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ABSTRACT

Time-delay systems model widespread phenomena, ranging from life sciences and
economics to natural sciences and engineering. We focus on linear time-delay systems
of time-invariant and periodic type, whose stability properties can be inferred from
the spectrum of infinite-dimensional operators. Indeed, the asymptotic growth or
decay rate of the solutions towards zero can be determined by the spectral radius
of the monodromy operator, or the spectral abscissa of the infinitesimal generator
associated with the time-invariant time-delay system. The optimization of these
stability measures with respect to system parameters permits to stabilize an unstable
system and/or to increase the decay rate of the solutions towards zero.

This thesis aims to develop and analyze accurate and reliable numerical methods
for the stability assessment and stabilization of linear time-delay systems, validating
the efficiency of the novel methodologies on numerical examples and engineering
applications. The main contributions follow two research directions. First, we
consider linear time-invariant time-delay systems, whose parameters are affected by
uncertainties, modeled by a random vector. Second, we present stability assessment
and stabilization methods for linear periodic time-delay systems, where the period
and delays are commensurable.

The spectral abscissa of a time-invariant time-delay system, whose uncertainties are
modeled by a random vector, is a random variable, and admits a polynomial chaos
expansion. Other than explaining the parallelism between the polynomial chaos
and the polynomial approximation theories, we systematically demonstrate that the
lack of smoothness properties of the spectral abscissa heavily affects polynomial
approximation methods. The insights on the behavior of the spectral abscissa, which
can be generalized to the behavior of the spectral radius of periodic time-delay systems,
also play a role in the development of novel stability optimization methods.

The novel stability optimization method, handling the uncertainty, considers as
objective function the mean of the spectral abscissa with a variance penalty. Compared
to the optimization of the spectral abscissa for the nominal model, the novel approach
shows better robustness properties, and, in contrast to worst-case analysis, furnishes
more realistic results, exploiting a probabilistic description of the uncertainties.

Moreover, we develop novel stability assessment and stabilization methods for time-
delay systems, whose delays and period are commensurate numbers. For these
systems, the spectral radius can be not only inferred from the monodromy operator
but also from the eigenvalues of a characteristic matrix, whose evaluation involves
solving an initial value problem. The exploitation of this characteristic matrix provides
three main contributions. Firstly, we propose a novel two-stage approach for the
stability assessment, which iteratively refines the accuracy of the spectral radius
obtained by the discretization of the monodromy operator. Secondly, we prove a
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characterization of left eigenvectors of the characteristic matrix in terms of right
eigenfunctions of the monodromy operator associated with a dual periodic time-delay
system. As a third contribution, we derive from the characteristic matrix a formula to
compute the derivatives of the spectral radius with respect to parameters, which is
adopted in a spectrum-based stabilization method.



SAMENVATTING

Tijdsvertragingssystemen model wijdverspreide fenomenen, variérend van life
sciences en economie tot natuurwetenschappen en engineering. We richten ons
op lineaire tijdvertragingssystemen van het tijdinvariante en periodieke type,
waarvan de stabiliteitseigenschappen kunnen worden afgeleid uit het spectrum van
oneindig-dimensionale operatoren. Inderdaad, de asymptotische stijging of daling
van de oplossingen dichtbij nul kan worden bepaald door de spectrale straal van
de monodromie-operator, of de spectrale abscis van de infinitesimale generator
geassocieerd met het tijdinvariante tijdvertragingssysteem. De optimalisatie van deze
stabiliteitsmaatregelen met betrekking tot systeemparameters maakt het mogelijk om
een onstabiel systeem te stabiliseren en/of de vervalsnelheid van de oplossingen naar
nul te verhogen.

Dit proefschrift beoogt de ontwikkeling en analyse van nauwkeurige en be-
trouwbare numerieke methoden voor de stabiliteitsbeoordeling en stabilisatie van
lineaire tijdvertragingssystemen, waarbij de efficiéntie van de nieuwe methoden
met numerieke voorbeelden en technische toepassingen wordt gevalideerd. De
belangrijkste bijdragen volgen twee onderzoeksrichtingen. Eerst beschouwen we
lineaire tijdinvariante tijdvertragingssystemen, waarvan de parameters worden
beinvloed door onzekerheden, gemodelleerd door een willekeurige vector. Ten
tweede presenteren we stabiliteitsbeoordeling en stabilisatiemethoden voor lineaire
periodieke tijdvertragingssystemen, waarbij de periode en vertragingen evenredig
zijn.

De spectrale abscis van een tijdinvariant tijdvertragingssysteem, waarvan de onzeker-
heden worden gemodelleerd door een willekeurige vector, is een willekeurige variabele
en laat een polynomiale chaosbenadering toe. Anders dan het verklaren van het
parallellisme tussen de polynomiale chaos en de polynomiale benaderingstheorieén,
tonen we systematisch aan dat het gebrek aan gladheidseigenschappen van de
spectrale abscis de polynoombenaderingsmethoden sterk beinvloedt. De inzichten
over het gedrag van de spectrale abscis, die kunnen worden gegeneraliseerd naar het
gedrag van de spectrale straal van periodieke tijdvertragingssystemen, spelen ook
een rol bij de ontwikkeling van nieuwe methoden voor stabiliteitsoptimalisatie.

De nieuwe stabiliteitsoptimalisatiemethode, die omgaat met de onzekerheid, be-
schouwt als objectieve functie het gemiddelde van de spectrale abscis met een term
die het hebben van een hoge variantie afstraft. Vergeleken met de optimalisatie van
de spectrale abscis voor het nominale model, vertoont de nieuwe benadering betere
robuustheidseigenschappen en levert, in tegenstelling tot de worst-case-analyse,
realistischere resultaten, waarbij gebruik wordt gemaakt van een probabilistische
beschrijving van de onzekerheden.
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Bovendien ontwikkelen we nieuwe stabiliteitsbeoordelings en stabilisatiemethoden
voor tijdvertragingssystemen, waarvan de vertragingen en periode evenredig zijn.
Voor deze systemen kan de spectrale straal niet alleen worden afgeleid uit de
monodromie-operator, maar ook uit de eigenwaarden van een karakteristieke matrix,
waarvan de evaluatie het oplossen van een beginwaardeprobleem inhoudt. De
exploitatie van deze karakteristieke matrix levert drie belangrijke bijdragen. Ten
eerste stellen we een nieuwe tweetrapsbenadering voor de stabiliteitsbeoordeling voor,
die iteratief de nauwkeurigheid van de spectrale straal verfijnt die wordt verkregen
door de discretisatie van de monodromie-operator. Ten tweede bewijzen we een
karakterisering van linker eigenvectoren van de karakteristieke matrix in termen
van rechter eigenfuncties van de monodromie-operator geassocieerd met een dubbel
periodiek tijdvertragingssysteem. Als derde bijdrage leiden we uit de karakteristieke
matrix een formule af om de afgeleiden van de spectrale straal met betrekking
tot parameters te berekenen, die wordt gebruikt in een op spectrum gebaseerde
stabilisatiemethode.



