
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We have now reduced the Cauchy problem for (5.1)-(5.10), 1 < k < N, to the Cauchy problem
for a particular equation of the form (5.23). Moreover, it is obvious from what precedes that
initial conditions in LP([0,1],R) (resp. C°([0,1]) meeting (5.18)) for vy, i) correspond to initial
conditions in LP([—7y, 0], R?Y) (resp. C) for z, and that solutions vy, i in L} ([0,00), LP([0,1]))
(resp. C°(]0,00),C([0,1]))) correspond to solutions z € LY ([0,00),R?N) (resp. C°([0, 00), R?Y)).

Proof of Theorem 5.7. The above discussion (starting after Theorem 5.12) shows that the function
(t,x) — (vi(t,z), ..., on(t,z),i1(t, ), ..., in(t,x)) is a solution of (5.1)-(5.10)-(5.17) for Part I or
(5.1)-(5.10)-(5.19) for part II if and only if

’Uk(t,.’L') = $k<t—{L‘Tk) —i—yk((x - l)Tk —|—t) , ik(t,l') = K ((Ek(t - HZTk) — yk((x — 1)Tk + t)) R (5.31)

where t — (z1(t),...,zn(t),yi(t),...,yn(t)) is a solution of the difference delay system (5.29) in
L ([0,00),R?Y) or in CO([0,00),R?Y), with initial conditions given by (5.30) and extended if

necessary to [—7x, 0] using the operator J[[::;V[’)(])] constructed just before this proof. The result now

follows from Theorem 5.12. O

5.2.4 Exponential stability: definitions

Definition 5.14. Let A : [0,00) — R2V*2N yneet Assumption 5.4 (resp. meet Assumption 5.4 and
be continuous). For 1 < p < oo, System (5.1)-(5.10) is said to be LP (resp. C°) exponentially stable
if and only if there exist v, K > 0 such that, for all solutions given by Theorem 5.7 part I (resp.
part II), one has:

H(?(t, ), 0(t, - )HLP [O g2 S Ke | (#(0, ), (0, )HL,,(O1 g2y Jorallt >0

_ (5.32)

(resp. | (i(t, t,- )HCO([U,l],R?) < Ke || (4(0, ), v(0, - )HCO([O,H,RQ) for allt > 0).
Definition 5.15. Let the maps t — D;(t) meet assumption (5.11) (resp. meet assumption (5.11)
and be continuous). System (5.23) is said to be LP (resp. C°) exponentially stable, p € [1,00], if

and only if there exist v, K > 0 such that, for all solutions given by Theorem 5.12 part (i) (resp.part
(ii)), one has:

0 1/p 0 1/p
(/ 12t + «9)de9) < Ke (/ ||z(9)|ypd9) >0,  ifl<p<oo, (533)
—N —TN
esssup ||z(t +0)|| < Ke " esssup ||z(0)], t >0, ifp=o00, (5.34)
oe[—7n,0] oe[—7n,0]
(resp. sup |z(t+0)| < Ke ™ sup ||z(0)], t>0). (5.35)

96[—7’1\7,0] 96[—7’1\],0]

Our main concern in this paper is the exponential stability of system (5.1)-(5.10), but we shall
need the equivalent formulation as a difference delay system of the form (5.29), which is a particular
case of (5.23). In fact, exponential stability of the two systems are equivalent properties, as asserted
by the following proposition.

Proposition 5.16. System (5.1)-(5.10) is LP exponentially stable (resp. C° exponentially stable)
if and only if System (5.29) is LP exponentially stable (resp. C° exponentially stable), 1 < p < co.

Proof. This follows at once from (5.31) expressing solutions of (5.1)-(5.10) from solutions of (5.29)
and vice-versa. O
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5.3 Results

5.3.1 Known results in the time-invariant case

The exponential stability of difference delay systems like (5.23) when the D; are constant matrices
is well understood. Indeed, the following necessary and sufficient condition is classical.

Theorem 5.17 (Henry-Hale Theorem, [Hen74, HVLI3]). If the matrices D; in system (5.23) do
not depend on t, the following properties are equivalent.

i. System (5.23) is LP exponentially stable for all p € [1,+00].
ii. System (5.23) is CO exponentially stable.

1i5. There exists B < 0 for which

N
Id - Z D; e i is invertible for all A € C such that R(\) > B. (5.36)
i=1

Theorem 5.17 is usually stated for C° exponential stability only. However, the proof yields L?
exponential stability as well for 1 < p < oo, see the discussion after [CN15, eq. (1.11)]. To study the
stability of time-invariant networks of 1-dimensional hyperbolic systems, it is standard to convert
them into a delay system, much like we did in the previous section, and to apply Theorem 5.17.
There is a sizeable literature on this topic, dealing with more general equations with conservation
laws than telegrapher’s ones, see for instance the textbook [BC16] and references therein.

For systems of the form (5.29), if we assume on top of the dissipativity condition (5.12) that the
coupling matrix A(¢) in fact does not depend on ¢, then Theorem 5.17 applies to yield exponential
stability. This is the content of the following proposition, whose (elementary) proof is given in
section 5.4.2 for completeness:

Proposition 5.18. If the matriz A(t) is constant and condition (5.12) holds, then the constant
matrices D; obtained when putting (5.29) into the form (5.23) satisfy (5.36) for some B < 0.

5.3.2 Sufficient stability condition in the time-varying case

Unfortunately, there is no generalization of the Henry-Hale theorem to time-varying difference delay
systems of the form (5.23), even if we assume that the D;(t) are periodic with the same period,
as is the case in the application to electrical networks outlined in the introduction. To the best
of our knowledge, there are very few results on the stability of such systems; let us mention two.
One is [CN15, Lemma 3.2]. It gives exponential stability results in Sobolev norms for the class of
time-varying delay systems (5.23) which come from 1-D hyperbolic equations, where the matrices
D;(-) are continuously differentiable and the delays may be time-dependent. Another, extensive
reference is [CMS16], which gives a necessary and sufficient condition for LP exponential stability
when 1 < p < 400 that obviously remains valid for C? exponential stability as well. It is stated in
terms of the boundedness of sums of products of the D;(t;) at delayed time intants ¢;, where the
number of terms in the sums and products can be arbitrary large. This is akin to an expression
of the solution to (5.23) in terms of the matrices D;(.) and the initial conditions (see (5.61) and
(5.62) further below), which looks difficult to bound efficiently in practice because of the tremendous
combinatorics and the many cancellations that can occur. In contrast, we only deal here with
telegrapher’s equations, or with difference delay systems that can be recast as such, but Assumption
5.4 is a much more manageable sufficient condition for exponential stability.
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The main result of the paper —see Theorems 5.21 and 5.22 below— asserts LP exponential
stability for all p € [1, 0], as well as C” exponential stability, for networks of telegrapher’s equations
with time-varying coupling conditions of the form or (5.1)-(5.10) (or (5.1)-(5.5)) under Assumption
5.4 (dissipativity at the nodes), and for difference delay systems (5.23) under conditions that imply
that they can be put in the form (5.29) with the same dissipativity conditions.

It may be interesting to note that the sufficient condition for stability that we give here is
independent of the delays when speaking of a difference delay system (Theorem 5.22) or independent
of the caracteristics of the lines (constants Cy and Lj) when speaking of networks of telegrapher’s
equations (Theorem 5.21). Also, these sufficient conditions are not claimed to be necessary.

Let us state these results, preceded by some auxiliary results of independent interest. The proofs
not given right after the theorems can be found in Sections 5.4.3 through 5.4.6.

The first step is to establish L? exponential stability of System (5.1)-(5.10) asserted in the
following theorem. We give in Section 5.4.3 a proof using a natural energy functional as Lyapunov
function for the telegrapher equations (5.1). Condition (5.12) in Assumption 5.4, which has been
termed dissipativity without much explanation so far, expresses dissipativity in the sense of this
energy functional. We also sketch, in Section 5.4.4, a second proof, ellaborating on [CN15, Lemma
3.2], which is exclusively based on the time-varying delay system (5.29); see the remark at the end
of Section 5.4.4 for a comparison of the two proofs.

Theorem 5.19. Under Assumption 5.4, the time-varying network of telegrapher’s equations (5.1)-
(5.10)-(5.8) is L* exponentially stable.

In view of Proposition 5.16, we get as a corollary that L? exponential stability holds for difference
delay systems of the form (5.29).

To deduce from Theorem 5.19 LP exponential stability for all p, we rely on the following result.

Theorem 5.20. Under Assumption 5.11, System (5.23) is LP exponentially stable for some p €
[1,00] if and only if it is LP exponentially stable for all such p. Moreover, if the maps t — D;(t) are
continuous, then this is also if and only if System (5.23) is CO exponentially stable.

The only original bit here is that C? exponential stability implies LP exponential stability for all
p, because the first assertion of Theorem 5.20 is essentially contained in [CMS16, Corollary 3.29].
We do consider C? stability, because it is the natural one in the application to electronic circuits
mentioned in the introduction. Although, again, the first assertion is a consequence of [CMS16,
Cor. 3.29], we nevertheless give an independent proof in Section 5.4.5. Indeed, we feel our argument
is simpler than in [CMS16] (the latter paper contains of course other results), and of independent
interest. Moreover, our proof shows (for better readability it is not stated in the theorem) that if
System (5.23) is LP (resp. C°) polynomially stable of degree m > N for some p € [1,00] (i.e. if
(5.33) or (5.34) (resp. (5.35)) holds with e~ replaced by (1 + t)~™), then it is LP polynomially
stable of degree 1 for all such p (and also C° polynomially stable of degree 1).

An obvious corollary of Theorem 5.20, based on Proposition 5.16, is that System (5.1)-(5.10)
(network of telegrapher’s equations) is LP exponentially stable for some p € [1, o0] if and only if it is
C" exponentially stable and also L4 exponentially stable for all ¢ € [1,0c]. This leads to our main
result regarding network of telegrapher’s equations:

Theorem 5.21. Under Assumption 5.4, the time-varying network of telegrapher’s equations (5.1)-
(5.10)-(5.8) is LP exponentially stable for 1 < p < oo, and also C° exponentially stable if the maps
t — A(t) are continuous.

Proof. This is a straightforward consequence of Theorem 5.19 and the “obvious corollary” to
Theorem 5.20 mentioned just before Theorem 5.21. O
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A direct consequence of Theorem 5.21 and Proposition 5.16 is that the same stability properties
hold for difference delay systems of the special form (5.29). It is interesting to restate this in terms
of general delay systems of the form (5.23), making additional assumptions to fall under the scope of
the previous result. This is the purpose of Theorem 5.22 below, whose proof is given in Section 5.4.6.
Recall that the matrices ﬁj (t) were defined from the matrices D;(t) in Remark 5.13 (¢f. (5.25)),
and that they differ from the D; only when some of the delays n; appear with repetition in (5.23)).

Theorem 5.22. Under Assumption 5.11, if Conditions (i) and (ii) below are satisfied, then the
time-varying difference delay system (5.23) is LP exponentially stable for all p € [1,00]. Moreover,
if the maps t + D;(t) are continuous, then it is also C° exponentially stable.

i. The columns of the matrices Bj (t) are disjoint, i.e. there is a partition {1,...,d} = T1U-- ULy
(with i#j = I; N I;=@) such that the k™ column of ﬁj(t) is identically zero if k ¢ T;.

it. The sum of the matrices D;(t) is uniformly contractive:

M
there is a number v < 1 such that ZDZ-(t) < v for almost all positive t .
i=1
Here, ||-|| is the spectral norm for matrices associated to the Euclidean norm on R? like in

section 5.2.2.

To recap, Theorem 5.21 offers a sufficient condition for exponential stability of networks of
coupled telegrapher’s equations, relevant to the study of oscillations in circuits with transmission
lines as explained in Section 5.1, while Theorem 5.22 deals with difference delay systems and applies
to an admittedly narrow class thereof (the disjoint columns assumption is clearly restrictive), but
is still worth stating for it points at a class of time-varying systems for which relatively simple
sufficient conditions for exponential stability can be given. These results are apparently first to give
fairly manageable sufficient conditions for exponential stability in the time-varying case. Another
contribution is the somewhat simpler approach, provided by Theorem 5.20 and its proof, to the
fact that all types of LP exponential stability, 1 < p < oo, are equivalent for general time-varying
difference delay systems.

5.4 Proofs

5.4.1 A technical lemma

Here, the superscript * denotes the transpose of a real matrix, and the spectral norm |||-||| defined at
the beginning of section 5.2.2 is with respect to the canonical Euclidean norm ||z|| = (z*z)/2.

Lemma 5.23. If Q is a square matriz satisfying Q + Q* > k > 0, there is a unique square matriz
R solution of
(Id+Q)R=1d-Q, (5.37)

and it satisfies ||R|| < (1 — k)/(1 + k) < 1. Conwversely, if R is a square matriz satisfying || R|| < 1,

there is a unique square matriz @ solution of (5.37) and it satisfies Q + Q* > };mgm 1d.

Proof. 1t is clear that —1 cannot be an eigenvalue of Q if @Q + Q* > 0 or an eigenvalue of R if
[|R||| < 1. This allows to solve for R or @) using the inverse of Id + Q or Id + R.

Now suppose that R and @ satisfy (5.37). Then (Id + Q)(Id + R) = 2 Id, hence both Id + Q
and Id + R are invertible and R commutes with @, (5.37) can be re-written R(Id+ Q) = Id — Q
that readily implies

IRUd+ QI |, v(@+Q%
1(1d + Q)yl|? 1(Id+ Q)yl?
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for any nonzero y. Since on the one hand, using invertibility of Id + @, ||R|| < 1 if and only if the
left-hand side is less than 1 for any nonzero y and on the other hand the right-hand side is less
than one if and only if y*(Q + Q*)y is positive, one deduces that @ + Q* > 0 and ||R||| < 1 are
equivalent. ]
5.4.2 Proof of Proposition 5.18

From the very definition of D; in terms of A, K and P> —see discussion after (5.29)— we get that

N
Y " Dje " = [Id+ AK] '[Id — AK] P, diag(e ™, ...,e "™V, e M e V). (5.38)
i=1

In view of (5.12), (5.28) and the strict positivity of the Kj, it holds if we set Q = K'/2AK'/? that
Q+ Q* > ald with & = aminj<j<y K; > 0, hence Lemma 6.4 gives us:

||(rd + K2AKY2) ! (1d - KV2AKY2)|| < 1. (5.39)

Consider now the K-norm on R*V | defined for z € R*N by |z|k = ||K%:L‘|| Clearly, for any
2N x 2N complex matrix B, the corresponding operator norm is ||B||x = ‘HK%BK_%H ; it is
obviously multiplicative.