NOTATIONS

Related to time-delay system

r System dimension

h Number of delays

Tj Jj-th delay

T Period

W Uncertain parameters, realization of the random vector @
K Controller parameters

Sets
N Natural numbers (zero included)
R Real numbers
R4 Non-negative real numbers
C Complex numbers
X Time-delay system state space

Inner products and norms
|| Absolute value

() Euclidean inner product on a vector space

Il -l 2-norm, or Euclidean norm, on a vector space
Il 1l 1-norm on a vector space

Il - oo Infinity norm on a vector space

s w-inner product

Il o w-norm

|- Ils Supremum norm, also known as L™ norm

Letter-based symbols

i Conjugate of a complex scalar p

ol A" Transpose of a vector v and of a matrix A

v*, A” Conjugate transpose of a vector v and of a matrix A
x(t) Derivative of x with respect to time

x(t) Second derivative of x with respect to time

a’(w) Derivative of the function « at the point w

a®)(w) k-th derivative of the function « at the point w

AN Transposed characteristic matrices
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NoTATIONS

Operators, spectral quantities and stability measures

T (¢, to)
/4
of

(")

ZSQ‘D >

Solution operator, with ¢ > 0 and t; € R

Monodromy operator

Infinitesimal generator of the solution operators {7 (¢,0)};50
Spectrum

Floquet multipliers

Eigenvalue/characteristic roots

Spectral radius of the monodromy operator, stability measure
Spectral abscissa of the infinitesimal generator, stability measure
Characteristic matrix of autonomous time-delay system
Characteristic matrix of periodic time-delay system

Related to the probabilistic framework

®
U(a,b)
D
w

Q

E(w)
V(w)

Random vector

Random variable uniformly distributed in the real interval [a, b]
Stochastic dimension

Probability density function of the random vector @

(In chapter 2, denotes the polynomial basis weighting function)
Support of the random vector w

(In chapter 2, denotes the support of the weighting function w)
Expected value of the random vector

Variance of the random vector »

Trade-off parameter quantifying the variance penalty

Special constants

O;(;](D"‘

Onxm

Other

Re(")
Im(-)
[vi
Lv]

k mod y

Imaginary unit

Euler’s number

Archimedes’ constant

Identity matrix of size n X n
All-zero matrix of appropriate size
All-zero matrix of size n X m

Kronecker product

Real part

Imaginary part

Integer obtained by rounding v € R towards infinity
Integer obtained by rounding v € R towards minus infinity
Remainder after division of the integer k by N € N '\ {0}
Landau notation
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INTRODUCTION

The PhD thesis starts presenting to the non-specialists the main motivation to study spectrum-
based stability and stabilization for time-delay systems. Then, the preliminaries introduce the
results and numerical methods on the stability of linear time-delay systems of periodic and time-
invariant type, providing the basis for the development of the following sections and chapters.
Based on these preliminaries, the main contributions of this thesis are briefly summarized,
and compared with the state-of-the-art. This chapter ends schematically describing the overall
structure of the thesis.

The experience helps us to find a long-lasting equilibrium, stable against the
uncertainty that we will face in the future. In a similar way, this thesis analyzes
systems, whose present action depends on past events; and aims at improving the
stability conditions of such systems.

Systems, for which the future is not only determined by the present but also by
the past, model widespread phenomena, where a delay occurs between the cause
and its effect. These time-delay systems provide a reliable mathematical description
of maturation periods in life sciences and in economics, or the non-instantaneous
transfer of material, energy and information in chemistry, physics, engineering,
and communication [20, 81]. Even washing our hands can be modeled by a time-
delay system; indeed, when we adjust the faucet, the water temperature does not
instantaneously change.

We consider time-delay systems for which the stability properties are characterized by
whether every solution will remain close to zero or be repelled away. In this context,
the stability optimization drives every solution to decay to zero as fast as possible.
The stability assessment and optimization methods for these time-delay systems are
fundamental for the construction of reliable machines, or to quantify parameters in
mathematical models. However, analyzing the behavior of every solution is infeasible,
and therefore, we describe all the possible solutions by operators, so that the stability
conditions are determined by intrinsic quantities, the eigenvalues, of these operators.

More precisely, we focus on zero-solution stability of linear time-delay systems of
time-invariant and periodic type, which respectively determine the stability of an
equilibrium and periodic solution for a nonlinear time-invariant delay system, by
the principle of linearized stability. In a linear time-delay system, the asymptotic
growth or decay rate of the solutions towards zero depends on eigenvalues of an
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infinite-dimensional operator. Hence, the system stability can be inferred from the
location of these eigenvalues, and their relocation might provide a faster convergence
to the zero-solution.

This thesis aims to develop accurate and reliable numerical methods for the
stability assessment and stabilization of linear time-delay systems, testing these
novel approaches on numerical examples and engineering applications. To this
end, two main research directions are followed. First, disturbances, affecting the
parameters of time-delay systems, are considered and exploited by novel stability
and stabilization methods in a probabilistic framework, assuming that the time-
delay system uncertainties are described by random variables. Second, we present
novel computational methods for the stability analysis and optimization of linear
time-periodic delay systems, which permit to iteratively refine the accuracy of the
eigenvalues obtained by the discretization of infinite-dimensional operators.

This chapter is organized as follows. First, section 1.1 briefly reviews the stability
properties for time-delay systems, setting the necessary basis for the development
of the next chapters. Next, section 1.2 summarizes the contributions, reviewing the
state of the art. Finally, we give an overview of the thesis in section 1.3.

1.1 PRELIMINARIES

This section provides a brief overview on the stability assessment and stability
optimization methods for linear time-delay system, introducing the main definitions,
properties and notations. We start analyzing the stability properties of the general
periodic linear time-delay systems in section 1.1.1. Then, we analyze the special
case of time-invariant linear time-delay systems in section 1.1.2, describing a well-
established method to compute its associated stability measure in section 1.1.3. Hence,
section 1.1.4 analyzes the stability optimization approach, considering time-invariant
delay systems. The stability assessment and optimization for the general periodic
linear time-delay system represents a main contribution of this work, as discussed in
section 1.2.3 and chapter 4. For a more extensive treatise on the stability of time-delay
system we refer to the monographs [33, 59, 8], from which we heavily borrow.

1.1.1 Stability measure for linear periodic time-delay systems

Let us consider the following linear periodic time-delay system

h
x(t) = ZAj(t)x(t -1), t2heER, (1.1)
Jj=0
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where

« there are h + 1, h € N, non-negatives delays, sorted, without loss of generality,
in increasing order 0 < 75 < ... < 7p;

« x(t) € R” represents the state at time t > ) — 73;

« forj =1,...,h, the system matrix A; : R = R™, t > A;(t) is a continuous
and T-periodic function, with T € R, \ {0}.

If all system matrices are constant, A;(t) = A;, being periodic for any period T > 0,
then the time-delay system is called autonomous or time-invariant.

Since the present is influenced by the past events, x(t — 7;) with 7; > 0, the solution
of (1.1) cannot be specified by a single event at the starting time x(t), yet a piece of
trajectory over a time-interval of length 7, is needed. More precisely, for any initial
function ¢ € X, where X is the set of continuous functions from [—7, 0] to C", the
initial value problem

{xm: A Ox(t — 1), t € [tg,00), 12

x(t) = o(t - to), t € [to — Th, to],

admits a unique forward solution, denoted by x(¢;t, ¢). In order to retrieve the
solution at every time t > t;, we need to know the solution in the previous interval
of length 73, this state is denoted by x;(-; ty, ¢) € X and is defined by

x¢(0; to, @) = x(t + 0580, @), 0 € [-13,0].

A linear system generally presents only one equilibrium point, the zero-solution
x = 0. We focus on the stability properties of (1.1), analyzing the convergence of the
solutions to the zero-solution. In order to quantify the distance of a solution from the
zero-solution, we equip the state space X with the supremum norm, also known as
the L® norm,

lolls = sup [l@O@)l2 ¢€X,

O€[—74,0]

where || - ||2 is the Euclidean vector norm.

The zero-solution is stable if and only if for any ¢ > 0 there exists § > 0 such that
llx:(-, to; @)|ls < € for all t > ty and for any ¢ € X with [|¢|l; < §. In addition, if
lim; e || (-5 f0, )]s = 0 also holds, then the zero-solution is asymptotically stable. If
a system is not stable, then it is called unstable. For reasons of conciseness, we often
refer the (asymptotic) stability and instability directly to the system (1.1) instead of
the more precise formulation, which refers to the zero-solution.

The stability of system (1.1) can be inferred from the spectrum of infinite-dimensional
operators linearly mapping the infinite-dimensional state space X into itself. By the
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existence and uniqueness of the forward solution, we define the solution operator,
T (t, to), which translates the solution along its trajectory, associating the state at time
to € R to the state at time ¢ + t, with t € Ry; in formula 7(¢, ty) : X — X such that

T (t,to)e = xp41y(5 10, 0), @ €X.

Since the solution operator associates the solution at time #, to the one at time
t + ty, its spectrum suggests the decay or growth rate of the solution between these
two instances. By the system matrices periodicity T, it is natural to consider the
solution operators 7 (T, t;) describing the variation of the solutions after a period.
The spectrum of 7(T, ty), denoted by o (7 (T, ty)), is an at most countable compact
set in the complex plane with zero as only possible accumulation point; in other
words, it admits a finite number of elements outside any ball around the origin. This
spectrum is independent of the starting time #, € R, and all its non-zero elements are
eigenvalues. Operator 7 (T, 0) is called monodromy operator and is denoted by % ;
therefore, the monodromy operator is defined as % : X — X such that for any ¢ € X

U =x1(:50,¢0).