Since [Id + AK]"![Id — AK] = K~ 2(Id + K2 AK2)~(Id — K2AK2)K?, equation (5.39)
implies that
||t7d+ AK]'[1d - AK]|| <1, (5.40)
consequently there is S < 0 such that
||(7d + AK) 1 — AK]WK e PN <1, (5.41)
To see that (5.36) holds for this 3, pick A € C with () > § and observe that

‘HPQ diag(e ™, ... e N AT ,e_)‘TN)H‘K < e PN

by (5.3), the multiplicativity of the K-norm and the fact that P, commute with K'/2. Hence, using
N
> Dje T

=1

<1
K

(5.38) and (5.41) together with the multiplicativity of the K-norm, we see that

which implies (5.36).

5.4.3 Proof of Theorem 5.19 via a Lyapunov functional approach

Let (vi(t,),...,un(t,2),i1(t,2),...,in(t,x)) € L} ([0,00), (L3([0,1]))?") be the solution to (5.1)-

loc

(5.10)-(5.8) set forth in Part I of Theorem 5.7, with initial condition i, v) € L2([0,1]) for 1 < k < N.
We define the energy functional Fj in the line k and the global energy E by

1

1 N
Eu(t) = 5 /0 [Crod(t.2) + Liid ()| de,  B(1) = ];Ek(t). (5.42)

Fact. Each function Fj is locally absolutely continuous and its derivative is given by:

d
= Bi(t) = <i(t, Din(t, ) + 0L 05 (10),  aet. (5.43)
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Proof of the Fact. This would be easy if the solution were smooth (differentiating under the integral
sign and using (5.1) would readily yield (5.43)), but we have only proved so far, according to Remark
5.10, that Ej is continuous [0, +00) — R for each k. In particular it defines a distribution on (0, +00);
let us compute the derivative of this distribution by approximation. By Proposition 5.9, points
(z) (#7), the functions vy, i), are of the form (5.20) with fi, € L2 ((—o0,1]) and g € L2 .([0,00)). Let
fk. and g extend fi and gp by zero to the whole of R, and pick ¢ : R — R a positive, C*°-smooth
function, supported on [—1, 1] and such that [p ¢ = 1. For each € > 0, we set ¢.(x) := ¢(x/e)/e
(hence, [g ¢ =1) and define

Fre(s /f Joe(s —y)dy,  Gre(s /g Joe(s —y)dy,  yeR. (5.44)

Thus, fk’a is a C> smooth functions in L (R) (&) < 1 fellz2(x+—c,e]) for any

compact K C R, and similarly for g .. Moreover, fk,a and gy . converge, both pointwise a.e. and in

L%OC(R), respectively to fk and ¢, when € — 0. Indeed, it is enough to check this on an arbitrary
compact set K C R, and since ¢, is supported on [—¢, ] we may redefine fk and g as being zero
outside the compact set K + [—¢, ] without changing the values of fkﬁ nor g . on K. Thus, it is
enough to prove the desired pointwise and L%OC convergence when fk and g, lie in L2(R), in which
case the result is standard [Ste70, ch. III, thm. 2]. Next, let us put

~ ~ t - t - ~ t - t
Uk,s(ta x) = fk,s(x - 7) + gk,e(x + 7) s Zk,s(tv x) = Ky, (fk,s(m - 7) - gk,s(x + )) s (5'45)
Tk Tk Tk Tk

so that Uy and 7. lie in L2, (R?) and are C*° smooth solutions to (5.1) on R?, by Proposition 5.9
point (7). Because (t,x) + (v —t/Tx, x +1/73) is a bi-Lipschitz homeomorphism of R?, it preserves
compact sets and sets of measure zero. Thus, since fk and ¢ coincide respectively with f; and
gr on [0,400) x [0,1], the properties of ﬁ,a and g indicated after (5.44) imply that vy ., .
respectively converge pointwise a.e. to vy, iy on [0, +00) x [0, 1], in such a way that ||0g (¢, )|l £2([0,1))
and |7 (%, )| £2([0,1)) Temain essentially bounded with ¢. Therefore, by dominated convergence, we
get for every C'™° smooth compactly supported function v : (0, +00) — R that

+o0 r1 +oo rl
lim (CT? . (t,2) + LiZ2 . (t, 2)]ib(t) dt dz = / (CLv(t, ) + i (¢, 2)](¢) dt da.
0 0 0

e—0

In other words: when ¢ — 0, then Ej,.(t) := fo [C’kvk (tz) + L;ﬁ%a(t, x)]dz converges to Ey(t), as
a distribution on (0,+o00). Now, since 7, . and Uy are smooth, the derivative of t — Ekﬁ(t) can
be computed in the strong sense by differentiating under the integral sign; since 7;, . and vy . are
solutions of the telegrapher’s equation (5.1), an elementary integration yields:

d ~ ~ ~ ~ ~
@Ekya(t) = —Zk,s(t, 1)’Uk,€(t, 1) + Zkﬁ(t, O)Uk’g(t, O) (546)

By (5.45) and the Schwarz inequality, the properties of ﬁhs and gj . indicated after (5.44) imply
that the right hand side of (5.46) converges pointwise a.e. and in L} (R) to the function

F(O) 1= K (f(-1) - 0) = 1= D)+ gh1+ 1))
Tk Tk Tk T
and since we know that thk ¢ converges to d B, as a distribution we conclude that tEk = F.
In particular, since Ej is a distribution in dimension 1 whose derivative is a locally integrable
function, [DDO7, thm. 6.74] implies local absolute continuity and we get from what precedes that
4 Ey(t) = F(t) for a.e. t, which can be rewritten as (5.43) in view of (5.21). This ends the proof of
the above fact.
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Proof of Theorem 5.19. Adding equalities (5.43) for 1 < k < N and considering (5.42) together
with the boundary conditions (5.16) yields the following equation, where one may indifferently use
$(A(t)+ A()*) or A(t):

—21(t,0) —21(¢,0)
-7, A A)* | -7,

i E(t) = — AZ (t,0) (t) +A(t) jN(LO) ’ a.e. t, (5.47)

dt 1(t,1) 2 u(t,1)

iy (t,1) v (t 1)

Using the dissipativity condition (5.12) in (5.47) readily implies:
4 By < -2 3 (t,1 t 5.48
dt < 52{ 0) + 7 ( )}, a.e. t. (5.48)

This entails that the global energy FE is decreasing. In order to show that it tends to zero exponentially,
let us express F in terms of the functions fx, gi as follows. Substituting (5.20) in (5.42), we get
since LkK,% = C}, that

Ex(t) = Cy (/01 gi(x + :k)d:v + /01 fE(x — 7i)dac) : (5.49)

Changing variables to 7 = z7; + ¢ in the first integral and to 7 = (1 — z)7;, + ¢ in the second, we
obtain:

Bu(t) = C o (D) + - 1)) ar (5.50)

Thus, if we define G : (0, +00) — R by G(7) := S0 Cr(g2(7/71.) + f2(1 — 7/7%)), we deduce from
(5.50) that

E@) < / Y G dr (5.51)

In another connection, we get from (5.20) that G(7) can be expressed as a non-negative quadratic
form in the 4N variables v (7,0), Uk(7, 1), 2%(7,0), 2%(7, 1), for 1 < k < N, with constant coefficients.
Hence, using (5.16) to substitute the Ux’s for the 7;’s, the same G(7) can be expressed as a non-
negative quadratic form in the 2N variables 7;(7,0), 7 (7, 1), for 1 < k < N, with time-varying
essentially bounded coefficients (Assumption 5.4) depending on the matrix A(7) and the constants
K. This implies:

N
Z: (Zk (1,0) + 3 (, 1)) a.e. 7> 0. (5.52)

with a positive constant @ that depends only on the coefficients K} and the bounds on the coefficients
of A(.). Using this inequality in (5.48) yields

d «

ar (1) < 2&,G(T), a.e. 7>0 (5.53)
Integrating (5.53) between t and ¢ + 7y we gather, in view of (5.51), that
0< BE(t+7y) < (1- %) E(t), t>0. (5.54)

Comparing the expression of E(t) in (5.42), this last inequality readily implies that system (5.1)-
(5.10) is L? exponentially stable. O
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5.4.4 Sketch of an alternative proof of Theorem 5.19 via time-delay systems
exclusively

First note that, from a straightforward generalization of Equation (5.40) using the fact that P, and
K commute, there is a 7 € (0, 1) independent of ¢ € R such that :

H‘[Id +A®K]Id - A(DK] szK <~y<l (5.55)

By applying || - | & to each side of Equation (5.29), using (5.55) above and integrating the resulting
inequality between ¢t and to (—7y < t < t2), one gets after simple algebraic manipulation the
following inequality, valid for any ¢ > 0 and ty > t:

to 9 1 t+7N 9
I leds < =g [ (s s, (5.56)

in which one may then take t3 = +o00. This implies L? exponential stability of system (5.29) (one
first proves that, for T" large enough, ftHT |2(s)||%ds converges exponentially to zero) and thus L?
exponential stability of system (5.1)-(5.10) via the equivalence between stability of the difference

delay system and of the PDE network, see Proposition 5.16.

Remark 5.24. The above proof expounds that of [CN15, Lemma 3.2], but in essence is not so
different from the previous one. Indeed, the quantity ftHT |2(s)||%ds acts as a Lyapunov function
for (5.29), although it is not proved be non-increasing with respect to continuous time, while E, that
has a similar expression in terms of the delay system (see (5.49)), is a Lyapunov function in the

usual sense for the network of telegrapher’s equations, see (5.48).

5.4.5 Proof of Theorem 5.20

Before proceeding with the proof, we take a closer look at the structure of solutions to System
(5.23).

Given the ordered collection of delays 0 < 7 < 19 < ... < 7y, we define the following subsets of
R:

N
Y= {Z @iy (q1,...,qv) €NV} oand ¥, =[0,4)NY for ¢ in [0, +00). (5.57)

i=1
Call Q(t) € N the cardinality of ;. Clearly, Q(t) is no larger than the number of N-tuples

(q1,-..,qn) € NV satisfying SN | ¢; < t/71, and the latter is bounded from above by (1 + [[t/7]])",
where [[r]] indicates the integer part of the real number r. Hence, we have that

PN
Q) < (1 + T) L tel0,400). (5.58)
1
We enumerate the elements of ¥ as a sequence 0 = 01 < 09 < 03 ---, so that ¥; is described as:
Et:{al,ag,...,aQ(t)}, t e [0,+OO). (5.59)

Our proof of Theorem 5.20 will dwell on the following observation.

Fact. There is a collection of maps (M,),en from R into R4 enjoying properties (1), (i), (i)
below.

i. The map M, lies in LS (R, Réxd),

i1. M, satisfies
t ¢ (0g—7Tn,0q = My(t) =0, (5.60)
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iii. the solution t — z(t) of (5.23) with initial condition z(t') = ¢(t'), t’ € [—7n, 0], is given by

t+7TN

Q( ) +o0
2(t) = Z Mqy(t) ¢(t — 0q) = Z Mq(t) ot — o), t=0. (5.61)
q=1 q=1

Formula (5.61) applies equally well to continuous solutions and to solutions in L} ([0, c0), RY), but
in the latter case the equality is understood for almost every ¢t. Note that (5.60) ensures that the
two sums in (5.61) are equal, and also that they do not depend on the values ¢(y) for y ¢ [—7n, 0]

(which are not defined).

Proof of the Fact. For 0 <t < 71, Equation (5.23) is of the form (5.61), with M,(t) = D;(t) if
o4 = 7; and M,y(t) = 0 otherwise. If we assume inductively such a formula for 0 < t < o4, and
substitute it in the right hand side of (5.23) when o4 <t < 04,41 to express z(t) as a linear
combination of the ¢(t — o4) for —7n <t — 0y < 0, a moment’s thinking will convince the reader
that we get a formula of the same type over the interval o4, <t < 04,41 by defining M,(t) as the
sum of the coefficients corresponding, after the above substitution, to one and the same ¢(t — o)
(the latter may arise as many times as there are decompositions o, = 7; + 0 with i € {1,--- , N}
and oy € X4, 47y Such coefficients are of the form D;(t) My (t), and therefore properties (4), (4)
and (77) are obviously met.

Although we will not need this, it is instructive to derive an explicit expression for M, that
should be compared with [CMS16, thm. 3.14] or, in the continuous case, with [HVL93, ch. 9, eqns.
(1.4)-(1.5)]. Namely, we can take M,(t) to be the sum of all terms

L(p_1,04)(t) Dy (8) Dy (t — p1) Dy (t = p2) -+ Dig (t — ps—1) (5.62)

for all s in N'\ {0} and all s-tuples (k1,...,ks) € {1,---, N}® such that 3°7_; 7, = o4, where the
numbers p; are defined by pp = 0 and p; = Zgzl 7, for j > 1 (in particular ps = 0,), and 1, _, ,
is the characteristic function of the interval (ps_1,ps]. These maps M, satisfies (5.60) because
(ps—1, ps] = (0q— Ty, 04| is a subset of (o, —Tn, 04), and formula (5.61) is easily checked from (5.23),
by induction on j such that ¢t € (01, 0;].

Proof of Theorem 5.20. Assume first that 1 < p < oo. If System (5.23) is LP exponentially stable,
there is by definition v > 0 and Cy > 0 such that, for all ¢ € LP([—7x,0],R%) and all ¢ > 0, one has

' ra) " -t
(] le@lrdn) ™" < Coe ™ o 50 (5.6
oy
for z(.) the unique solution of (5.23) with initial condition ¢ given by Theorem 5.12. Pick ¢, €
(=7n,0), v € RY, £ > 0, and define a function ¢, , . € LP([—7n, 0], R?) by

1
Brenel0) = St (0) v, 6 € [~7v,0]. (5.64)

Let 2, »c(.) be the solution to (5.23) with initial condition ¢y, , . on [—7n,0]. By (5.63), it holds
that

t 1/p
(/ 2t we()Pdu) " < Coe o], >0, (5.65)
t—TN
and from (5.61) we get for all u > 0 that
+oo

Zt*,v,s(u) = El% (Z ]l(t*—a,t*)(u - Uq) Mq(u)) v. (5.66)

g=1
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Let us fix t > 0 for a while. By (5.60), the only terms in the sum on the right of (5.66) which may not
be zero for a.e. u € (t—7y,t) are such that E(q,ty,€) = (04+ti—¢,04+t)N(og—TN, 04] N (t—TN, 1)
has strictly positive measure. The set of integers ¢ for which this holds for some t, € (—7x,0) and
some ¢ > 0 consists exactly of those ¢ such that t —7y < o, < t+7y. If we pick one of them and, say,
o4 > t, it is easy to check that for e small enough E(q,ts,¢) = (tx + 04 —€,tc +04) when t, <t —o,
and E(q,t.,¢) = @ when t, > t—o,. If on the contrary o, < t, then E(q,t.,e) = (ti+0q—¢,t+0y)
when t, >t —o0,—7n5 and E(q,t.,e) = & when t, <t— o, —7n. Altogether, since there are finitely
many ¢ under examination (i.e. at most Q(t + 7n)), we can take € > 0 so small that all intervals
E(q,t4,¢€) are disjoint, and then we deduce from (5.66) and the previous discussion that

t 1 (0
| leee@lFae= S 2 M o+ 000 (5.6)

eJ_
{q: t—TN—te<oq<t—t,} €

Observe next that a.e. t, € (—7y,0) is a Lebesgue point of (each entry of) s — M,(s + o) for all
q € N, and let E denote the set of such points. By the triangle inequality, E a fortiori consists of
Lebesgue points of s — || M,(s + 04)v]|, and since M, € L2 (R,R%¥*?) it also consists of Lebesgue

points of s — [|[My(s + o4)v||P, by the smoothness of x — zP for > 0. Thus, from (5.65) and
(5.67), we deduce on letting € — 0 that

t—TN —t, <oy <t—t, = |[[My(ty +o)v|| < Coe 0|, t.€E. (5.68)

Now, choose 04 € X and ¢, € E. We can find ¢ > 0 such that t — 7y < 04 +t, < t and then,
applying what precedes with this ¢ and this t,, we obtain in view of (5.68) that

1Mt + )l < Coe™[o]| < Coe™ "+ . (5.69)
As E has full measure in (—7y,0] and v € R? is arbitrary, we conclude from (5.69) and (5.60) that
[[Mg(s)ll < Coe™™,  ae. s>0, (5.70)

where ||| is the spectral norm for matrices on Euclidean space. Because the number of summands
in the middle term of (5.61) is Q(¢ + 7x') which is bounded above by Ct" for some constant C, as
asserted in (5.58), the inequality (5.70) implies that to any " € (0,~) there is a constant Cy > 0 for
which

12l Er (i mety < Cre " bl ryoyreys, 20, 1< A<oo,  (5.71)

and also  |1z]| oo (t—ry iy rt) < Cre @l ooy 0y meys 20 (5.72)

Since (5.72) readily implies C° exponential stability when the maps D;(.) are continuous, this
achieves the proof when 1 < p < cc.

Assume now that p = oo, so that (5.63) gets replaced by ||2]| oo ((t—ryt) &) < Co€™ " ]l oo ((—rn 0).R)
for all t > 0. The goal is again to prove (5.70) from which the result follows, as we just saw. For
this, we argue much like we did before, defining ¢y, , - as in (5.64) except that we do not divide by
e!/P. Then, (5.65) becomes

ess. sup [|ze, v,c(@)]| < Coe™|Jo]], (5.73)
ac(t—7n,t)

and the discussion that led us to (5.67) now yields for € > 0 small enough:

ess. sup ||z, ve(a)| = max ess. sup||My(t, + oq + 0) v (5.74)
a€(t—Tn,t) {@: t=Tn—tu<og<t—t.}  ge(—e,0)



CHAPTER 5. SUFFICIENT STABILITY CONDITIONS FOR TIME-VARYING NETWORKS OF
124 TELEGRAPHER'S EQUATIONS OR DIFFERENCE DELAY EQUATIONS

We need now to replace Lebesgue points by points of approximate continuity. Recall that a function
f:R — R™ is approximately continuous at z if, for every € > 0,

lim o= H (e~ e+ )0y 1) - F@)] > ¢})=0

r—0t 2 r

where H' is the Lebesgue measure on R, and that a measurable f is approximately continuous at
almost every point [EG92, thm. 1.37]. Thus, if we define E C (—7x,0) to be the set of approximate
continuity points of all maps s — M,(s+ o) (say, extended by zero off (—7x,0)) as ¢ ranges over N,
then E has full measure in (—7x,0) and letting ¢ — 0 in (5.74) we find that (5.68) holds. From the
latter we obtain (5.70) by the same reasoning as before, thereby completing the proof when p = oc.

It remains to handle the case where the D;(t) are continuous and System (5.23) is CY exponentially
stable. Then, the previous argument needs adjustment because ¢y, , . ¢ C. However, it is easy to
construct a sequence of continuous functions ¢y, : [—7n,0] — [0, 1], with ¢ (0) = pi(—7;) = 0 for
1 < j < N, such that ¢, converges pointwise a.e. to 1, _.; ) when k — +oo (for instance, we
may take piecewise linear o). Then, the ¢y (0) := pr(0)v lie in C, and if z; denotes the solution to
System (5.23) with initial condition ¢y, we get by assumption that — sup |zx()|| < Coe 70|l

a€(t—7N,t)

As ¢y, converges pointwise a.e. to ¢, , on [—7n, 0], we see from (5.61) that zj converges to z, 4 ¢
pointwise a.e. on R. Thus, letting & — 400, we deduce that (5.73) holds and we conclude as

before. O

5.4.6 Proof of Theorem 5.22

First assume that each set Z; has even cardinality 2n;, and put N = Zj]\/il n; so that d = 2N. Let P
be the permutatlon matrix sendmg Zyto{l,...,ni}U{N+1,...,N+n} and, more generally, Z; to
{1—1—2‘7 1ng,.. Ze 1W}U{N+1—|—2J 1ng,...,N+ZZ:1ng} for each j. Set 71, = n; for each k
in {1 +Ze 115y > 9—q ). Using P3 as change of basis and denoting by (z1,...,Zn,91,-..,YN)
the new coordmates, one can (by gathering the matrices with disjoint nonzero columns into a
single one) re-write (5.75) as (5.29) where — (I + A(t) K) ' (I — A(t)K) P, has been replaced
with Zj]\il Pyt ﬁj (t) P3. We want now to find A(t) and K so that these two matrices coincide.
For this, we fix K = Id and solve (I +A(t))"' (I — A(t)) = R(t) with respect to A(t), where

R(t) = —P31 ( ;\/[1 Dj(t (1 )) PPyl = —pyl ( M Di(t)) P3P, ™! (the last equality is clear from

the definition of D;(t) in (5.25)). Assumption (ii) implies ||R(t)|] < v < 1 because P, and P3 are
orthogonal matrices, hence, according to Lemma 6.4, setting A(t) = (Id — R(t))(Id+ R(t)) ! solves
the above and satisfies Assumption 5.4 with o = (1 —v)/(1 +v); (5.28) is satisfied too with K = Id,
setting all the numbers K} to 1. By virtue of Proposition 5.16 and Theorem 5.21, the difference
delay equation (5.29) with these A(. ) and 71, is LP exponentially stable for all p € [1, o0], as well as
C° exponentially stable if the maps D;(.) (hence A(.)) are continuous. This proves the result if all
the sets Z; has even cardinality.

If some of the sets Z; have odd cardinality, define d’ > d so that d’ — d is the number of such
sets Z;. By adjoining to each such Z; one element of {d + 1,...,d’}, one constructs a partition
fl, e ,f i of {1,...,d'} such that, for each j, fj has even cardinality and contains Z;. Constructing

some d' x d' matrices D;(t) by adding d’ — d zero last lines and d’ — d zero last columns to D;(t),
the following difference delay system (with state Z in R%):

M
Z Z(t —nj) (5.75)

]:

—
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satisfies the assumptions of the theorem: (7) with the sets fj instead of the original sets Z; and
(it) because adding zero lines and columns to a matrix does not increase its norm, hence the first
part of the proof gives exponential stability, that yields exponential stability of the original system
because, since the last d’ — d columns are zero, the evolution of the d first entries of z does not
depend on the last ones. Il

5.5 Conclusion

In this chapter, we have studied time-varying network of Telegrapher’s equations satisfying a
dissipativity hypothesis. More precisely, we have shown that this type of system is equivalent to a
system of a linear time-varying difference delay equations. By going back and forth between the
results on PDE’s systems and delay systems, we proved non-trivial results for PDE’s systems or
difference delay equations.

The existence and uniqueness of integrable or continuous solutions, a well-known result of delay
systems, allowed us to prove the existence and uniqueness of integrable or continue solutions (modulo
Lebesgue points) for PDE’s systems. Moreover we have been able to give stability results for such
PDE’s systems (Theorem 5.21) or a subclass of difference delay systems (Theorem 5.22) under a
dissipativity assumption.

5.5.1 Comparison with the results of the Chapter 4

The result of Chapter 5 has to be compared with the results of Chapter 4. The results of Chapter 4
give a sufficient and necessary stability condition about the periodic difference delay systems, and
give a sufficient stability condition when the periodic difference delay system is enough regular
(Holder continuous derivative) with the column disjoint property (see Corollary 4.15). Chapter 5
permits to give a stronger result for these kind of systems. In fact, a trivial change of variable leads
to the generalization of Theorem 5.22 :

Theorem 5.25. Assuming that the D;(-) are continuous and bounded, if Conditions (i) and (ii)
below are satisfied, then the time-varying difference delay system (5.23) is LP exponentially stable
for all p € [1,00]. Moreover, if the maps t — D;(t) are continuous, then it is also C° exponentially
stable.

i. The columns of the matrices ﬁj (t) are disjoint, i.e. there is a partition {1,...,d} = Th1U---UL5
(with i#j = I, N T;=@) such that the k™ column of ﬁj(t) is identically zero if k ¢ T;.

1. The exists a diagonal invertible matriz D and a number v < 1 such that :

M
D Z D;(t)DY|| < v for all positive t .
i=1

In particular, Theorem 5.25 can be reinterpreted in the case of the network of the Telegrapher’s
equations (equations (5.1) (1 <k < N) and (5.10)-(5.8)). Defining the following Assumption 5.26
(which is weaker than the assumption 5.4) :

Assumption 5.26. The map t — A(t) is continuous and bounded [0, +00) — R2N>*2N “moreover :
i. Id+ A(t)K is invertible for all t real,

7. there exists D a diagonal invertible matriz and v positive strictly less than one such that :

[P+ A [1d — A@K] BID!|| < v (5.76)
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An application of Theorem 5.25 proves the following theorem :

Theorem 5.27. Under Assumption 5.26, the time-varying network of telegrapher’s equations
(5.1)-(5.10)-(5.8) is C° exponentially stable.



CHAPTER

General circuit containing lossless
transmission lines

Let us sum up quickly the path that we have been following until now in this thesis. Chapter 1
introduced a heuristic of the Harmonic Balance (HB) and the harmonic transfer function (HTF)
methods for the electrical circuit modeled by ordinary differential equations. Chapter 2 was devoted
to a simple circuit containing a transmission line. Chapter 3 established the equations for a general
electrical circuit containing a several number of lossless Telegrapher’s equations, while Chapter 4
and Chapter 5 dealt with stability of time-varying linear difference delay equations. At this point,
the link between Chapters 4/5 and Chapter 3 might seem vague. The present chapter makes it more
evident by proving that the operator solution associated to the equations the stability of which we
want to prove is a compact perturbation of the operator associated to some time-varying linear
difference delay equations, and so ensuring the stability of the difference delay equations through
Chapters 4 and 5 is crucial. The goal of this Chapter 6 is to give a mathematical justification of
the Harmonic Balance method which searches poles in the right half plane. This chapter is divided
into two differents part. The first part states results for a specific class of delay equations and the
second part is oriented towards electrical circuits.

The first part of this chapter (Section 6.1) deals with general facts concerning nonlinear hybrid
delay equations, i.e. difference delay equations coupled with difference differential equations, see
(6.1) (or (1) page 18). There is few literature about this kind of systems even when they are
time-invariant; that is why the results are worthy in themselves. The difficulties come from the
fact that the functional spaces become harder to handle and the fact that the spectral semigroup
theory does not apply anymore. The results of this section are non-trivial generalization of results
for neutral differential equations [HVL93].

A first result is that the linearised hybrid system around a periodic trajectory is a compact
perturbation of the difference delay system, result which permits to have just eigenvalues outside
the unit circle for the monodromy operator when the difference delay system is exponentially stable;
it also permits to prove that the exponential stability for the continuous function is equivalent to
the stability for the square integrable function.

A second result is that the exponential stability of the linearised system around a periodic
trajectory implies the local stability of the periodic solution. Even if it not surprising, this result
is important for the electronic applications because we want to ensure that if we start near the
periodic solution then we converge towards it. The proof relies on two facts. The first fact is
the existence of a variation of constant formula, involving a fundamental solution, which is not a
straightforward generalization of the variation of constant formula in the neutral case because the
state space needs boundary conditions to ensure the continuity of the solution. The second fact is
that the fundamental solution is exponentially stable when the linearised system is exponentially
stable. In the time-invariant case it was obviously true from the theory of semigroups, but here we
need to find an other argument to ensure that this result is always true.
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A third result says, considering a linear periodic hybrid delay system whose associated difference
delay system is exponentially stable, that the harmonic transfer function (HTF) of the input-output
system obtained when disturbing the hybrid delay system by an input and observing an output
has no other singularities than poles in the closed right half plane, moreover these poles are the
complex logarithm of a finite family of complex numbers, complex numbers which are eigenvalues of
the monodromy operator.

The second part of this chapter (Section 6.2) applies these results on hybrid delay equation to
“general” nonlinear circuits with lossless transmission lines under periodic forcing. We consider such
a circuit with its periodic forcing and assume that this dynamical system admits a periodic solution
with the same period and are interested in determining its local stability. Introducing the concept
of dissipativity at high frequency for the electronic components of the circuit and assuming this
property, we can prove with the help of the first part and of Chapter 5, that the harmonic transfer
function has just poles in the closed right half plane and, under controllability and observability
assumptions, that the periodic solution is locally stable if and only if the harmonic transfer function
is analytic in the closed right half plane.

These results give a justification of the Harmonic Balance (HB) method. In fact, we introduced
quickly the HB techniques in Chapter 1 for ordinary differential equations. Theses techniques
operate in the frequency domain and permit to approximate a periodic solution for a nonlinear
circuit (the periodic solution we assumed). Disturbing by a source of current the linearised circuit
around the periodic trajectory and observing the output voltage response at some node, HB gives
an approximation of the harmonic transfer function linking the frequencies of the input with the
frequencies of the output on the imaginary axis. Searching poles through rational approximation,
we can rely on the HB techniques to determine the local stability of the periodic solution. As
seen in Chapter 2, we can perform the same HB techniques for the nonlinear containing lossless
transmission line. As also explained in Chapter 2, the structure of the harmonic transfer function
becomes more complex than in the absence of transmission lines: it is no longer meromorphic
in all the complex plane. However, on this simple example we can see that the HTF remains
meromorphic in the closed right half plane, where the poles are just the logarithms of a finite
family of eigenvalues of the mononodromy operator. This permits to use the rational approximation
techniques showed in Chapter 1. The present Chapter 6 justifies, like Chapter 2 did on a simple
example, the determination of stability through searching for poles of the HTF in the closed right
half plane for general circuits, under the rather natural assumption of the dissipativity at high
frequency of the circuit. In fact, all well modeled circuit satisfy this property because the capacitive
and inductive effects “kill” the nonlinearies at high frequency and thus the circuit is resistive at
high frequency.