The non-zero eigenvalues of the monodromy operator are called Floquet multipliers.
By definition, they satisfy the infinite-dimensional linear eigenvalue problem

Uep=pp, peC\{0}, peX\{0} (1.3)

The Floquet multipliers determine the asymptotic growth/decay of solution of (1.2)
in the time-interval of length T. The largest modulus of the Floquet multipliers, the
so-called spectral radius

= max |pl,
represents a stability measure for the system (1.1), as stated in the following theorem.

ProrosITION 1.1 The zero-solution of (1.1) is asymptotically stable if and only if all
the Floquet multipliers are strictly contained in the complex unit circle, or

p <1

The zero-solution is unstable if there is at least one Floquet multiplier with modulus
larger than 1, i.e. p > 1.

In the linear autonomous time-delay system, we have an uncountable number of
stability conditions induced by Proposition 1.1. Indeed, since constant system matrices
can be interpreted as periodic for any period T € R, \ {0}, then we can define infinitely
many monodromy operators, whose spectral radius permits to infer the stability
properties of the autonomous system. However, the autonomous case admits an
additional stability measure whose computation and optimization are well-established,
as described in the following sections.
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1.1.2 Another stability measure for linear autonomous time-delay systems

Since the system matrices do not depend on time, the initial time t, can be set to zero
without loss of generality. Hence, the autonomous time-delay system is

h
%(t) = Zij(t -1),  teR,. (1.4)
j=0

In a similar way, the solution operators depend only on a single parameter, 7 (2, 0).
The family of solution operators {7 (¢, 0)};er, permits to reformulate system (1.4)
into an infinite-dimensional ordinary differential equation over the state space X.
Indeed, taking the right-hand derivative of {7(¢,0)};er, in t = 0, we get

o X=X .. T(3,0) = T(0,0)
—x; = lim —— = lim ————~=

ETR s Py 5 Xt = i, (1.5)

where x; = x;(-;0,¢) for any ¢ € X and & is the infinitesimal generator of
{7(t,0)}:er,, characterized as the operator & : Y(&/) € X — X such that

{@(ﬂ) = {peX: e Xand 4(0) = Ty Ajp(-1)}, »

AP = ¢.
Since autonomous delay system can be seen as linear infinite-dimensional ordinary
differential equations, the following example briefly reviews the terminology and

the results shown until now in the simpler case of linear finite-dimensional ordinary
differential equations.

Example 1.1. Let us take a step back, and consider an ordinary differential equation
x(t) = Ax(t), teR, x(t)e R and A e R™". (1.7)

There exists a unique solution of system (1.7), for any given state at time ¢, = 0,
x(0) € R”; this solution is defined forward and also backward in time, and admits an
explicit expression

x(t) = exp(At) x(0), forany? e R.

Therefore, the solution operator 7 (¢, 0), translating a solution from the state at time
0 to the time t € R, is the matrix exponential of At,

T(t,0) = exp(At). (1.8)
The infinitesimal generator of {77(¢,0)}, is the matrix A, which defines system (1.7),

dexp(At)
dt =0
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If A is an eigenvalue of A, then e* is an eigenvalue of 7(t, 0), by (1.8). Since system (1.7)
is asymptotically stable if and only if all the eigenvalues of A are in the complex
left half-plane, we can retrieve the results of Proposition 1.1. Indeed, system (1.7)
is asymptotically stable if and only if all the eigenvalues of 7(¢,0) for t > 0 are
contained in the complex unit circle.

Analogously to Example 1.1, the spectra of the solution operator 7 (¢, 0) and of the
infinitesimal generator .2/ are related by

o(7(t,0)) \ {0} = exp(to()). (1.9)

Therefore, the spectrum of &7 is at most countable compact set in the complex
plane with minus infinity as only possible accumulation point; in other words, it
admits finitely many elements in any right half-plane. All the elements of o(2/) are
eigenvalues, and they satisfy the following infinite-dimensional eigenvalue problem

de=2N, Ae€C, peX\{0}. (1.10)

Let us recall that every solution operator 7(,0) for t > 0 can be interpreted as
monodromy operator for the autonomous system (1.4). Therefore, by the previous
Proposition 1.1 and the relation on spectra (1.9), the autonomous systems (1.4) admit
another stability measure, the real part of the rightmost eigenvalues of the infinitesimal
generator, the so-called spectral abscissa
a = max Re(]).

Aeo(sl)
PROPOSITION 1.2 The zero-solution of (1.4) is asymptotically stable if and only if all
the eigenvalues of the infinitesimal generator are contained in the left half-plane or
equivalently if and only if

a <0.

The zero-solution is unstable if there is an eigenvalue of the infinitesimal generator with
positive real part, a > 0.

Since the infinitesimal generator permits to rewrite system (1.4) into an infinite-
dimensional ordinary differential equations (1.5), its eigenvalues express the asymp-
totic exponential growth/decay rate of the solutions of (1.4) towards zero, similarly
to the finite-dimensional case presented in Example 1.1.

A

Moreover, substituting into (1.4) an exponential solution x(t) = e*’v, we get the

following finite-dimensional nonlinear eigenvalue problem

h
(Mr - ZAje‘“f) v=0, 1eC, veC\{0},

Jj=0

which is equivalent to the infinite-dimensional linear eigenvalue problem (1.10) as
stated in the following theorem.
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THEOREM 1.3 Let A € C. If the pair (A, @) is a solution of the infinite-dimensional linear
eigenvalue problem
de=2N, Ae€C, ¢peX)\{0} (1.11)

then (A, 9) is a solution of the finite-dimensional nonlinear eigenvalue problem

h
(/U, - ZAje_Mf) v=0, A€eC, veC\{0}, (1.12)
=0

where © = ¢(0).

Conversely if the pair (A,9) is a solution of (1.12) then 4, @) is a solution of (1.11),
where ¢(0) = €% for 6 € [~13,0].

The eigenvalues of the nonlinear eigenvalue problem (1.12) are also called charac-
teristic roots, since they solve the following scalar equation, named characteristic
equation

det(A(1)) =0, (1.13)

where A(A) denotes the characteristic matrix defined as

h
AN = AL — ZAje‘“f.

Jj=0

Before analyzing how to compute and minimize the spectral abscissa of the
infinitesimal generator, the next example illustrates the spectrum-based stability
properties of a simple scalar time-delay system: the hot shower problem a didactic
example often encountered in the literature [52, 20, 38].

Example 1.2. Let us consider the simplified model of a human adjusting the water
temperature by swinging the faucet handle,

(t) = —Kx(t - 1), (1.14)

where x(t) denotes the difference between the water temperature at time ¢ and the
desired one, and —Kx(t — 1) represents the reaction of the person in adjusting the
faucet, occurring with a delay 7 = 1s, due to the propagation of the water in the
pipes.

A person, reacting forcefully to a wrong temperature, is modeled by a large value of
K. In this case, the temperature may oscillate with increasing amplitude, leading to
repeated burns or frostbite until the faucet breaks. For example, for K = 2 system (1.14)
is unstable due to a positive spectral abscissa of the infinitesimal generator, which
present eigenvalues in the right half-plane, Figure 1.1a; or equivalently due to a
spectral radius of the solution operator 77 (1, 0) larger than one, since there are Floquet
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multipliers outside the complex unit disc, Figure 1.1b. If the initial condition of the
water temperature is hotter 1 °C than the desired one, then the temperature oscillates
with growing amplitude, where the asymptotic exponential growth rate is determined
by the spectral abscissa, as illustrated in Figure 1.1c.

'.. Im(o(&)) 1.2 o4 Im(o(71(1,0)))

® Re(o (7))
-4 -3 o -1 (l.'17

° 50

(a) Infinitesimal generator spectrum.

t[°C]

30

(c) System solution with initial state ¢ = 1.

Figure 1.1 Analysis of the hot shower problem (1.14) with reaction parameter K = 2.