6.1 Nonlinear hybrid delay systems

6.1.1 Equations and stability results

We saw that Chapter 3 leads to the hybrid delay systems, i.e. we consider the following nonlinear
System :

{ dfls,‘t) = f(t?$(t)ay(t)7y(t_7_1)7"' ay(t_TN)) (61)
0= g(tay(t)7y(t - 7-1)7"' 7y(t_TN)7x(t))7 t> S,

where the delays are ordered as 71 < --- < 7w, s,t € R and s € R denotes the initial time of the
system, k, N and n are three integers, f € C3(R x R¥ x (R")M 1 RF) and g € C*(R x (R")V T x
R* R™), moreover f and g are T periodic in their first variable. With no loss of generality, we



6.1 NONLINEAR HYBRID DELAY SYSTEMS 129

assume that T > T (otherwise we would have just to consider the smallest integer p such that
pT > 7N and take as a period of the system pT ). The assumption on the regularity of the functions
f and g might seem strong but it permits to simplify some proofs and it will be noted when we
can weaken these hypothesis. We admit that the system (6.1) has a C? periodic solution (Z(-),%(-))
with a period T' (in fact through some assumptions, it is just sufficient to have a continuous periodic
solution to ensure that it is C3, see Corollary 6.16 below). It should be interesting to investigate an
equivalent existence theorem like Theorem 1.4 in Chapter 1 in the case of the hybrid delay systems.
We note :

o Ai(t) = 0of(t,2(t),y(t), y(t — 71),- - y(t — 7)),

o Bi(t) = Opysf(t,x(t), y(t),y(t — 1), ,y(t —7v)) for i =0,--- | N,
o BX(t) = Oirag(t,y(t), y(t — 1), ,y(t — 7v),2(t)) for i = 0,--- , N,
o Ay =0niag(ty(t),y(t — 1), y(t — 7v), 2(1)),

« 70 = 0 by convention.

Then the linearisation of the system (6.1) around the periodic trajectory leads to the system :

N
) — Ay (t)x(t) + 5 BHOy(t —7)
N =0 (6.2)
0= 3% BAOy(t — ) + Ax(t)a(), 1> s

We assume that Bg(t) is invertible and noting :
o B2t) = —BR()VBA1) for i = 1, N,
o Ax(t) = —Bj(t)" ' As(1),

we can rewrite the system (6.2) as follows :

0 = A(t)z(t) + S BHOy(t —7)
N =0 (6.3)
y(t) = 3 BXt)y(t — ) + As(t)z(t), t > .

i=1

The system (6.3) is a periodic linear hybrid delay system with a real positive period 7. The
system is composed of two states noted (z(t),y(t)) where the notation denote a column vector. The
state x(t) represent the derivative state and it has its values in R* with k natural integer. The state
y(t) represents the delayed state and it has its values in R™ with n natural integer. The delayed
state occurs in the system with a finite number of delays. Due to the dimension of z(t) and y(¢),
and the regularity of the functions f, g and the periodic solution, we have that Aj(-) (resp. Aa(-))
is a k X k (resp. n x k) T-periodic C® matrix. The (B} (t));efjo,n1] (resp. (B (t))ie(1,n]) represent
a family of size k x n (resp. n x n) T-periodic C® matrices.

Since the delayed state y(t) occurs in the system with delayed values, it is simpler to rewrite the
system (6.3) in more compact way. Putting y;(0) = y(t + 6) for § € [—7n, 0] and introducing the
two operators :
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N
Bi(s)¢ = Y Bj(s)o(-7) (6.4)
=0
N
Ba(s)¢ = ¢(0) =) Bi(s)¢(—m), (6.5)
i=1
for ¢ a measurable function defined on [—7y, 0] and admitting a value in 7; for all s = 0,--- , N.

Moreover the values of ¢ are in R". We can rewrite the system (6.3) with the state space (x(t), y¢)
as :

{ i = A(0)z(1) + Ba(t)y: ©6)
Ba(t)y: = Aa(t)x(t), t > s.

We consider too the linear T periodic difference delay system associated to the system (6.3) :

ZBQ 2(t—1), t > s, (6.7)

where z(-) is a function defined on [—7x,0] and with values in R"”. Noting 2,(6) = z(t + ) for
0 € [-7n,0], the system (6.7) can be written in the following functional form :

Ba(t)zy =0, t > s. (6.8)

The systems (6.6) and (6.8) need initial data defined on an interval of length 7 to define a
solution for t > s. To ensure that there exists an unique p-integrable solution on each compact to
the system (6.6) and (6.8) the initial data must be p-integrable for p € [1,+o0]. Moreover, if we
want a continuous solution, the initial data must be continuous and satisfy a boundary condition.
More formally we introduce the following spaces for s € R and p € [1, ]:

o Cs={(z,0) €RF x CO[—7n,0],R")|Bz(s)p = As(s)x},
o L% :={(z,9) € R* x LP([~7n, 0], R")},

o Cs={(0,¢) € {0k} x C°([~7n, 0], R")|B2(s)¢ = 0},

o LY :={(0,9) € {0k} x LP([=7n, 0], R™)},

where CO([—7n,0],R") (resp. LP([~7n,0],R™)) denotes the space of the continuous (resp. p-
integrable) function defined on the interval [—7x, 0] and with values in R™. For i and j integers,
we note 0; ; (resp. I; ;) the zeros (resp. identity) matrix with ¢ lines and j columns. By abuse of
notation, we will write 0; or 0 (resp. I; or I) for 0;; (resp. I;;). We have Cy 7 = Cs, LS+T =17
Coyr = Cy and L T = Lp because the periodicity of the system. We define the solution operator
U(t,s) (resp. U, (t s)) which acts from Cs (resp. L) to C; (resp. LY) such that for (zg,¢) € Cs
(resp. L) we have U(t,s)(zo,¢) = (x(t),y) (resp. Up(t,s)(xo,¢) = (z(t),y:)) with z(¢) and y,
the unique solution of the system (6.6) which starts from (zg,¢) € Cs (resp. LP) at the time
s. Moreover, because of the periodicity of the system we have U(t +T,s +T) = U(t,s) (resp.
Up(t+T,5+T) = Up(t,s)). We define too the solution operator Tp(t, s) (resp. Tpp(t,s)) which
acts from Cy (resp. Lp) to C; (resp. L?) the solution operator of the system (6.8) which starts from
a initial data ¢ € C, (resp. Lp) at the time s. By a recursive argument it is immediate to prove
that the operator U(t, s), Up(t, s), Tp(s,t) and Tp p(s,t) are well defined.
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Definition 6.1. We define for s € R, the monodromy operators :

Vp(s): = Upls+T,s), for p € [1,00], (6.9)
Vo(s): = Tpp(s+T,s), for p€[1,00], (6.10)
V(is): = U(s+T,s), (6.11)
V(s): Tp(s+T,s). (6.12)
We endow the space R¥ x R™ with the euclidean norm noted || - || and we give the definition of

the zero exponential stability for all the spaces that we introduced.

Definition 6.2. The system (6.6) and (6.8) are respectively said LP for p € [1,4o0[, L> and C°
exponentially stable if there exists a v > 0 and a K > 0 such that :

0 1/p 0 1/p
([ Wwesaa@ras) < gk ([ l@o@)lra) .t 0and @.6) € L
TN —TN

0 1/p 0 1/p .
([ imoes00@ra) < ke ([ ll.o@)IPde) = 0and 0.0) € L2
—TN —TN

ess.sup||Unc(t,5) (20, )| < K™ ess. supl| (o, 6(6)) ¢ > 0 and (a0, ) € L,
0e[—7n,0] oe[—7n,0]

ess.5upl[Tp,qo(t,5)0,8)O)]| < Keess.supl(0,6@))], ¢ 2 0 and (0,0) € L3
oe[—7n,0] 0€[—n,0]

sup [|U(t,s)(w0,0)(O)|| < Ke™* sup [|(zo,¢(6))l], t >0 and (o, ¢) € CY,

Oe[—n,0] 0€[—n,0]
sup ||Tp(t,5)(0,0)(0)]] < Ke* sup [|(0,4(0))]], ¢t >0 and (w,¢) € CY.
0e[—7n,0] 0€[~7n,0]

The exponential stability of the system (6.6) and (6.8) is known to be entirely determined by
the spectrum of the monodromy operators. We cite the following classical result :

Proposition 6.3. We have :

i. The system (6.8) is LP for p € [1,00] (resp. C°) exponentially stable if and only if the spectral

radius of the monodromy operators Vy(s) (resp. V(s)) is strictly less than one.

ii. The system (6.6) is LP for p € [1,00] (resp. C°) exponentially stable if and only if the spectral
radius of the monodromy operators Vy,(s) (resp. V(s)) is strictly less than one.

Proof. The proof is identical to the proofs of the Lemma 2.8 and Lemma 2.11 in Chapter 2. O

The link between the monodromy operators of a neutral differential system and the monodromy
operators of the difference delay system associated is well known (see [Hen74] and [HVL93]). In the
same spirit we have that the monodromy operator of the sytem (6.6) is a compact perturbation of
the monodromy operator of the system (6.8). We state the following two lemmas :

Lemma 6.4. We consider U(t,s) : Cs — Ci. Let Ba(s) : (21, ¢) — (21, B2(s)¢). There exists an

independent family of functions ®(s) at least C' such that Ba(s)®(s) = Ijin. So we have that
Tp(t,s)Ix4n — P(s)Ba(s)) has the spectrum of Tp(t,s) plus possibly 0 and :

Ul(t,s) = Tp(t,s)Tpen — P(s)Ba(s)) + K(t,s), (6.13)

with K(t,s) compact operator from Cs to Cy for all t,s real such that t > s.
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Proof. The existence of an independent family of functions such that fI>(S) is a matrix of size n x n
at least C'! and Ba(s)®(s) = I,, is obvious. So we define the matrix ®(s) as :

= o Iy Ogp
(s) = lon,k @(3)1 (6.14)

and we have By (5)®(s) = I1n. To see that the spectrum of Tp(t, s)(Ip+n — ®(s)Ba(s)) has the
spectrum of Tp(t, s) plus possibly 0 we have just to remark that we have the following decomposition

Cs = Cs ® W (s), (6.15)

where W(s) := {(z, ®(s)Az(s)z)|z € R¥} because of Cj is the kernel of the operator Ba(s). As
Tp(t,s)Lk+n — P(s)Ba(s)) is zero on W(s) and is equal to Tp(t, s) on Cs, we have the result. Let
(20, p0) € Cs. We have that :

K(t’ 8)(&70,@0) = (‘T(t)’wt)’ (616)

where w satisfies the equation :

Az (s)zo
2 (6.17)

w(t):g:B Ow(t — ;) + Aa(t)z(t), for t > s,

and z(t) is the solution of the equation (6.6) with initial data (zo, o). We have that z(-) is a

continuously differentiable function, and since we assumed that As(t), B2(t) for alli = 1,--- , N and
®(s) are at least C'!, we have that w(-) is a lipschitzian function on each compact. So by compact
imbedding, we have that K (¢, s) is a compact operator on Cs to Cy. ]

Lemma 6.5. We have for allp € [1,00] :
Up(t,s) =Tpp(t,s)Pp(t,s) + Kp(t,s), t > s (6.18)

with P, the canonical projection from LE in f)f and K,(t,s) compact operator from L to LY for all
t and s real with t > s.

Proof. 1t is the same than the proof of Lemma 6.4. O

Remark 6.6. To prove Lemma 6.4 and Lemma 6.5, we used the smoothness of the matrices in
the system (6.6). But the result would be true with just continuous regularity assumption on the
matrices in this system but the proof would be more technical, involving Gronwall Lemma, recursive
arguments and Arzela-Ascoli (or Kolmogorov-Riesz-Fréchet) theorem as for the neutral differential
case (Chapter 2).

Until now we dealt with a tremendous number of spaces, ie the spaces of continuous and LP
functions for the systems (6.6) and (6.8). However in term of the exponential stability of the origin
of these systems, all these spaces are equivalent. Reciting the result of the Chapter 5, we have
that the LP exponential stability for one p € [|1,00]|] for the system (6.8) is equivalent to the L?
exponential stability for all ¢ € [|1,00|] and also the C? stability.

Proposition 6.7. We have the following equivalence :
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i. The system (6.8) is LP exponentially stable for one p € [1,400].
ii. The system (6.8) is LP exponentially stable for all p € [1,+0o0].
iii. The system (6.8) is CO exponentially stable.

Assuming that the system (6.8) is LP, for one p € [1,00], or C° exponentially stable, then
Lemma 6.4, Lemma 6.5 and Proposition 6.7 leads to the the fact that it is equivalent for the system
(6.6) to be LP for one p € [1,+o00] or C° exponentially stable.

Theorem 6.8. Assuming the system (6.8) is LP for one p € [1,+00] or C° exponentially stable.
Then the monodromy operators Vy(s) for all p € [1,00] and V(s) have the same finite number of
etgenvalues outside a disk with radius strictly less than one. We note (1,--- ,(N the eigenvalues.
Moreover we have the following equivalence :

i. The system (6.6) is LP exponentially stable for one p € [1,0].
it. The system (6.6) is LP exponentially stable for all p € [1,00].
iii. The system (6.6) is C° exponentially stable.

Proof. Since the system (6.8) is exponentially stable, we have by Lemma 6.4, Lemma 6.5, and the
theory of compact perturbation ([Kat95]), that V,,(s) for p € [1,00] and V(s) have a finite number
of eigenvalues outside a disk with a radius stricly less than one.

We have by definition that ¢ implies ii. Let p € [1,00] and g € [1,00]. If ¢ < p we have that L4
is dense in LP , and then since the restriction of V,(s) to LY is stable and equal to V;(s), we have
that the spectrum of V,(s) is included in the spectrum of V,(s). Since V;(s) and V,(s) have a finite
number of eigenvalues outside a disk with a radius stricly less than one then V,(s) and V),(s) have
exactly the same spectrum outside a disk with a radius strictly then one. The same reasonning
would prove that the result holds for ¢ > p. If we assume that the system (6.6) is LP exponentially
stable, we deduce from Proposition 6.3 that the monodromy operator V,(s) has not an eigenvalue
outside the open unit disk and so the spectrum of V;(s) satisfies the same property and we have that
the system (6.6) is L? exponentially stable. We proved that i implies i. We omit the proof of the
fact that 717 is equivalent to 7 because the proof is similar to the fact that ¢ is equivalent to #i. [J

Remark 6.9. In Theorem 6.8, we assumed that the system (6.8) is exponentially stable. It should
be possible to remove this assumption and to have the same result even when the system (6.6) is
time-varying (and not just time periodic). However, the arguments would be of the same type that
for the proof of Proposition 6.7 that we proved in Chapter 5.

Theorem 6.8 is useful because it permits to work on the spaces of square integrable function to
conclude with the C stability. From now, we always assume :

Assumption 6.10. The periodic difference delay system (6.8) is CO exponentially stable.

6.1.2 Variation of constant formulas

We consider the following system :

{ W) — Ay ()2(t) + Ba(t)ys + ui (t) (6.19)

Ba(t)y: = Aa(t)x(t) + ua(t),for t > s.

Until the statement of the theorem, we keep ambiguous the spaces where belong the functions
x,y,u1; and us, but we have to keep in mind that the functions are continuous or square integrable.
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We want to express the function z and y in function of the solution operators Us or Uy. The
formula that we search is called the variation of the constant formula and it is well known for
delay system and neutral system (see [Hen74] and [HVL93]), and for the time constant hybrid delay
system (see [HH95]). Here we give a variation of constant formula for hybrid periodic delay system.
For all s € R and t > s, we introduce the fundamental solution X (¢, s) which is a block matrix :

X(t,s)i1 X(t,s)i2

X(t,s) :=
( ) X(t,8)2,1 X(t,S)Q,Q

(6.20)
where X (t,5)1,1, X(t,5)1,2, X(t,5)21 and X(t,s)22 are k X k, k x n, n x k and n X n matrix
respectively which satisfy the following equations :

dX(t,S)LQ A N, 1
g = =AM)X{E s+ %Bi ()X ([t — 73, 8)2,2

N (6.21)
X(t,8)20=1In+ > B2(t)X(t — 7, 8)22 + A2(t) X (t,8)12
=1

with initial data X (t,s)12 = Ok, X(£,8)22 = Oy, for t < s and X (s, )12 = Ogpn, X(s,5)22 = I,
and :

dX(t 8)1 1 N 1
a - =AOX(t s)1+ X By ()X (t—7i,8)2.1
N =0 (6.22)
X(t, 8)2’1 = ;1 BE(t)X(t — T, 8)271 + Ag(t)X(t, 8)171,

with initial data X (¢,s)11 = Op, X(t,8)21 = Op for t < s and X(s,s)1,1 = I, X(s,8)21 =
AQ(S)Ik.
Define :

t+ th t+ot
Jo J b epm(edart [y doX(h o)1 pu(o) ] = [ daX(t+6,0)u(a).
L7 Xt +60,a)1ui(a)da+ [[77 doX(t+0,0)22u2(x) s

where the notation + (resp. —) denotes the integral taken with its upper (resp. lower) value,
u = (u1,u2) is a column vector and 0 € [—7n, 0].

Theorem 6.11 (Variation of constant formulas). For all s € R,

° fo()7 y(): ul() and UQ() belong to CO([Sv +OO[7Rk)7 CO([S — TN, —I—OO[,R”), CO([S7 +OO[7Rk)
and C°([s, +o00[,R™) respectively and which verify the equation (6.19) for all t > s, we have
forallt>s :

¢+

(2(t), ye) = Usc(t, 8)(2(s),0) + | daK(t, a)u(a), (6.23)

S
where the previous integral is understood in Bochner sense, ¢(0) = ys(0) for 6 € [—1n,0[ and

QE(O) = év:l B?(S)y(s — 1) + A2(s)x(s), and

at

K(t,0)() = dp X (t+6,v). (6.24)

s
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o ifz(-), y(-), ur(-) andua(-) belong to LE ([s, +oo[, R¥), L2 ([s—7n,+oo[,R"), L} ([s, +0o[, R¥)
and L2, ([s, +0o[,R™) respectively and which verify the equation (6.19) for almost all t > s,

we have for allt > s :

((t), y1) = Ua(t, $)(x(s), ys +/ doK (1, a)u(a), (6.25)

where the previous integral is understood in Bochner sense and K(-,-) is the operator defined
n (6.24).

Proof. The proof deals with the continuous case. The proof for the L? case is similar and is omitted.
With no loss of generality, we can assume s = 0. For ¢ = 0, we have by the definition of the
fundamental solution that :

o+

Uso(0,0)(2(0),0) + | daK(t, a)u(a) = (x(0),y0). (6.26)

0-

Let 6 € [—7n,0] and ¢ > 0 such that 460 > 0, We prove that the formula (6.23) verifies the equation
(6.19) in t 4+ 0. We note (Z(t),7:) = Uso(t, s)(z(s), §).

e We have :
t+6+ t+0+
y(@)=y(t+0)=gt+6)+ X(t+6,a)21ui(o)da + do X (t+ 0, 0)22u2()
0- 0-
N
=Y Bt+0)y(t+0—7:) + Azt + )zt +0) + ua(t + 6).
i—1
e We have :
dx(t dz(t td
”;i) _ ”;i) +u1(t)+/0 SX (1) (o da+/ { X, a)lg]uQ( )

—i—ZB y(t — 7i) + ui(t).

0
Proposition 6.12 (Fundamental solution). Let s and t > s two real. Introducing the set :
Yo={keR k=kmn+- - +kym for (ki,--- ,k,) e N* } (6.27)
we have that the distribution dsX (t,s) can be written as :
ds X (t,s) = h(t,s)+ > ar(s)op(t—s). (6.28)

kex,

The ay(s) :== X (s + kT, s8) — X(s + k~,s) are the jump when X (-, s) pass through the discontinuities
s+ k and are C?. The function h(t,s) is C? on the domains {(t,s) € R%, t —s ¢ %,}. The set
s + 3, represents the localization where the distribution dsX (-, s) has its jumps.
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Proposition 6.13. For all T real, the distribution-valued map t — dsf((-, - —17) is T-periodic and
two times continuously differentiable. Moreover for all t real there exists K,~v > 0 such that :

r

Proof. e We prove by induction that there exists K,~ > 0 such that :

J

%dSX(t, t— 8)

< Ke', for j =1{0,1,2}. (6.29)

X (t, 8)1,1, X (£, 8)2a]l| < Ke'), (6.30)

and by abuse of notation we note || - || the norm induced by the euclidean norm on R*, R
and R¥ x R™. In fact if 0 < ¢ < 71, we can find a K and a v which verify the equation (6.30).
Assume that the majoration (6.30) holds for (k — 1)my <t < kry for an integer k. Putting the
second equation in the first in the equation (6.22), we have for km; <t < (k+ 1)1y

dX(t,
(d:)lvl = Ay ()X (t,8)11 + Bj(t (Z BX()X(t — 7, 8)2.1 +A2(t)X(t,s)1,1> (6.31)
N
+ Z le(t)X(t — T, 8)2,1.
=1

Since the system is periodic and continuous, we deduce from the equations (6.31) and (6.22),
the variation of constant formula for the ordinary differential equations (Theorem 1.38,
Chapter 1) and the recurrence assumption that there exists K’ real positive and 0 < 1 <y

such that :
K'K
X (¢, 8)11]] < K'ents) 4 — — r(t=mi=s) (6.32)
YT—"
and
K'K
1X(t,8)21]| < K'Ke e 4 K'[K'en (=) 4 eYt=m=s)], (6.33)
Y7

Take v enough large in the equations (6.32) and (6.33) achieves the recurrence.

e For j =1,2 and t and s real, we define for t > s :

t
Y(t, )0 = / du X (t,1);2. (6.34)
We have that Y (t,s) = [Y(t,8)12,Y(t,8)22] is a L function on each compact of R? and

verifies the equation (6.22). Then we can apply the same reasonning that we did for
[X(t,5)11,X(t,5)21] and we conclude that there exists K4, 74 such that:

Y (,5)|] < Kyemt=9), (6.35)

e To sum up, we proved :

Xt s)| < K. (6.36)
0
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Proposition 6.12 stated that the distribution t — d, X (t,t — 7) is C? when 7 does not belong
to X,. When 7 is in X, we can see that, since h(t,t — 7) has an analytic expression which depends

in ¢t and 7 then it is also C2. Then the distribution t — dsX (-, - — 7) is C? everywhere. The same
kind of Gronwall reasoning would prove that there exists K,~ > 0 such that:
o7
/ P X (4t —s)|| < K, for j = {1,2). (6.37)
o |lOt1
O

6.1.3 Local stability result

We search now to prove the same local stability results that we have for the ordinary differential
equation (Proposition 1.7 of Chapter 1) or the scalar neutral differential equations (Theorem 2.3
of Chapter 2) in the case of the nonlinear hybrid delay system (6.1) endowed with the C° norm.
The idea is always the same. We exploit the fact that the linearised system arround the periodic
trajectory approximate locally the nonlinear system because of the regularity of the nonlinearities.
We apply then the variation of constant formula (6.23) that we obtained and the fact that the
fundamental solution is exponentially stable when the linearised system (6.8) is C” exponentially
stable. Putting togethers, these arguments lead to the following theorem :

Theorem 6.14. Assuming that sup ||U(t,s)(0)|| < Ke= =) for K and ~ positive, then there

96[—7’1\],0]
exists 0 > 0 such that :

sup  [|(Z(0),5(0)) — ((0),%0(0)| <5 = sup ||[(T(t),7:(0)) — ((t), yu(0))|| < Ke =),
oe[—7n,0] 0€[—n,0]
for allt > s, where (z(t),y:) is the solution of (6.1) starting from (x(0),yo).
Proof. We have that [X (t, s)1.1, X (t,8)2.1] is a L™ function of R? on each bounded compact set. So
we deduce from the fact that ||U(t, s)|| < Ke~**=%) and Theorem 6.8 :
X (t,8)1.1, X (£, 8)21]]] < Ke @), (6.38)

Let Y (t,s) = [Y(t,5)12Y (t, )2,2] where the functions Y (¢,s)12 and Y (¢,s)22 are defined in the
equation (6.34), we have that Y (¢,s) is a L™ function of R? on each compact which verifies the
equation (6.6) and always the use of Theorem 6.8, we have :

1Y (t,5)|| < Ke =), (6.39)

The use of a straightforward generalization of Lemma 2.9, based on the mean value theorem
in Chapter 2, we have that for n > 0, there exists 4; > 0 such that if for S > 0 we have
||(z(t) —Z(t),yr — 7,)|| < 91 for all t € [s,S + s] and for all functions y,7 (resp. z,T) continuous
function defined on [—r + s, S + s] (resp. [s,S + s]), then :

F (&2 (@), y(8), y(t —m), -yt — 7)) = F(&2(), 9(0), Yt = 71), -, Gt — 7))

<(N+ 2)7796[8_1113 0]\!(93('5)7yt(9)) — (), 5.(0))l|

and

Hg(t7y(t)7y(t_7_1)7 y(t_TN)a (t)) _g<t7g(t) y(t_']—l) 7y(t_TN) f(t )H
< (N+2)n sup [[(z(8), y:(0)) — (Z(1),5:(0))]]-

96[7TN,

The use of the variation of constant formula (6.11), Theorem 6.8 to have the exponential
decreasing of the operator Uy and following exactly the same proof than Theorem 2.3 in the
Chapter 2, we obtain the result. ]
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6.1.4 Regularity periodic solution

We assumed that the periodic solution of the system (6.1) was C3. However, with the Assumption 6.10
and the regularity assumption of g and f then all continuous periodic solution to the system (6.1)
is C3. In practice, this result is a generalization in the case of nonlinear hybrid system admitting a
periodic solution of the Lemma 7.1 p291 Hale [HVL93] stated for the time-invariant neutral system.

Lemma 6.15. Let T(t) a continuous periodic solution of the system :
T(t) — H(t,z(t — 11),Z(t — 12), - ,T(t — 7n)) = h(t), (6.40)
where H is C? and h is C'. Assume that the system

x(t) — Di(t)x(t — 1) — - — Dy(t)x(t —7n) =0 (6.41)
is CO exponentially stable, then the periodic solution T is C".
Proof. With no loss of generality, we can consider the system (6.40) with one single delay :
T(t) — H(t,Z(t — 1)) = h(t), (6.42)
We can rewrite the system (6.42) :

Z(t) — D1()T(t — 1) := h(t) + H(2),

where H(t) = —Dy(t)Z(t — 1) + H(t,T(t —71)). Since the majoration in [HVL93, ch. 9, thm
3.5] holds for the periodic difference delay system which are exponentially stable, we have for all
t > o and for all 7 and s real the existence of K > 0 and a < 0 such that :
h(u+ 1) — h(u) H(u+7)— H(u)

Titr — Ty
T

TO'JrT — Zg
T

+ K sup
o<u<t

< Kea(tfcr)

} + K sup
o<u<t

When ¢ tends to —oc., we obtain :

ﬁ(u—i—T)—ﬁ(u)

h(u+ 1) — h(u)

Ti4r — Tt
T

+ K sup
—oo<u<t

< K sup
—oo<u<t

Applying two times the mean value theorem, there exists € > 0 enough small and ¢ > 0 such
that for all u real and all |s, 7| < § we have :

Teer =T ke h(u+7) — h(u) LK swp Hu+72(u—mn)— H(u,z(u—1)
T —oco<u<t —oco<u<t T
+eK sup s
—oco<u<t T

Since the right member of the previous equation is increasing in ¢, we obtain :

Tytr — Ty
T

/01[81H(u + o7, T(u — 71)]dv

1
(1—€eK) sup / h(u +vT)dv
0

—oo<u<t

<K sup
—oo<u<t

+ K sup
—oco<u<t

Since the right member tends uniformly to 0, we obtain that Z is derivable and then C'.
O

Corollary 6.16. Under Assumption 6.10 and the assumption the reqularity assumption of g and f
then all the continuous periodic solutions of the system (6.1) are C3.

Proof. The proof is a direct consequence of Lemma 6.15. O
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6.1.5 Harmonic Transfer Function

This subsection gives the link between the spectrum of the monodromy operator associated to the
periodic linear hybrid delay system (6.3) and the singularities of the harmonic transfer function.
The proof is similar to the one given for the neutral differential equation in Chapter 2 and the
slight changes come from the fact that we have to handle different functional spaces and to apply
the variation of constant formula (6.25). Contrary to the example given in Chapter 2, we need to
assume that we verify some detectability and stabilizability assumptions to ensure that we do not
lose some poles in the harmonic transfer function.