A more gentle person, with a small value of K, can find the desired temperature
to wash its hands. However, if the time required to reach a temperature close to
the desired one is long, then the water bill will be costly. For example, for K = 1
the stability of system (1.14) can be inferred from the negative value of the spectral
abscissa, Proposition 1.2, or by the spectral radius of the solution operator 7(1,0)
smaller than one, Proposition 1.1. Indeed, all the eigenvalues are contained in the left
half-plane and all the Floquet multipliers are in the complex unit circle, as respectively
depicted in Figures 1.2b and 1.2a. For an initial condition x(¢) = 1 with ¢t € [-1, 0]
the settling time of the solution to reach the desired water temperature is long as
illustrated in Figure 1.2c.

1.1.3 Spectrum based stability assessment for autonomous delay systems

The dual interpretation of the eigenvalues in Theorem 1.3, either as infinite-
dimensional and linear or finite-dimensional and nonlinear, lies at the basis of
efficient stability assessment methods as [51] and the package DDE-BIFTOOL [78]. In
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(a) Infinitesimal generator spectrum. (b) Solution operator spectrum.
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(c) System solution with initial state ¢ = 1.

Figure 1.2 Analysis of the hot shower problem (1.14) with reaction parameter K = 1.

these methods, a spectral discretization of the infinite-dimensional linear eigenvalue
problem (1.11) furnishes a global view of the infinitesimal generator spectrum,
permitting to detect a guess of the rightmost eigenvalues. Then, the accuracy of these
guesses is refined by Newton’s method based on the finite-dimensional nonlinear
eigenvalue problem (1.12). Hence the stability assessment, relying on the spectral
abscissa, considers only the real part of the rightmost eigenvalue.

Remark 1.1. Other methodologies permit to compute the characteristic roots of
linear autonomous time-delay systems. For example, the advanced quasi-polynomial
mapping [97] relies on splitting the real and imaginary parts of the characteristic
equation (1.13) into two surfaces, such that the characteristic roots are determined
by the intersections between these two surfaces. The interested reader is referred to
[38, Chapter 2], for an overview on numerical methods to compute the characteristic
roots for an autonomous linear time-delay system.

We briefly review the computation of the characteristic roots following the approach
in [59, Section 2.2]. We first describe the discretization of the infinite-dimensional
eigenvalue problem into a finite-dimensional linear eigenproblem, which presents
the same underlying ideas of [8, Chapter 5]. Then, we present a local method to
compute the characteristic roots by the finite-dimensional nonlinear eigenvalue
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problem. Finally, we sketch a two-stage approach which combines the previous
results.

Discretization of the infinite-dimensional linear eigenvalue problem

We derive a finite-dimensional linear eigenvalue problem, whose eigenvalues
approximate some elements of the infinitesimal generator spectrum. Given a
positive integer M, we approximate any element of the state space ¢ € X by M-
degree polynomial, ¢p. Given a polynomial basis {p;};en in the interval [—r3, 0],
the polynomial approximation is uniquely determined by the coefficients ¢ =
(cg ... cy)" € (C"YM*! such that

M

om(t) = Z cipi(t), t€[-1p,0]. (1.15)

i=0

We determine the discretization of the infinite-dimensional linear eigenvalue problem,
o p = Ap with ¢ € X\ {0} and A € C, by the characterization (1.6) of the infinitesimal
generator, 2/ ¢ = ¢, with ¢(0) = Z;’ZO Ajp(-7;). Indeed, we impose the collocation
requirements in 0

h
Aom(0) = D" Ajom (-17). (1.16)

Jj=0

and in M distinct points {fm}ﬁle over the interval [—1p, 0)

Apm(m) = om(Em), m=1,....M. (1.17)

Hence, the discretization of the infinite-dimensional linear eigenvalue problem (1.11)
is expressed in terms of the coefficients ¢ € C"™*1) of the M-degree polynomial, ¢
by a matrix formulation of conditions (1.16)-(1.17).

If we express the polynomial ¢ in the Chebyshev basis

M
t
om(t) = Z ciT; (2— + 1) ., tE€[-m,0],
i=0 Th
with T; the i-degree Chebyshev polynomial of the first kind, then its derivative is

&2 t
om(t) = ) e —iliy (2— - 1), t € [~ 0],
ico h Th
where U; is the i-degree Chebyshev polynomial of the second kind. If {{m}frf:l are

the normalized grid-points, scaled and shifted to the interval [-1, 1],

Em

{n=2"7—+1,
Th
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then the conditions (1.16)-(1.17) discretize the infinite-dimensional eigenvalue
problem into a generalized matrix eigenvalue problem

€1
To()Ty(1) -+ Ty (1) Twa(1) Ry Ry ---R e
(’1( R T " AT4M )®I’_(oo 1U®IrM)) p]Ee (1)
cM
where ® denotes the Kronecker product, and
To(&) T(&) - Tm-1($) Tm($)
T=| : N NV B
To(lm) Tillm) -+ Tm-1(dm) Tvm({m)
1Uo(§1) 2U1(§1) <o MUp-1(8)
U=— : ’
1Uo(§M) 2U1(§M) < MUy-1(Cm)

h
ZAJ (z—+1) i=0,... M.
Jj=

The last rM rows of (1.18), corresponding to the conditions (1.17), can be simplified
increasing the zero-elements, also known as sparsity, of the eigenvalue problem
matrices. Indeed, if we rewrite the Chebyshev polynomials of the first kind in terms
of the second kind

T = U0, Ti0) = 5 U0 - Uialt), i 22

and we choose the collocation points {{,,, }_, as zeros of Uy,

m=1

am
§m=—cosM+l, m=1,...,M,

then, the discretization (1.18) can be rewritten as a generalized eigenvalue problem
with an Hessenberg matrix and a block upper tridiagonal matrix

(/1 (1 1 ... 1) oL — (Ro Ry --- RM)) c=0, ce Cr(M+1) \ {0}, (1.19)
L Lrm

0
with
2 0 1
2 0 =12
™ /30 —1/3
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The convergence of the eigenvalues of (1.19) to the characteristic roots is fast. More
precisely, spectral accuracy, ie. a convergence rate faster than O(M~¥) for every
k € N, can be proven [8, Section 5.3], since the asymptotic distribution of the chosen
collocation points is asymptotically equal to the distribution of zeros of Chebyshev
polynomials scaled and shifted in [—1y, 0].

Newton’s method for nonlinear eigenvalue problem

The finite-dimensional nonlinear eigenvalue problem (1.12) allows us to compute the
eigenpairs by applying an iterative solver for nonlinear equations to

Ao =0,
wiv =1,

where the second equation, with w € C" \ {0} and * denoting the conjugate transpose,
is a normalization constraint. If y = (v" 1), we can rewrite the system in the form
F(y) = 0. The application of Newton’s method leads us to the basic iteration

yir1 = yi — J(y) 'F(y), €N, (1.20)
where J(y;) denotes the Jacobian of F(y) at y = y;, and is given by
ﬂ(/ll) dﬂ(ai)’(}) — (AiIr - J}-l=0 Aje_’lirf (%] + Z];‘l:() TjAje_AiTj’Ui
W*

dA i
0 w* 0

Ji) = (

Characteristic roots computation

The previous results lead us to the following algorithm for computing (part of) the
spectrum of the infinitesimal generator.

Algorithm 1.1. Two-stage approach for computing characteristic roots.

1. Fix M and compute eigenvalues and eigenvectors of (1.19).
2. Correct the individual characteristic roots approximation, and extracted
eigenvector of (1.12), by applying Newton’s iteration (1.20).

In the initialization of the second stage, we extract an approximation of the right
eigenvector of the nonlinear eigenvalue problem (1.12). By (1.15), and the construction
of the finite-dimensional linear eigenvalue problem (1.19), ¢ € C"™*V parametrizes
the polynomial approximation corresponding to an eigenfunction of the infinitesimal
generator .o7. Hence, by Theorem 1.3, the eigenvector approximation of (1.12) can be
extracted by an eigenvector ¢ = (cj - -+ ¢},)" of (1.19),

M
v = Zpi(O)Ci.
i=0
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Remark 1.2. The number of collocation points M should not be too large, since the
eigenvalue computation of (1.19) has complexity O ((rM + r)?) by a direct method.
On the other hand, the eigenvalues of (1.19) should be in the basin of attraction of the
rightmost characteristic roots, so that the Newton’s method converges to the desired
solution. We refer to [59, Section 2.2.2] for an empirical method to determine the
number of collocation points M, so that the eigenvalues of (1.19) approximates the
characteristic roots of (1.4) in a given right half-plane.

Example 1.3. For the simple scalar system (1.14), the characteristic roots can be
analytically obtained by solving the characteristic equation (1.13),

A+ Ke™ = 0if and only if A = Wi.(-K),

where for any integer k, Wi denotes the k-th branch of the Lambert W function.

1071 10-1
-3
2-10 2-1073
M=3
o 1070 107°
g 10 £ 06 BN e,
B £ .
— L -
P 10 g 10 8 AN .
= -1 =T N
i 0 (e73M) 5 " % .
~ -12 ~ _ M=5"« o
10 10-12 N .
~
10714 . N 10714 . N .
10716 0% . ! 10716 bR P
23 5 10 1315 20 1 2 3 4
M collocation points Newton’s iteration
(a) Convergence for discretization (1.19). (b) Convergence for Newton’s method.

Figure 1.3 Relative errors to evaluate the rightmost characteristic root with Algorithm 1.1, for
system (1.14) with K = 2. Newton’s method is initialized on the rightmost eigenvalues of (1.19),
considering M = 3 and M = 5 collocation points.

For K = 2 the rightmost characteristic root is A = —0.3181 + 1.3372i and its
approximation by Algorithm 1.1 is illustrated in Figure 1.3. In Figure 1.3a, the
rightmost eigenvalue obtained by spectral collocation in the first stage of Algorithm 1.1
spectrally convergences to the rightmost characteristic root. In Figure 1.3b, few
Newton’s iteration permits to refine the accuracy up to machine precision of coarse
estimates of the rightmost characteristic root, obtained by spectral collocation.

For large dimension of the system matrices r > 1, solving the eigenvalue
problem (1.19) in the first stage of Algorithm 1.1 becomes computationally infeasible.
However, for this large scale problem specific software have been implemented, like
the infinite Arnoldi’s method [41, 40] and Compact Rational Krylov method [92].
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1.1.4 Spectrum based stability optimization for autonomous delay systems

In this section, we consider time-delay system whose matrices are functions of system
or controller parameters K = (K; --- Kx) € R¥. More precisely, we consider the
following linear autonomous time-delay system

h
%(t) = ZAj(K)x(t —1),  teR,, (1.21)

Jj=0

under the assumption that A; : RF = R™ K - A;(K) are smooth functions, for
Jj=1,...,h Analogously, its associated characteristic matrix is denoted by A(A; K).
However, to simplify the notations, we omit the parametric argument if it is not
essential for the discussion and in particular, we do not explicitly state K in the
infinite-dimensional operators and their eigenvalues.

In this work, we focus on spectrum-based methods for stabilizing an unstable system
or for improving the decay rate of solutions to equilibrium based on minimizing the
stability measures as a function of controller parameter, similarly to [59, Chapter 7] for
autonomous systems, and [77, 63] for periodic systems. For periodic time-delay system
the (squared) spectral radius is minimized, shrinking the spectrum of the monodromy
operator towards zero. For autonomous time-delay systems (1.21), this optimization
problem can be recast as minimizing the spectral abscissa of the infinitesimal generator,
shifting the characteristic roots to the left. Hence the stability optimization objective
functions are

. 2 .
min p*, with p = max |ul;

lin p p= ma %Iul
min «, with ¢ = max Re(A);

K Aeo(et)

where the first one holds for periodic time-delay system, while the latter one only
holds for autonomous time-delay systems.

The stabilization of time-delay systems is a challenging problem, since it requires
shaping the spectrum of an infinite-dimensional operator, minimizing a dominant
element of this infinite (but countable) spectrum, by tuning a finite number of degrees
of freedom, the controller parameters K. By Propositions 1.1-1.2, the stabilization
of an autonomous time-delay system can be equivalently stated in terms of spectral
radius and spectral abscissa. In particular, the minimization of the spectral radius
minimizes the largest in modulus Floquet multipliers, while the spectral abscissa
stability optimization minimizes the real part of the rightmost characteristic roots.

The objective function of the spectrum-based stability optimization problems is
in general non-convex, as illustrated in Figure 1.4, and is also non-smooth, as
analyzed, more in detail, in the next chapter 2. Except for degenerate examples, non-
differentiable points, due to multiple dominant elements of the spectrum (counted
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(a) Spectral abscissa of <7 . (b) Spectral radius of T (0, 1).

Figure 1.4 The stability measures for the time-delay system x(t) = —Kx(t)+0.1Kx(t—1), varying
the parameter K € [0,300], present multiple local minima, therefore they are non-convex.

with multiplicity), occur on a set with measure zero in the parameter space. Therefore,
the previously defined objective functions are differentiable almost everywhere. Based
on these properties, the optimization is handled by the MATLAB code HANSO (Hybrid
Algorithm for Non-Smooth Optimization), described in [64].

HANSO is a two-phase process, based on BFGS algorithm with weak Wolfe condition
in the line search and on the gradient sampling method. Due to the non-convexity
of the problem, the BFGS phase is run from multiple starting points, often randomly
chosen, and with a rapid convergence leads to a reasonably good approximation of the
optimum [48]. Then, the gradient sampling, a generalization of the steepest descent
method for non-smooth problems, starts from the minimum point found by BFGS.
Since in this minimum the objective function is often non differentiable, the sampling
gradient samples a number of gradients in the near neighborhood of the iteration
point, hence considers as a descent direction the vector with the smallest norm in the
convex hull of these sampled gradients, and finally a new iteration is found along this
direction with a standard line search [9, 93].

The underlying optimization process with HANSO only requires the evaluation of the
objective function and its gradient with respect to controller parameters, whenever
the objective function is differentiable. The objective function is differentiable and
hence its gradient exists, if the dominant element of the spectrum is isolated and
simple; in this case the gradient can be evaluated as!

Vk (p°) = 2Re (ipVkpp), and  Vga = Re(Vghp),

where p;, denotes the dominant Floquet multipliers, which are Floquet multipliers
with modulus equal to the spectral radius, p = |up| and non-negative imaginary
part, Im(y,) > 0; while A, denotes the dominant characteristic roots, which are

1 The gradient of the squared spectral radius follows from

Vi (11?) = Viap = 2 (Re(uVicp) — Im(u Vicp)) = 2Re (i Vicp) -
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characteristic roots with real part equal to the spectral abscissa « = Re(4p) and
non-negative imaginary part, Im(4,) > 0.

Remark 1.3. Since we only consider real-valued time-delay systems, the non-real
characteristic roots and non-real Floquet multipliers always occurs in complex
conjugate pairs. For this reason, the dominant eigenvalues, i.e. the dominant Floquet
multipliers and the dominant characteristic roots, are chosen with non-negative
imaginary part.

Since the evaluation of the gradient of the objective function depends on the gradient
of dominant eigenvalues, VgA, and Vg, the following proposition provides an
explicit expression for the eigenvalues derivatives of a general finite-dimensional
eigenvalue problem A(4; K)o = 0 with respect to parameters K.?

PROPOSITION 1.4 Given K € R, let A be a simple eigenvalue of a finite-dimensional
eigenproblem A(A;K) withu, v € C" \ {0} its left and right eigenvectors, such that
A(A;K)v = 0, and u*A(A;K) = 0. Then for eachi € {1,...,k} we can express

« OA(A;K
K  —u e .
= IE fori=1,...,k.
i w G

Proof. To prove the proposition, we left-multiply by u* the partial derivative of
A(A;K)v = 0 with respect to a parameter K;, for every i = 1,...,k. Refer to [76,
Lemma 2.7] for further details. O

An eigenvalue A of a finite-dimensional nonlinear eigenvalue problem A(A)v = 0 with
v € C" \ {0} is simple when its algebraic and geometric multiplicity are equal to 1,
where the algebraic multiplicity equals the number of times A appears as a root of the
characteristic equation det (A(1)) = 0, while the geometric multiplicity is equal to the
null space dimension of A(/i).