We consider an input-output system for the hybrid delay system (6.3). Let u € L? ([0, +00), R)
the input and let the z(¢) € R the output at the time ¢ > 0, more precisely :

420 — Ay(t)x(t) + B (t)ye + Ca(t)u(t)
Bz (t)y: = Ag(t)z(t) + Co(t)u(t) (6.43)

(t)
z(t) = F(t)(x(t)

where C3(+) is a scalar T-periodic function and two times continuously differentiable and :

yye) + Ca(t)ult), t >0,

N
F(t)(x(t),y0) = Y By (t)y(t — ) + As(t)a(?), (6.44)
i=0

with A3(-) a 1 x k T-periodic matrix and two times continuously differentiable. The (B} );cq0,n((t)
represent a family of matrices of size 1 xn T-periodic matrix and two times continuously differentiable.
We assume that the system is zero before the time zero, ie x(t), y(¢) and z(t) are zero for ¢ < 0. For
an input-output system we have that the output z(¢) is a convolution of the input wu(t). The kernel
of this operator is called the impulsional response to the system. In the case of periodic ordinary
differential equation, the structure of the the kernel is well known through the variation of constant
formula that’s why we generalize this idea in the case of hybrid periodic system in the following
theorem :

Theorem 6.17. We have :
t+

2(t) = ; do K (t, a)u(a), t >0, (6.45)

where :

do K (t, ) = F(t)do K (t, a)(Cy (), Coa)) 4+ C3(t)do(t — ), (6.46)
where K (t,a) is defined in the equation (6.24) and (C1(«a), Co()) is understood as a column vector.
Proof. Putting the variation constant formula (6.25) in the equation (6.43) leads to the result. [

Theorem 6.18. For all T real, the distribution t — dsK(-,- — 7) is T-periodic and two times
continuously differentiable. Moreover for all t real there exists K,~v > 0 such that :

T &I ~
/ @dsK(t,t —3s)|| < Ke', for j=1{0,1,2}. (6.47)
0
Proof. The result is obtained by combination of Proposition 6.13 and Theorem 6.17. O
Definition 6.19 (ITF). The function :
o0 -
G(s,t) = / 4 K(t,t —1)eT, (6.48)
0

for s € C is called the instantaneous transfer function.
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Proposition 6.20. The function t — G(t,s) is C% and T periodic.
Proof. 1t is just a corollary of Theorem 6.18. O

The properties of the ITF are similar to the classical transfer function. We list here the most
important (see [Loul4]) :

e The response to an exponential complex function e is :

y(t) = G(t, iw)e™ (6.49)

o If we consider zero as an initial data, we have :

y(t) = L7HG(s,0)U(s)}, (6.50)
where £~ is the inverse of the Laplace transform.

Developing in Fourier series the ITF :

t) = ZGn(s)eiwont, (6.51)

it leads to the concept of the harmonic transfer function. The harmonic transfer function is an
infinite matrix which relate the output at each frequency s + 2”’“ for a fixed k € Z with the input
at all frequency s + 2”” for all n € Z. More precisely :

Definition 6.21 (HTF). The infinite matrix H(s) defined by Hp, () := Gp_n(s — 222) for s € C
is called the harmonic transfer function.

Proposition 6.22. There exists K(R(s)) real positive which depend only of the real part enough
large of s complex such that :

K(R(s))
14+n? "~
Moreover, letting U = L{u} and Z = L{z}, we have :

|Gn(s)| < (6.52)

Z(s + inwp) Z Hypn(s)U (s + inwp).
nez

Proof. The first part of the proposition is implied by Proposition 6.20 and the second part come
from the first part of the proposition. O

In the view to bring out the monodromy operator, we discretise the continuous dynamical system
in a discrete dynamical one. For that we consider the input and the output on interval of length T'.
Put :

up :=uw(kT +t) fort € [0,T7] and k € Z
Zi = z(kT +t) for t € [0,T] and k € Z,

Thus we have the following discrete system :

Theorem 6.23. We have for all integer positive k :

{ @ Pwsyr = A&, Gir + B (6.53)
7 =C(a, D e+ + Diiy,
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where :
. A:RF x L2([-7n,0],R") — R¥ x L2([—7n,0], R")
v +— Us(T,0)v.
. B:L*([0,T]),R) — R* x L2([—7x,0],R")
v fy TR (T, a)u(w),
. C : RF x L2([—7n,0],R?) — L2(]0,T],R)
v +— F(-)Ua(-,0)v
. D:L*[0,7],R) — L*([0,T],R)
v o [ydoK (-, T)0(T)dr,
hd (i‘,ﬂ)o =0

Proof. The use of the variation of constant formula (6.25) in the system (6.43), we obtain for ¢ € R :

gkt + [ET 4K ((k+ DT, 0)u(a),
i,

(@ 9) ryr = Ua2((k + 1T, KT)(2 . da !
)@ Gk + J§ daK (t 0)u(@)] + J3 " ot = 7)Ca(r)ur(7)dr.

d(t+kT)  =F(t+ kD) [Ua(t, 0)(
By periodicity we have the result. O

For a sequence of operator a := (ay)nen We define the p — transform as:

a = Z anp ", (6.54)
neN

when for p € C this series exists. Taking the p — transform in the equations (6.53), we have :
Z = [C(pId— A)~'B+ D]U. (6.55)

On in the other side, we can compute the impulsional response of the discrete system and we have :

n

zn(t) = Z H[k]ﬁnfk(t)a (656)
k=0
where :
T
Hiygult) = /0 d R (KT + t, 7)o (r) (6.57)

is the discrete impulsional response of the discretised dynamical system. Taking the p — transform
in the equation (6.56) for p with great modulus (which is licit because of Proposition 6.18), we have

Z(p) = H(p)U(p). (6.58)
We have that A = Us(T,0) is a compact perturbation of the operator Tp 2(7',0). We note a the

spectral radius of the operator Tp(T,0) and ((,--- ,(,) the eigenvalues of Us(T, 0) outside the disk
we radius a and centrum 0. We introduce the set P, := {z € C||z| > a}
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Theorem 6.24. For allp € P, /{1, - ,(n}, we have :
H(p) = C(pId— A)"'B + D, (6.59)
and (; 1s possibly a pole of fAI(p) forallie{l,--- ,n}.

Proof. The equation (6.59) hold for p with a huge modulus and by the analytic continuation, we
have the result. O

Lemma 6.25. We have :
G(s,t) = e s H(e*T)et (6.60)

Proof. We have, by the definition of the p — trans form and the equation (6.57), for v € L2([0, 7], R)
and t € [0, 7] that:

+oo
H(z)v(t) = Y Hyo(t)p " (6.61)
k=0
+o0 T
-y / d K (KT + t,7)u(r). (6.62)
k=—00 0

and on the other side the equation (6.48) where we performed an integration by substition (¢t — ¢ —7)
and using the periodicity of the system leads to :

t ~
Gls,t) — / d, K (t,7)es ) (6.63)
00 .
= / d K (t,7)esT (6.64)
400 T B
= > / d K (t, 7 — kT)esTt=+1) (6.65)
k=—o00 "0
+00 T B
= Y e (kD) / d K (t + kT, 7)e’ (6.66)
k=0 0
and thus we have the result with p = 7. O

We introduce the sets P, = {z € C|R(2) > In(|a|)/T}, E; := ker(¢id — A) and E; := {¢ €
L?([0,T],R)|B¢ € E;} for i = 1,--- ,n. We make the assumption :

Assumption 6.26. o The set E; is non empty for alli=1,--- ,n.

« CBE; is a non-zero operator for alli=1,--- n.

The first and the second items of the assumption translate stabizability and detectability of the
discrete system (6.53) respectively.

Theorem 6.27. We have that the harmonic transfer function H(p) verifies the following properties:

o the singularities in P, are possibly poles of the form w forkeZ and j€{l,--- ,n}
for a certain integer n and define a continuous operator on 1% to 1? elsewhere.
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. . . In(¢;)+2ikm
o under the assumption (6.53), for all j € {1,--- ,n}, there exists a k € Z such that —>17——

is a pole of the harmonic transfer function and there exists an element of the infinite matrices
which possesses the pole too. Moreover if the harmonic transfer function is analytic in the
right half plane then the periodic solution (Z(-),Y(-)) of the system (6.1) is locally exponentially
stable with the C° norm; i.e. all solution which starts relatively close to the periodic solution
of the system (6.1) tends exponentially to this periodic solution.

proof. Fix s € C with real part enough large. Let
A(s) : L*([0,T],R) — L*([0,T], R), (6.67)

where [A(s)¢](t) = e s{[H(eT)e* ¢(-)](t) for all ¢ € L2([0,T],R). We have that the Fourier
development of A(s)p(t) is :

A(s)o(t) = Z (Z arGn_k(s + 2i7rk/T)> e2mn/T (6.68)

n€Z \kEZ

with (ag)rez the Fourier coefficients of ¢. In fact, when ¢ € C?, we deduce from Lemma 6.25,
Proposition 6.22, the regularity of the Fourier coefficient of ¢ that the equation (6.68) holds. By a
density argument, the equation (6.68) holds as well for a function ¢ € L2([0,T],R).

By Parseval’s identity :

The HTF H(s) is

& A(s) is a bounded operator on L*([0, T], R).
a bounded operator on [*(Z)

A(s) is a bounded operator on L? if and only if e*7 is not in the spectrum of the monodromy
operator Us(T,0), we have that H(s) admits an analytic continuation on the domain P, except
on the M where ¢ is an element of the spectrum of the monodromy operator of Us(T),0).
Put ¢; for some i in {1,---,n} an isolated eigenvalue of Us(T,0) and E; its kernel. Under the
Assumption 6.26, E; is not empty. For all ¢ € E; we have by the representation of the resolvent of
A
P ANk
A ()6 = Z CN*B¢

> o (6.69)

where N a nilpotent operator, for all z complex in a neighborhood of {; and p is an integer. Put sq
such that e®*7 = ¢;, s is a complex in the neighborhood of sg and W(-) = e~ ¢(-). Thus :

. ptl - 7 .
lim (e = )" [A(s)@](t) = et [CBU, (-)e™ | (2). (6.70)
Since the discrete system is detectable via the Assumption 6.26, the right hand side of the equa-

tion (6.70) is not identically equal to zero. We deduce that there exists n’ and k' such that
+1
lim (eST — eSOT)p Gn—k(s + 2imk/T) is non-zero. We deduce the result from the Theorem 6.8

S5—S0

and Theorem 6.14. O

6.2 Circuit containing lossless transmission lines

In this section we apply the results of Section 6.1 in the case of the circuit containing lossless
transmission line. We consider a circuit made of :
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« resistors, diodes, periodic generator, transistors, capacitors and inductors with the nonlineari-
ties at least C4,

¢ lossless transmissions lines.

This kind of circuit leads to a hybrid differential nonlinear delay equation (equation (3.17) in
Chapter 3) which is an equation like the equation (6.1). We assume that there exists a continuous
periodic solution to this system.

The main result (Theorem 6.36) of the section is the fact that the harmonic transfer function
associated to a linearised circuit containing transmission lines around a periodic solution, and made
of dissipative multiport at high frequency, have just isolated poles in the closed right half plan;
moreover if the harmonic transfer function is holomorphic in the closed right half plan then the
periodic solution is locally exponentially stable for the uniform norm (under some controllability
and observability assumptions). Before the statement of our main result in Section 6.2.3, we start
by defining properly the concept of the dissipativity at high frequency and the concept of realistic
electrical components in the view to apply the results of Chapter 5. The results of the sections 6.2.1
and 6.2.2 can be found in [BCC™ 18] in the frequency domain for the time-invariant systems, however
we adapt freely the definitions and propositions in the time domain (periodic system) for our
purposes.

6.2.1 Dissipativity at high frequency for linearised components

We consider the components of Chapter 1, i.e. capacitors, diodes, periodic generator, inductors,
resistors and transistors which are linearised around a periodic trajectory. Putting together these
components, we can form a multiport like we did in the chapter 3. We consider in this section
the multiport linearised around a periodic trajectory. As we already saw in Chapter 3, formally
speaking, a multiport is a directed graph with labeled vertices (called junction nodes), and edges
(called branches). Branches correspond to the components and nodes to terminals thereof.

To each junction node j is associated a potential v;, and to each edge k an electric current iy.
One of the junction nodes, say vy, is the ground (its potential is 0 by convention). We always
assume that the graph associated with a multiport is connected. The currents iy, = (ik,, - ,k,,)
are plugged in between the ground and the junction nodes (ki1,- - , ky,) of the circuit containing
the components (see figure 6.1 below), where m is an integer which denotes the number of output
of the multiport.

Figure 6.1 : A m multiport
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To give the equations which govern the behavior of a such multiport, we assume that the voltage
of such multiport v, := (vg,, -, vk, ) can be expressed with the voltage of the capacitors, the
current of the inductors and i,, the a current of the multiport thus by the Brayton-Moser theorem
(see [BM64]), we have that the equation of the multiport is :

Crn e = A, (£)ve,, (1) + By, (8)it,, (8) + Coy, ()i
Ly = Ay, (£)0e,, (£) + By, (£)im, (t) + i, (t)im, (6.71)
U = Aps(#)0er. (£) + Bn(t)i. (1) + Con ()i,

where v.,, (resp. 1i;,,) denotes the voltage (resp. current) of the capacitors (resp. inductors)
contained in the multiport and the matrices involved in the equation (6.71) are T-periodic, two
times continuously differentiable and with the size required to give a meaning to the equation. It
has to be noted that the equation (6.71) is just the equation (3.2) linearised around a periodic
trajectory.

We now introduce the concept of the dissipativity at high frequency. In fact, all electrical
components physically built dissipate energy when it operates at high frequency. For us, the
behavior at high frequency of a multiport is the behavior of the multiport where the capacitors
becom wires and the inductors become open switches, and thus there is just the resistive effects at
high frequency. The multiport linearised around a periodic trajectory has negative resistors which
come from the linearisation of the nonlinearies. The idea of the dissipativity at high frequency
means that the negative resistors do not play any role at high frequency because their effects are
reduced by the capacitive and inductive effects.

From a mathematical viewpoint, the behavior at high frequency of the multiport is obtained
when we replace the voltage v.,, and the current i;, by zero in the equation (6.71). Then the
equation of the multiport at high frequency is :

Um = Ci(t)im, (6.72)
and the concept of the dissipativity at high frequency is introduced in Definition 6.28 below.

Definition 6.28. We say that a multiport is dissipative at high frequency if there exists a > 0
independent of the time t € R such that :

Con(t) + Con(8)* > alpm. (6.73)

We introduce the following classic lemma 6.29 which simply means that a real matrix with
positive definite real part is invertible and the inverse has a positive definite symmetric part.