Proposition 1.4 applied to the nonlinear eigenvalue problem (1.12), permits to compute
the gradient of a simple characteristic roots with respect to a parameters vector K.

Algorithm 1.2. Computing the gradient of a characteristic roots.
1. Compute the targeted characteristic root A and its right eigenvector v by

Algorithm 1.1.
2. Compute u € C" \ {0}, the corresponding left eigenvector.

2 The proposition is stated considering a general finite-dimensional eigenvalue problem A(4;K)v = 0,
since it will not only be applied to the characteristic matrix eigenproblem A(A;K)v = 0 but also to
other finite-dimensional eigenvalue problems, in the upcoming sections 2.5 and 4.4.
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3. Compute the partial derivative of the Floquet multiplier with respect to the
elements of K by

. AA;(K) _;.
IV u (Z?:o a§<(i )e M) v
- = , fori=1,...,k.
OKi (Ir + Z;’ZO TjAj(K)e‘TiA) v

For a small problem, the left eigenvector u € C" \ {0} can be computed as singular
vector corresponding to the smallest singular value of the characteristic matrix
A(A; K). However, for large scale problems, the singular value decomposition becomes
computationally infeasible. In this case, the left eigenvector, u € C" \ {0}, of
the characteristic matrix A(A) is evaluated as right eigenvector of the “transposed”
nonlinear eigenvalue problem

h
AMu =0, where A) = AL — ZA}e-“f, for A € C, (1.22)

j=0
as proved in the following proposition.

ProrosITION 1.5 Letu € C" \ {0} and A € C. Vector u is the left eigenvector of (1.12)
corresponding to eigenvalue A if and only if it is a right eigenvector of (1.22) corresponding
to eigenvalue A.

Proof. Since for any A € C we have A(A) = (.?Vl (/T))*, w*A(A) = 0 if and only if
A (2)" u = 0, which concludes the proof. O

The matrix valued function A(A) can be interpreted as the characteristic matrix
associated with the dual time-delay system of (1.4),

h
%(t) = ZA}x(t - 1). (1.23)
j=0

In this view, a characteristic root and its associated left and right eigenvectors can
be hence computed by applying Algorithm 1.1 to the original system (1.4) and to its
dual system (1.23), followed by a pairing of eigenvalues and associated eigenvectors
induced by Proposition 1.5.

Example 1.4. In Example 1.2, not only the stability of system (1.14) is important, so
that the modeled person does not repeatedly get burns and frostbites, but also a fast
decay of the solution towards zero, in order to reduce the water bill. Therefore, in
this example, we are looking for the best reaction parameters by means of stability
optimization, considering the reaction parameter K as a controller K of system (1.21).

An application of the stability optimization, with M = 10 collocation points, yields
the stabilizing reaction parameter K = 0.3680, for which the spectral abscissa is
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a = —0.9989. The final controller parameter is very close to the minimizer K = e}

for which the rightmost characteristic roots A = —1 corresponds to a double non-
semi-simple eigenvalue, Figure 1.5.

Re(1)

Figure 1.5 Real part of the 10 rightmost characteristic roots varying the parameter K. For
K € [1/e, 2] the depicted rightmost characteristic roots are complex conjugate. The spectral abscissa
corresponds to the maximum real part of the rightmost eigenvalue. The final iteration of the
optimization process is indicated by a circle.

Analogously to Example 1.2, the spectra of the infinitesimal generator .2/ and of
the solution operator 7 (1, 0) are respectively illustrated in Figures 1.6a and 1.6b. In
particular, Figure 1.6a shows the approximation of the rightmost characteristic roots
by the discretization with M = 10 collocation points. If the initial water temperature is
1°C warmer than the desired one, then the person modeled by the designed reaction
parameter adjusts in few seconds the faucet in such a way that the water temperature
is close to the desired one, as illustrated in Figure 1.6c. This latter figure also highlights
the asymptotic convergence rate of the solution, determined by the spectral abscissa.

Remark 1.4. Other spectrum-based techniques for the stabilization of autonomous
time-delay system are based on the direct assignment of multiple characteristic roots
[6, 7, 49, 68, 69, 96]. These analytic control design techniques are really difficult to
apply to the general case (1.21), since the imposition of multiple characteristic roots
does not guarantee that these multiple eigenvalues are dominant, determining hence
the stability of the system. Moreover, analogously to the minimization of the spectral
abscissa in Example 1.4, the stability induced by these spectrum-based techniques is
sensitive to perturbation of the system parameters, as further discussed in section 1.2.1
and in the following chapter 2.
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(a) Infinitesimal generator spectrum (dots) and
its approximation by spectral discretization
with M = 10 (circles). (b) Solution operator spectrum.

1072

1074
[°C]
1076

(c) System solution with initial state ¢ = 1.

Figure 1.6 Analysis of the hot shower problem (1.14) with reaction parameter K = 0.3680, designed
by stability optimization method.

1.2 CONTRIBUTIONS

In this section, the main contributions of the work are highlighted and compared with
the state of the art. These contributions are presented following the chronological
order of the author’s research work. Section 1.2.1 considers the generalization of
the stability assessment and stability optimization in a probabilistic setting, where
the system’s uncertainties are described by a random vector. Then, section 1.2.2
describes the behavior of the stability measures as function of system parameters,
and the effects of this behavior on polynomial approximation methods. The last
main contribution of this thesis concerns the stability assessment and stabilization
for periodic time-delay system whose delays and period are commensurate numbers,
as described in section 1.2.3.



20 | INTRODUCTION

1.2.1 Probabilistic stability and stabilization approach

The mathematical approximation of natural phenomena and engineering applications
necessarily introduces uncertainties, since we are not able to determine with full
precision all the parameters and interactions. Therefore, a high level of uncertainty
is often contained in reliable mathematical models, related to specific physical
parameters, and affects the stability properties. For example, in the hot shower
problem (1.14), we cannot expect to accurately set the reaction parameter K. Therefore,
we add to a given value of the reaction parameter K a disturbance w, which describes
the uncertainty, or the lack of precision. In this way, the model is given by

(1) = —(K + w)x(t - 1), (1.24)

and its stability measures, its associated characteristic roots and Floquet multipliers,
are functions of the uncertainty .

Traditionally, the robustness of the stability analysis against uncertainties is
handled by bifurcation analysis or within a pseudo-spectral approach. The former,
implemented in the software package DDE-BIFTOOL [78], analyzes the functions of
the rightmost eigenvalues and largest Floquet multipliers varying a small number of
(controller and uncertain) parameters; for further information refer to the book [59]
and reference therein. The latter considers the supremum of the stability measures
obtained for any possible perturbation with a given upper bound [30, 57, 70]. This
worst-case analysis may lead to conservative results, in particular if the dependence
on these uncertain parameters is nonlinear.

In order to fully exploit the uncertainty structure, we consider the uncertainties as
realizations of a random vector with a given probability density function. In this way,
a time-delay system, whose parameters are perfectly known, can be interpreted as
a realization of an associated uncertain time-delay system, where some parameters
are determined by a random vector. For this uncertain system, the stability measure
is a random variable whose probability density function provides a probabilistic
measure of the stability assessment. The mean and the variance of the spectral
abscissa random variable permit to quantify the main properties of the probability
density function, and therefore they can be linked to the stability assessment of the
uncertain time-delay system. Moreover, minimizing the mean with a variance penalty
of this random spectral abscissa with respect to controller parameters provides a
stability optimization method which is more robust against uncertainties than the
deterministic approach described in section 1.1.4 and less conservative with respect
to the worst-case minimization, e.g. the pseudospectral minimization [30, 4].

In order to motivate the proposed approach and highlight the contributions, we
consider the hot shower problem (1.24) with controller parameter K and uncertainty
@, where o is a realization of a random variable uniformly distributed in the
interval [—0.1, 0.1]. Table 1.1 compares the results obtained by designing the reaction
parameter with a deterministic approach, considering @ = 0, or by the minimization
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of the mean and of the mean with a variance penalty, considering o a realization of a
uniform random variable in [-0.1, 0.1]. Even though for the deterministic problem we
get a smaller value of the spectral abscissa, the mean, and in particular, the variance
are bigger compared to the probabilistic approach. The large value of the variance
highlights the sensitivity of the deterministic approach, indeed a small perturbation
might heavily affect the asymptotic exponential decay rate of the solutions, since
the designed reaction parameter is close to a non-Lipschitz behavior of the spectral
abscissa. On the other hand, the proposed approach presents a small variance ensuring
the robustness of the system stability against uncertainties. In addition, increasing
the variance penalty in the objective function, the probabilistic stabilization further
decreases the sensitivity of the spectral abscissa with respect to the disturbances.

Table 1.1 Spectral abscissa (w0 = 0), its mean and variance for system (1.24) considering ® ~
U[-1, 1] with designed reaction parameter K. The second column furnishes the results for the
deterministic control design, obtained by minimizing the spectral abscissa for the deterministic
model (1.14), while the second and third columns show the results of the probabilistic control
design, obtained by minimizing respectively the mean and the mean plus variance of the spectral
abscissa of system (1.24), with w realization of a uniform random variable in [-0.1,0.1].

Control design Deterministic  Probabilistic

Mean Mean+kVariance, k = 1
Designed parameter K 0.3680 0.4550 0.4510
Spectral abscissa a(w) -0.9998 -0.8577 -0.8635
Mean of a(w) -0.7487 -0.8516 -0.8518
Variance of a(w) 3.8459-1072 6.1633-1073 6.0837-1073

-1 0.45 0.6

-0.3

mean+variance

mean

-0.85 +

spectral abscissa

Figure 1.7 Objective functions comparison. The spectral abscissa for system (1.14) presents a
non-Lipschitz behavior, illustrated also in Figure 1.5, while the mean and the mean with a variance
penalty of the spectral abscissa behave smoothly for system (1.24), where w is a realization of a
uniform random variable in [—0.1,0.1].
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The introduction of probabilistic uncertainties has, in addition, a smoothing effect on
the stability optimization as illustrated in Figure 1.7. The non-Lipschitz behavior close
to the optimal point for the objective function of the deterministic system (1.14) does
not occur for the probabilistic model (1.24); indeed, in this latter case, the objective
function involves an integral (mean and variance) of the stability measure, which
smooths the integrand behavior.

1.2.2 Polynomial approximation of maximum eigenvalue function

Approximating a function by a polynomial is a widely used approach [90], and we have
already applied it in section 1.1.3 to approximate the infinitesimal generator eigenvalue
problem into a finite-dimensional one. Moreover, polynomial approximation is
the core of the polynomial chaos method used in uncertainty quantification to
approximate a quantity of interest as a function of uncertain parameters and then
extract statistical information, like mean and variance [47, 103, 50].

In the last decades, applications of the polynomial chaos method to approximate
eigenvalue functions has acquired more and more interest in the scientific community,
as shown by the publications on standard eigenvalue problems [19, 27, 32, 46, 67, 74,
100] and on eigenvalue problems associated with autonomous time-delay systems
[94]. However, the accuracy of the polynomial approximation crucially depends
on the smoothness properties of the function to be approximated, and a maximum
eigenvalue function, like spectral abscissa, is not always differentiable, as illustrated
in Figures 1.5 and 1.7.

The second main contribution of this work stresses how the lack of smoothness
properties of stability measure functions affects the polynomial approximation and
polynomial chaos methods. To this end, the parallelism between polynomial chaos
theory and polynomial approximation is exposed, and the convergence results of the
latter framework are applied into the former context. These results represent a novelty
especially in the uncertainty quantification literature, where the specific smoothness
properties of eigenvalue function are rarely considered [19, 27, 32, 46, 67, 74, 100, 94].

The focus on maximum eigenvalue functions, despite the widespread usage of
polynomial approximations, is motived by the applications in control design. Indeed,
as briefly introduced in the previous section, the stability optimization techniques
provide, in general, non-smooth behavior of the stability measure for the controlled
system and the corresponding literature often overlooks the robustness against
parameter variations. In this context, where non-smooth behavior often occurs,
the accuracy of polynomial and polynomial chaos approximations might be highly
affected.
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1.2.3 Stability and stabilization for periodic time-delay systems

Several methods explicitly or implicitly discretize the monodromy operator eigenvalue
problem (1.3) into a generalized finite-dimensional eigenproblem, providing an
approximation of the stability measure of the periodic time-delay system (1.1). For
example, the semi-discretization approach [37] is based on approximating the delays
by sawtooth functions, in such a way that the stability of the approximated system
can be inferred from the stability of a higher order differential equation in discrete
time. Analogously to the infinitesimal generator discretization in section 1.1.3, the
monodromy operator and the solution operator are respectively discretized into a
matrix by collocation methods in the software package DDE-BIFTOOL [78] and in the
approach [8]. These methods rely on a discretize-first approach, where the accuracy
of the Floquet multipliers cannot be iteratively refined, as in the second stage of
Algorithm 1.1 for time-invariant system, discussed in section 1.1.3.

We propose a novel two-stage approach for periodic time-delay systems whose delays
7; and period T are assumed commensurate numbers. This latter assumption is
essential to alternatively characterize the Floquet multipliers by the solutions of a
finite-dimensional nonlinear eigenvalue problem, where the product of the proposed
characteristic matrix with a vector is implicitly defined by the solution of an initial
value problem for an ordinary differential equation. The considered characteristic
matrix generalizes the result of [42, Appendix A.2] and [80, Theorem 2.1], analyzing a
scalar system with a single delay, and the characterization in [84, 71, 39], considering
periodic systems with only one delay equal to the period, and expressing the nonlinear
eigenvalue problem in terms of Floquet exponents, rather than Floquet multipliers.
Refer to [85, 79] and reference therein for an overview on characteristic matrices for
periodic time-delay system.

The novel stability assessment method first solves an eigenvalue problem obtained by
the discretization of the monodromy operator, furnishing multiple approximations of
the Floquet multipliers, and then iteratively refines these approximations, based on a
nonlinear eigenvalue problem formulation. This efficient and reliable method for the
computation of dominant Floquet multipliers is conceptually similar to Algorithm 1.1,
since it exploits the dual interpretation of the Floquet multipliers arising from
either the infinite-dimensional linear and the finite-dimensional nonlinear eigenvalue
problem.

As a second contribution, we prove that the left eigenvectors of the characteristic
matrix can be characterized in terms of right eigenvectors of a “transposed” nonlinear
eigenvalue problem, analogously to the Proposition 1.5 for time-invariant systems.
Moreover, we characterize the left eigenvector in terms of right eigenfunctions
of the monodromy operator associated with a dual periodic time-delay systems,
analogously to the transposition of the autonomous system (1.4), given by (1.23).
These characterizations permit to extend the method for computing right eigenvectors
to left eigenvectors, avoiding the construction of the full characteristic matrix, in
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order to compute a left eigenvector corresponding to an already computed Floquet
multiplier.

As a third contribution, we develop a novel method for stability optimization of
periodic time-delay systems. Indeed, Proposition 1.4 applied to the characteristic
matrix permits to compute the derivatives of simple Floquet multipliers with respect
to (control) parameters, similarly to Algorithm 1.2. This result furnishes a good
initialization for the iterative solver, based on the nonlinear eigenvalue problem,
and can be applied in a stability optimization method, to minimize the spectral
radius. The proposed stability optimization method improves in two ways existing
techniques as [77, 63], where the monodromy operator is respectively discretized by
semi-discretization and by spectral collocation. First, the objective function, and its
gradient, whenever they exist, are at the level of the nonlinear eigenvalue problem,
used for local corrections in the proposed method, while the existing techniques
are based on a priori fixed discretization of the monodromy operator. Second, the
efficiency and reliability of the optimization routine is improved by the explicit
computation of the gradient.

1.3 OUTLINE

Based on the previously introduced preliminaries, chapter 2 analyzes the smoothness
properties of the stability measure functions, and the effects of these behaviors on
the polynomial approximation. The analyses of the stability measure smoothness
properties play a major role in the context of spectrum-based stability analysis and
stabilization, and is relevant for the following chapters 3-4. In particular, the stability
assessment and optimization for autonomous time-delay systems with uncertain
parameters, modeled as realizations of a random vector, is considered in chapter 3.
Chapter 4 deals with periodic time-delay systems, whose delay and period are
commensurable, and provides accurate and reliable methods for the computation
of the spectral radius and its minimization. An overview of the chapters and their
connections is illustrated in Figure 1.8.