Lemma 6.29. If a multiport is dissipative at high frequency then C,, is invertible and there exists
& independent of the time t € R such that :

Col) 4+ (CLH )" > al,. (6.74)

Proof. Let t a real. We can find in [Joh70] that the symmetric matrix C,,(t) + Cp,(¢)* is definite
positive if and only if 2*Cy, (t)x > 0 for all real non-zero vector x. We deduce that C,(t) is invertible.
Since for all real non-zero vector x there exists a real vector non-zero vector y such that y = C,.1(¢)z,
we have :

e*Cl(t)x = y*Cr(t)y > 0, (6.75)

and then we have that C!(t) + (C,}(t))* is a definite positive matrix, and by periodicity and

continuity we deduce the equation (6.74). O
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We have the following nice property which says that the composition of multiport dissipative at
high frequency is dissipative at high frequency. This result is well known by the electrical engineers
but it is difficult to find a proper proof of this fact that is why we follow the proof in [BCCT18§]
(thank you Sylvain Chevillard for writing this clear proof) :

Proposition 6.30. A multiport which is composed of dissipative multiports at high frequency is
dissipative at high frequency.

Proof. We consider the behavior of the multiport at high frequency. To express the effect of
(%kys-+* ik, ) on the potential (vi,,--- ,vg,, ), we use nodal analysis which is a classical method to
derive voltages at the nodes of a circuit in terms of the branch currents [CC98, sect.2.9]. Specifically,
we denote by V = (v1, ..., v,—1)* the vector of all node voltages (except vy, the reference ground
voltage) and by I = (i1, ..., ip)" the vector of all currents in the branches. The (node-branch)
incidence matriz of the circuit, say A = (A;;), has n — 1 rows corresponding to the nodes (except
the ground) and p columns corresponding the branches. It is defined by the rule:

A;; = 1if edge e; is incident away from node 7,
Aj; = —1 if edge e; is incident towards node ¢,
A;; = 0 otherwise.

Since the graph is connected, A has full row rank (n — 1) [Che91, Th. 2.1]. Now, because we plug
in (i1, ,4m,) at nodes (ki,- - , k), Kirchhoff’s law gives us

AT=(0 - iy 0 o 0 g 0 . 0) (6.76)

Next, we substitute currents with voltages using the relations given by the equations of the multiport
at high frequency. For this, we form the branch admittance matriz, a block diagonal matrix
Y, (t) = diag(C,,1 (), Crak(2), . . ., C’;lzl) (t)) where the anjl_(t) is the inverse matrix of the multiport j
and thanks to Lemma 6.29 satisfies :

Gk () + (Cb ()" = I, (6.77)
for a; > 0 and for all j = 1,---,p. With a convenient ordering of nodes and edges, it holds that
I =Y,A*V, and (6.76) yields

YV=(0 i 0 o 0 iy, 0 ... 0) (6.78)

where Y(s) is a (n — 1) x (n — 1) matrix, called nodal admittance matriz, which is related to the
branch admittance matrix through ([CC98] eq. (2.9.8))

Y = AY,A*. (6.79)

Because of the equation (6.77), we have that Y, + Y} > al,, for one a > 0 and since the incident
matrix A has full rank, by the assumed connectivity of the graph of the multiport, we have that there
exists & > 0 such that Y + Y* > al,,. Thus Y~ + (Yfl)* > al,, is a symmetric definite positive
matrix by Lemma 6.29. Thus the symmetric real part of the matrix which links (vg,,--- ,vg,,) and
(Ukys -+ ik, is a principal submatrix of a definite positive matrix and so is definite positive. Then
we have that the multiport is dissipative at high frequency. ]
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6.2.2 Realistic models of linearised active components

The only elementary electronic elements which fail to be dissipative at high frequency are obviously
the linearised diode (equation (1.3) Chapter 1) and the linearised transistor (equation (1.6) Chap-
ter 1). In fact these models represent the behaviour of an ideal diode and transistor and do not
take account the dissipativity and the stability of a diode or a transistor when the circuit occurs
at high frequency. An equivalent way to say the same thing is that the models of the diodes and
transistors do not take account the capacitive or inductive effects. We propose below models which
are more realistic than those in Chapter 1 because they verify the dissipative at high frequency
property. The models proposed below can be found in [BCC*18] .

o Concerning the diodes, a realistic models would be those in Figure 6.2. The model (a) in
Figure 6.2 represents a resistor (r > 1) in parallel of an inductor (L <) and the linearised
ideal diode (R(t)). The model (b) in the Figure 6.2 represents a small resistor (r < 1) coupled
with a capacitor (C < 1) and the linearised diode (R(t)) in parallel.

r>1

(a) With inductive effect and high resistance (e.g., of the
air around the diode)

R(t)
14
— W — .
r1 q
[l
k1

(b) With capacitive effect and small resistance (e.g., of the
wire)

Figure 6.2 : Two realistic models of a linearised diode

Proposition 6.31. The models of the diodes in Figure 6.2 are dissipative at high frequency.
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Proof. 1t is obvious that the behavior at high frequency of the model (a) and (b) are vy, = 7,
and then we have the result. O

« Transistors can also be modeled in a realistic way to account for the fact that actual devices

have no gain anymore at very high frequencies. It has to be noted that the model the Figure 6.3,
we have that g,,,(t) and g4(t) are strictly positive.

1 Cu<k 1
Ig T od Ip
é I| .
—— I I .

:TUL' U ¢

Gy 1 gam |G <1

Is

Figure 6.3 : Intrinsic model of a linearised transistor

Proposition 6.32. The model presented in Figure 6.3 is dissipative at high frequency.

Proof. The Kirchhoff laws give that the matrix which at high frequency link (I¢,Ip) and
(Vas, Vap) is

1 _1

Y= " I (6.80)
—7o 9d(t) + gm(t) +

We see that this matrix has a definite positive real part and then the inverse of this matrix
has a positive definite real part. O

6.2.3 Structure of the Harmonic Transfer Function for dissipative circuit at

high frequency

We consider a circuit C made of resistors, diodes, transistors, periodic generator, capacitors, inductors
and lossless transmission lines where the nonlinearities are at least C*. Since Chapter 3 is far away
we resume this chapter without the technical details and we rewrite the key equations which have
been obtained. We interpreted a such circuit as a graph where the nodes were multiports (resistors,
diodes, periodic generator, transistors, capacitors and inductors) interconnected with the edges
representating the lossless transmission lines. Under the Brayton-Moser assumption, we arrived to
a nonlinear hybrid delay equation :
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IEl(t) .Il(t—Tl)
0 :]vll t, :IJN(t) : .CUN(t—TN) ,Z(t) 7
y1(t) yi(t — 1)
yn(t) yn(t—7n) (6.81)
x1(t) x1(t — 1)
d=(t)  _j e (t) wN(t;TN) s
Ca L I N T
yn () yn(t —7n)

We assume that the system (6.81) admits a periodic solution which is forced by the presence
of a periodic generator. We are then able to linearise the components of the circuit around the
periodic trajectory. From now we do the following dissipativity assumption :

Assumption 6.33. The circuit is made of dissipative at high frequency linearised components.

We can remark that Assumption 6.33 is verified in the particular case where we take the linearised
models of the diode and transistor that we can find in Section 6.2.2 (Figure 6.2 and 6.3). Obviously,
we could take another diode or transistor modelization as long as it satisfies the Definition 6.28.
Since a multiport which is composed of dissipative multiports at high frequency is dissipative at high
frequency through Proposition 6.30, we have that each node of the circuit is a multiport dissipative
at high frequency. It means that at high frequency, the circuit dissipates the energy in each nodes.
After the linearisation of the equation (6.81) around the periodic solution, we obtain the equation :

x1(t) z1(t —11)
an() | _ (I+AGK) (I Al)K)P, = | AL (t)z(1),
Y1 (t) it =m)
yn(t) ] yn(t = 7v) (6.82)
z1(1) y1(t)
d=(t) B xn(t) yn(t) 2
2 =B(t)K o1t~ 1) + il — 1) + B, (1) (1)
L \an(t— 1) yn(t —7n)/ |

Assumption 6.33 implies that the there exists a positive number «, independent of ¢, such that :

Af)+A*(t)>ald, a>0 teR. (6.83)
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The invertibility of the matrix I + A(¢) K is induced by the equation (6.83) and then the
equation (6.82) has always a sense. Putting z = 0 we have that the behavior of the circuit at high
frequency (equation (6.82)) is a periodic delay system of the form :

x1(t) x1(t — 1)
"’;flV((;) — I+ AWK) (I - AD)K) P xyfjg - ZV)) - (6.84)
yn (%) yn(t —7n)

The dissipativity at high frequency of the linearised components leads to the exponential stability
of the high frequency system (6.84) associated to the circuit and that all continuous periodic solution
are at least C* because the regularity assumption on the nonlinear components of the circuit.

Theorem 6.34. The periodic delay system (6.84) is exponentially stable with the C° norm.

Proof. The dissipativity at high frequency Assumption 6.33 implies that the equation (6.83) is
verified and then we can apply Theorem 5.21 of Chapter 5 to have the result. O

Theorem 6.35. The continuous periodic solution to the system (6.1) is at least C*.
Proof. 1t is a direct application of Corollary 6.16. O

Disturbing the linearised system (6.82) by a current i, and observing the voltage u. we obtain
the following input-output system :

[ z1(1) y1(t) ]
dz(t) _ (1) yn(t) ; ;
7 = B()K ni(t—m) + n(t—m) + B, (t)2(t) + Be(t)ie(t),
L\zn(t —7n) yn(t —7n)/ |
x1(t) x1(t — 1)
NN e AmK) T - AOK) P [ VT A0+ Ad0)ic(0), (6:85)
y1(t) y1(t —71)
yn (1) yn(t —7n)
[ z1(t) y1(t) ]
ue(t) = C(HK xjivit)n) - ylz(/ﬁt)rl) + Cy(t)2(t) + Ce(t)ie(t).
L \en(t —7N) yn(t —7n)/ |
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We are now able to state the structure of the harmonic transfer function associated to the
system (6.85) and the link with the local stability of the periodic solution, thanks to Section 6.1. In
fact, to sum up, the equations (6.81), (6.82), (6.84) and (6.85) are like the equations (6.1), (6.3),
(6.8) and (6.43) under Assumption 6.33. Moreover, we proved under Assumption 6.33 that the
system (6.84) is exponentially stable. So the equivalent system (6.8) is C° exponentially stable and
Assumption 6.10 is fulfilled. The theory developed in Section 6.1 is applicable, and the application
of Theorem 6.27 leads to the following theorem :

Theorem 6.36 (Structure HTF and local stability). Consider a circuit C made of resistors, diodes,
periodic generator, transistors, capacitors, inductors and lossless transmission lines where the
nonlinearities are at least C*. Assume the existence of a continuous periodic solution and the
dissipativity at high frequency of the linearised components of the circuit. The linearised circuit
around the pertodic trajectory which is disturbed by a source current i, and which has the output
response voltage associated v., has a harmonic transfer function H(s) verifying the following
properties :

o there exists an a < 0 such that H is a meromorphic operator 1>(Z) — 1*(Z) in the complex
domain {z € C|R(z) > a} which possibly poles at {szC = M(Cj)%?m,j e{l.n},ke Z} where

(Gj)jefr..my 18 a finite family of complex numbers.
Moreover, under the stabilizability and detectability Assumption 6.26,

e forall j=1,---,n there exists at least one k € Z such that z; is a pole of a coefficient of
J7
the matriz H.

o if the harmonic transfer function is analytic in the closed right half plane, then the periodic
solution is locally stable; i.e. all solution which starts relatively close to the periodic solution
of the system (6.81) tends exponentially to this periodic solution.






APPENDIX

Appendix

A.1 Proof of formula (4.24)

A.1.1 reduction to a Volterra equation

Observe from (4.22) that for s + 7y < t, o — X (t, o) has bounded variation on [s, s 4 7;] for each j
and satisfies

N
doX (t,0) => Dj(t)daX(t —7j,0)  on [s,s+ 7). (A1)
j=1

Substituting (A.1) in (4.24) yields (6.6), provided that ¢t > s + 7y. Hence, by uniqueness of a
solution y to (6.6) satisfying y(s + 0) = ¢(0) for 6 € [—7n,0], it is enough to check (4.24) for
s <t < s+ 7n. For this, we adopt the point of view of reference [HVL93], which is to construe
delay systems as Stieltjes-Volterra equations upon representing delays by measures. More precisely,
we can rewrite (6.6) as a Lebesgue-Stieltjes integral:

N
v = [ _dutopt+o).  tzs (A.2)
with
N
ult,0) = 3 D390+ 7). (A.3)
j=1

where y(7) is understood to be ¢(7 — s) when s — 7 < 7 < s and $(7) is the Heaviside function
which is zero for 7 < 0 and 1 for 7 > 0, so that the associated measure on an interval of the form
[0,a] or [0,a) is a Dirac delta at 0. Note that $(0) = 0, which is not the usual convention, but if
we defined $) so that $(0) = 1 then expanding (A.2) using (A.3) would not give us back (6.6) for
the term Dy (t)y(t — 7nv) would be missing. Observe also, since 7; > 0 for all j, that the minus
sign in the upper bound of the integral in (A.2) is immaterial and could be traded for a plus. For
s <t < s+ 7y, singling out the initial data in (A.2) yields

0~ (s—t)~
y(t) = /( du(t,0)y(t +6) + f(t) with f(t) := / du(t, 0)(t + 0 — s), (A.4)

s—t)~ —TN

where we took into account, when separating the integrals, that 6 — (¢, 0) is left continuous, while
the integral over the empty interval is understood to be zero. It will be convenient to study (A.4)
for t € [s,s + Tn], even though in the end the values of y(¢) only matter to us for ¢ € [s,t + 7n).
Define
t,7—t)— SN Di(t) f t
k(t, ) :—{ plt ™ —1) = 2= Dj(t) for 7 € s,1], t, 7 €[s, s+ TN] (A.5)

0 for 7 > t,
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Note that k(t,7) = 0 when t — 7 < 71, and d,k(t,7) = d;u(t,7 — t) on [s,s + 7] for fixed t.
Hence, (A.4) becomes

y(t) = /:_ dk(t, T)y(T) + f(t), s<t<s+17nN. (A.6)

Now, (A.6) is the Stieltjes-Volterra equation we shall work with.

It suffices to prove (4.24) for t € [s, s + 7y) under the additional assumption that ¢ and the Dy,
which are continuous by hypothesis, also have bounded and locally bounded variation, on [—7x, 0]
and R respectively. Indeed, functions of bounded variation are dense in Cy (resp. Co(T,R%*9)), for
instance because C'-functions are, and if ¢, converges uniformly to ¢ in Cs while D, converges
uniformly to D; in [s, s + 7n] as k — oo, then the solution to (6.6) with initial condition ¢, and
coefficients D; ), converges uniformly on [s,s + 7y] to the solution with initial condition ¢ and
coefficients D, as is obvious by inspection. Hence, we shall assume without loss of generality that
¢ has bounded variation and the D; have locally bounded variation. Then, since it follows from
(A.3) and (A.4) that

fOy = > D)ot —s—m), (A7)

TeE(t—s,7N]

it is clear from (A.7) and (4.9) that f € BV|[s,s + 7n] N BV, [s, s + Tn], since it is continuous.

A.1.2 Volterra kernels of type B>

Volterra equations for functions of a single variable have studied extensively, see e.g. [Brul7, GLS90].
However, the specific assumption that the kernel has bounded variation seems to be treated somewhat
tangentially. On the one hand, it is subsumed in the measure-valued case presented in [GLS90, Ch.
10], but no convenient criterion is given there for the existence of a resolvent kernel. On the other
hand, [HVL93, Ch. 9, Sec. 1] sketches the main arguments needed to handle kernels of bounded
variation, but the exposition has issues', which is why we provide a proof in this section.

We define a Stieltjes-Volterra kernel of type B* on [a,b] X [a,b] as a measurable function
#: [a,b] x [a,b] — R4 with k(t,7) = 0 for 7 > ¢, such that the partial maps x(t,.) lie in BVj[a, b]
and [|%(t, .)|| Bv([a,p)) i uniformly bounded with respect to t € [a,b]. In addition, we require that
lim, .~ W, (k(t,.)) = 0 uniformly with respect to t; i.e., to every € > 0, there exists 7 > 0 such
that Wi (k(t,.)) < e as soon as 0 <t — 7 < 1. Note that W, ,(s(t,.)) — 0 for fixed t as 7 — ¢~
whenever k(t,.) has bounded variation on [a, b], by the very definition (4.8); so, the assumption
really is that the convergence is uniform with respect to t. Hereafter, we drop the qualifier “of
type B>” and simply speak of Stieltjes-Volterra kernels on [a,b]. We endow the space K[, of such
kernels with the norm ||k |[q,p) := supseiqp 15(ts )| BV(ap)- If £k is a Cauchy sequence in Kq ), then
Ky converges uniformly on [a,b] X [a,b] to a R¥%-valued function x because

rw(t,7) = ma(t, T = (ke 7) = Rt 7)) = (e (E, 1) = (G O] < llmr () = milts )l By i)

Clearly,  is measurable and left continuous for fixed t with x(¢,7) = 0 for 7 > t. Also, if m is so large
that ||ry, —#illja,p) < € for k,1 > m and n > 0 so small that Wi, (k) < € when t —7 < 5, we get that
Wirny (k1) < Wirp (Em) + Wiz g (km — K1) < 2¢, and letting [ — oo we get from [£0j88, thm. 1.3.5]
that W, (k) < 2¢. Furthermore, the same reference implies that ||x||jq5 < supy, [[#k[[4,4) SO that
K € Kqp- Finally, writing that W,y (kx(t,.) — ki(t,.)) < € and passing to the limit as [ — oo, we
see that limy, [|ry, — kl|[q,5) = 0, whence K|, ) is a Banach space. Note that a Stieltjes-Volterra kernel
K is necessarily bounded with supj g« (0,5 |5 T[] < [|K|[q,5- As $ is left continuous and the D;

'For example, the equation satisfied by p(t,s) at top of page 258 is not right.
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are bounded, on [s, s + 7n], it is easy to check that k(t,7) defined in (A.5) is a Stieltjes-Volterra
kernel on [s, s + 7n] X [s, s + Tn].

A resolvent for the Stieltjes-Volterra kernel x on [a, b] X [a, b] is a Stieltjes-Volterra kernel p on
[a,b] x [a, b] satisfying

p(t,B) = —k(t,B) + . de(t, T)p(T, B), a<t pB<b. (A.8)

Lemma A.1l. If k is a Stieltjes-Volterra kernel on [a,b] X [a,b], a resolvent for k uniquely exists.

Proof. Pick r > 0 to be adjusted later, and for ¥ € K, let us define

FL(D)(t, B) = / e et U B), < Bt <b.

Then, F.(V)(t,8) =0 for 8 > t, and for a < 51 < B3 < t we have that

Er(0)(t, B2) = E- (9) (2, 1) :/t__e_r(t_T)dm(t,T) (¥(r, B2) — (T, ,31))_/?2_

2 P

e—T(t—T) d’%(ta T)\IJ(Ta 61)7

where we used that x(¢,.) is left continuous to assign the lower (resp. upper) bound (5 to the first
(resp. second) integral in the above right hand side. Now, the first integral goes to 0 as 51 — (2 by
dominated convergence, since ¥(t,.) is left-continuous; the second integral also goes to 0, because
Vi, ([B1, B2)) — 0 when 1 — B2, by standard properties of finite measures. Altogether, we see
that F,.(W)(t,.) is left-continuous. Moreover, for [c,d] C [a,t) and c =y < /1 < -+ < By =d

-

e dn(t, ), B) - U(r, /wﬁm

3 ‘ ‘

+2
N
< [ e ¥ ) - i) ||r+2/ Dl 190 o)l

i=1
< [ me (7.8 — (o Bl + e [* d|uﬁ<t,.>

N
Z H|Fr(qj)(tw81) - Fr(\p)(t
i=1

i—1

‘ / o ) (6 1)U (. i)

U(r, Bi) = W(r, Bi1))lll

- s mwm/ el

la,t] x[a,t]
< 2W[d,t)(’y”'(tv )) sup W[c d]( ( ’)) + 2€_T(t d)W[c,d)(’i( a)) sup W[c d}( ( ))
T€[d,t) 7€[c,d)
+2¢77D sup ||| @] Wiy (s(2, ).
[a,t] X [a,t]

When d = t, the same inequality holds but then W[dyt)(/ﬁ}(t, .)) is zero. Setting ¢ = a and d = t, we
get from the above majorization that W, 4 (F-(¥)(t,.)) < 4] and since F.(¥)(t,7) =0
for 7 >t we deduce that Wi, 5 (F-(V)(t,.)) = Wia4(F-(¥)(¢,.)) is bounded, uniformly with respect
to t. Next, if we fix ¢ > 0 and pick 7 > 0 so small that W, (x(t,.)) < € as soon as t — 7 < 7 (this
is possible because x € ICW,]), the same estimate yields

Wi (Fr(P)(t,.)) < AWy (5t DI a8 < 4l a0 t—c<n. (A.9)
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Altogether, we just showed that F,.(¥) € Kiap)- Moreover, if we take r so large that e™™ < ¢, then
either t —a <7 and then (A.9) with ¢ = a gives us W, o) (F-(V)(t,.) < 4e||¥||[q4), or else t —n > a
in which case (A.9) with ¢ = ¢t — 7, together with our initial estimate when ¢ = a and d =t —n,
team up to produce:

Wia,o)(F- () (E, ) = Wia—g (Fr(9) () + Wiy o (£ (9)(2, ) < 2 e?g?; ) Wiai—y (¥(7,.))

+25W[a,t—77)</€(ta )) [Sutp ) W[ai—n](\p('rv )) + 28[ tS]UI[) q H’\II’HW[a,t—n)(K(ta )) + 4€H\I/H[a,b}
TE|a,t—T a,t|Xla,

< 2| W]l a (34 2l -

Consequently, as Wi, ) (F-(¥)(t,.)) = Wiaq(F-(¥)(2,.)) by the left continuity of F,.(¥)(¢,.), we can
ensure upon choosing r sufficiently large that the operator F. : K, — K{qp has arbitrary small
norm. Hereafter, we fix r so that |||F||| < A < 1.

Now, let pp = 0 and define inductively:

Pe+1(t, ) = —e "k(t, B) + Fr(pr)(t, B).

Clearly (t,8) — e ""k(t, 8) lies in Kfgp), so that pp € K,y for all k. Moreover, we get from what
precedes that |[pr11 — Pklljap) < APk — Pr—1ll[a,p)- Thus, by the shrinking lemma, pj converges in
Klap to the unique p € K, such that

5t 8) = —e"n(t, B) + Fu(P)(1,8) = — st B) + [ e Tdn(t,1B(nB),  a<t,B<h
o

(A.10)

Putting p(t, 3) := e"p(t, 3), one can see that p lies in Ko if and only if p does, and that (A.10) is
equivalent to (A.8). This achieves the proof. O
[l

Lemma A.2. Let k be a Stieltjes- Volterra kernel on [a,b] X [a,b] and p its resolvent. For each
Re-valued function g € BV,([a,b]), the unique bounded measurable solution to the equation

ut) = [ dntry() g, ast< (A11)

s given by

y0) =90~ [ dptt.alge),  a<e<o (A.12)

Proof. Define y through (A.12) so that y(a) = g(a), by inspection. Since g € BV,[a,b] and p(t, ),
k(t,.) lie in BVja,b], integrating by parts [F.0oj88, thm. 7.5.9]> while using (A.8) along with Fubini’s

2This reference deals with open intervals only, and we stick to this case at the cost of a slightly lengthier computation
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theorem and the relations (¢, @) = p(t,a) = 0 for o > t, we get that

Ja- di(t, @)y(a) = ((t,a*) — K(t,a))y(a) + [o+ dr(t, a)y(a)
= (k(t,a") = w(t,a))g(a) + [y dilt, @)g(e) = [o dr(t, @) [;- dp(a, B)g(B)
)9 (t, o

= (w(t,a™) = w(t,a))g(a) + [y+ dr(t, @)g(e) = [+ du(t, o) [ dp(a, B)g(B)
— o+ dr(t, @)(p(a, a™) — pla,a))g(a) ) )
= (k(t,a") = k(t, a))g ( )+ Jur dr(t,@)g(a) + [1v dr(t,a) [ pla, B)dg(B) — [o dr(t, o) [p(a B)g(B)] =0
- a+ + dis(t, o) (p(a, a*) — p(av,a))g(a)

= (k(t,a*) — w(t,a))ga) + [15 dn(t,a)a() + [ ([~ dut,a)p(a, 5)) dg(B) + 15 dr(t.a)p(cv.a*)g(a)
— I di(t, @) (plav,a*) — plar,a))g(a)

= (k(t,a*) — K(t,a)g(a) + [+ dr(t,a)g(a )+fa+j p(t, B) + k(t, 8))dg(B) + [+ dri(t,a)p(a, a)g(a)
(H(tatﬁ) k(t,a))g(a) + [K(t, )g(@)]oZgr + for p(t:B)dg(B) + [o+ dr(t, 0)p(av,a)g(a)
—r(t,a)g(a) + [p(t; B)g(B) o=y — Jur dp(t, B)9(B) + [,- dr(t, @)p(ar, a)g(a)
—#(t,a)g(a) = p(t,a*)g(a) = [y dp(t, B)g(B) + (k(t, a) + p(t,a))g(a) = — [,- dp(t, B)g(8) = y(t) — g(1).

Thus, y is a solution to (A.11). Clearly, it is measurable, and it is also bounded since |[p(t, .)|| Bv(ja,4))
is bounded independently of ¢t and g is bounded. If 7 is another solution to (A.11) then y(a) =
y(a) = g(a) by inspection, so that z := y — y is a bounded measurable solution to the homogeneous
equation:

= / dk(t,7)z(T), a<t<b.
at

Pick r > 0 to be adjusted momentarily, and set z(t) := e ""2(t) so that

+

3(t) = / e (e, 13 (). (A.13)

Let 7 > 0 be so small that Wi, ,(k(t,.)) < 1/4 as soon as t — 7 < n; this is possible because
K € Kjq)- Then, it follows from (A.13) that for t —n > a:

(t=m)*
/ e_r(t_7)+d/i(t, T)Z(T)

+

2()] <

+ ’/ e ") di(t, 7)E(T)
(t

,n)+

<26 MW (5(0,)) sup 2]+ 5 sup [3] < sup 212kl + 5)-
(a;t—n] (t=n.t) (a,t)
while for ¢t — 7 < a we simply get [2(t)| < sup(, |2]/2. Hence, choosing 7 large enough, we may
assume that |Z(t)| < Asup(, |Z] for some A < 1 and all ¢ € [a,b]. Thus, if we choose \" € (A, 1) and
to € (a,b], we can find t; € (a,to) such that |Z(t1)| > (1/X)|Z(to)|, and proceeding inductively we
construct a sequence (t,,) in (a,to] with |Z(¢,)] > (1/N)"|Z(tp)|. If we had |Z(to)| > 0, this would
contradict the boundedness of Z, therefore Z = 0 on (a, b], whence z = 0 so that y = 7. ]

O

A.1.3 proof of formula (4.24).

Let p denote the resolvent of the Stieltjes-Volterra kernel k on [s, s + 7n] X [s, s + 7] defined in
(A.5). As f defined in (A.4) lies in BV,[s, s + 7] (it is even continuous), the solution y to (A.6) is
given, in view of Lemma A.2, by

[ ast)f@),  sstsst (A.19)
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Since p(t,a) = 0 when « > t, the integral fst__ can be replaced by fs(f+TN)+ in (A.14), and setting
X(t,a) := I;H(t — )+ p(t, ) where H(7) is the “standard” Heaviside function which is 0 for 7 < 0
and 1 for 7 > 0, we deduce from (A.7), since doH(t — ) = —d; on [s,s + 7n] for s <t < s+ 7,

that

(s+7n) T (s+mn) T
y(t):—/ ' dX(t,a)f(a):—/ ' dX(t,a)( Z Dg(a)cb(a—s—rg)), s<t<s+1N.
S S 7_26(

a—$,7N]

Rearranging, we get that

N (st T
y(t) = —Z/ dX(t,a)Dj(a)p(ov — s — 75), s<t<s+1pn,
j=1"%"

which is what we want (namely: formula (4.24) for s <t < s+ 7x) if only we can show that X (¢, )
coincides with X (¢,) when a € [s,s + 7;) for each j and every t € [s,s + 7n); here, X (¢, a) is
defined by (4.22) where we set s = a.

For this, we first observe that X (¢, a) = X (¢,a) = 0 when o > ¢ and that X (¢,¢) = X (¢,t) = Id.
Hence, we need only consider the case where a € [s,t) with s <t < s+ 7y. For s < a < t, we get
that

-
Ck(t,a) = k(1) — k(t, @) :/ dk(t, 7).

«

Thus, (A.8) (where k = k) in concert with the definition of X (¢, ) imply that

X(t,0) = IAH(t — o) — k(t,a) + /a Akt 7)p(r, )

— I, /t_ dk(t,7)(Iq+ p(7, @) = Iy + /a dk(t,7) X (1, ).

Now, on [a, t), we compute from (A.3) and (A.5) that d-k(t,7) = 32,_; >, D;(t)é:—r; and hence,

since X (t — 7j,) = 0 when o > t — 75, the previous equation becomes:

N
)Z'(t,a):Id—l—ZDj(t)X'(t—Tj,a) fors<a<tand s <t<s+7n. (A.15)
j=1

Comparing (A.15) and (4.22), we see that X (¢, ) and X (¢, ) coincide on [s, s + 7n) X [s, 5 + Tn),
thereby achieving the proof.
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