Chapter 2

Smoothness properties of the stability measures

Chapter 3 Chapter 4

Probabilistic stability optimization Stability & stabilization

for periodic delay systems

Figure 1.8 Overview of the different chapters.
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Chapter 2 is mainly based on the paper [24] published in Numerical Algorithms, and
contains the taxonomy of the spectral abscissa behaviors, associated with an autonomous
time-delay system, presented in the paper [22] and in the conference proceeding [26].
Paper [22], published in Linear Algebra and its Applications, and the conference
proceeding [26], presented at the European Nonlinear Dynamics Conference 2017 ground
chapter 3. Chapter 4 is based on the manuscript [55] submitted to SIAM Journal on
Matrix Analysis and Applications.






SMOOTHNESS PROPERTIES
OF THE STABILITY MEASURES

This chapter first analyzes the smoothness properties of the spectral abscissa as function of
system parameters. Even if the system matrices are analytic functions of the parameters, the
stability measure may not be differentiable and even non-Lipschitz continuous, due to multiple
dominant eigenvalues counted with multiplicity. This first analysis constitutes the basis for the
stability optimization methods presented in the following chapters 3—4. Moreover, the chapter
analyzes the effects of the lack of smoothness properties on the asymptotic convergence rate of
polynomial approximations, which are closely related to the polynomial chaos approximations,
if the parameters corresponds to realizations of random variables. The non-differentiable
behaviors heavily affect not only the approximation errors of Galerkin and collocation based
polynomial approximations, but also the numerical errors to evaluate the coefficients in the
Galerkin approach with integration methods.

The behavior of the stability measures, introduced in section 1.1, as a function
of system parameters is determined by the dominant eigenvalues. In particular,
the smoothness properties of the spectral abscissa and of the spectral radius are
respectively determined by the behavior of the dominant characteristic roots (in
the sense of being rightmost) and of the dominant Floquet multipliers (in the sense
of having maximal modulus) . The elements of an operator spectrum, which are
dominant eigenvalues in a compact parameter space, are finite in number, due to
properties of the infinite-dimensional operator spectrum. The following analysis on
the smoothness properties and polynomial (chaos) approximation can be extended
to real-valued functions determined by a finite number of dominant eigenvalues for
a general parametrized eigenvalue problem. Hence, even though the results can be
trivially generalized to the spectral radius of the monodromy operator for periodic
time-delay systems, for simplicity, we restrict to analyze the spectral abscissa function
for autonomous time-delay systems

h
%(t) = ZAj(w)x(t ~ (), (2.1)
=0

where 0 € Q ¢ RP models D € N parameters subject to uncertainties, the parameter
space Q is a compact subset of R, and for every j € {0,...,h}, Aj : Q — R™" and
7 : Q — R, are smooth functions.
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The spectral abscissa associated with system (2.1) is a function of the uncertainties w,

a:Q cRP SR, such that w - a(w) = r/l\qaé( {Re(4) : det(A(A; w)) =0}, (2.2)
S

where A(A; w) is the characteristic matrix depending on the eigenvalue A € C and
the uncertainty o,

h
AN o) = AL, - Z Aj(w)e 0@,

=0

The chapter is organized as follows. In section 2.1, we briefly review the behavior of
the spectral abscissa function furnishing test-cases, which are then analyzed in the
following two sections. Section 2.2 focuses on the polynomial expansion of the spectral
abscissa function, explaining the parallelism between polynomial approximation
and polynomial chaos theory. In section 2.3, the polynomial approximation for the
parametric eigenvalue problem with D = 1 is investigated. Then, in section 2.4,
the multivariate polynomial approximation (with D > 1) is analyzed through some
numerical experiments. The chapter ends in section 2.5 furnishing novel perspective
on future research directions to approximate the stability measure functions. The
numerical experiments of this chapter, performed using the software Chebfun [16],
are publicly available along with the tutorial [23].

2.1 BEHAVIOR OF THE SPECTRAL ABSCISSA

In general, the spectral abscissa function (2.2) is smooth almost everywhere in the
parameter space Q. However, even if the system matrices are analytic functions
of the parameters, the spectral abscissa is in general not differentiable everywhere
due to the presence of the maximum operator in (2.2) and due to the presence of
multiple dominant characteristic roots. Indeed, in a set of measure zero, more than
one dominant characteristic root, counted with multiplicity, can present the same
real part; in these points, the spectral abscissa function might be non-differentiable
and even non-Lipschitz continuous.

We distinguish the different qualitative behavior of the spectral abscissa function by
considering the dominant characteristic roots, which are characteristic roots 1 € C
satisfying Re(1) = a(w) and Im(A) > 0. Indeed, relevant results on the behavior of
eigenvalues of parametrized eigenvalue problems [44, 53] allow us to characterize
the smoothness properties of the spectral abscissa function as follows.

Smooth behavior The spectral abscissa is smooth on the entire parameter space
Q, if for all w € Q, there is only one dominant characteristic root, whose algebraic
and geometric multiplicity is equal to 1, i.e. the dominant characteristic root is simple
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in Q. In this case, the partial derivative of the dominant characteristic root and of the
spectral abscissa function with respect to a system parameter can be computed by
the explicit formula stated in Proposition 1.4.

Example 2.1. The following parametric eigenvalue problem with v € [-1,1]

@ 0 o pRe(1)
P | "
0 -1
presents a smooth behavior of the T @
spectral abscissa function - !

a(w) = e?, e[-1,1],
(@) =e o€l ] Figure 2.1 Real part of the spectrum, where

as illustrated in Figure 2.1 the spectral abscissa is highlighted.

Lipschitz behavior The spectral abscissa may not be differentiable but it is
Lipschitz continuous in Q, if the dominant characteristic root is simple in the domain
Q, except in a set of measure zero, where the rightmost eigenvalues are multiple but
their algebraic multiplicity is always equal to the geometric one, i.e. the rightmost
eigenvalues are semi-simple. In this situation, the dominant characteristic roots can
cross but not overlap each other or, if they overlap, then their algebraic multiplicity
equals the geometric one.

Example 2.2. The following parametric eigenvalue problem with w € [-1,1]

(Mz - (‘(‘)’ g))v —0, veC?\ {0},

presents a Lipschitz continuous spectral
abscissa function

Mm:{a if € [-1,0),

w, ifwel0,1]. -1

Indeed, the spectral abscissa is a piece- Figure 2.2 Real part of the spectrum, where
wise linear function, as shown in Fig- the spectral abscissa is highlighted.

ure 2.2, and in w = 0 there is a multiple

semi-simple characteristic root.

Continuous behavior The spectral abscissa is continuous but typically not
Lipschitz continuous if there exists w € Q where there is a dominant characteristic
root with algebraic multiplicity greater than the geometric one, i.e. this dominant
characteristic root is non-semi-simple.
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Example 2.3. The following parametric eigenvalue problem with w € [-1,1]

(/Hz - ((1) ‘(‘)’))v =0, veC?\ {0},

Re(A)
presents a continuous spectral abscissa
function \ © )
-1 1
©) 0, ifwel[-1,0), N
a(w) =
Vo, ifwe€]o0,1]. -1

Figure 2.3 Real part of the spectrum, where

Indeed, the spectral abscissa is not Lips- PREA A
the spectral abscissa is highlighted.

chitz continuous at «w = 0, where there is
a double non-semi-simple characteristic
root.

The non-smooth behaviors of the spectral abscissa function often occur in the
stabilization of time-delay systems. The minimization of the dominant characteristic
roots analyzed in section 1.1.4 leads to multiple (and, in general, non-semi-simple)
dominant characteristic roots. In the minimum, the dominant characteristic roots
counted with multiplicity are mainly equal to the dimension of the controller plus
one, k + 1. Indeed, we can intuitively think that each controller parameter can shift
to the left a single rightmost characteristic root, when all the k controller parameters
are designed so that the k rightmost characteristic roots, counted with multiplicity,
have the same real part as the k + 1th rightmost characteristic root, then a minimum
of the stability optimization is reached. This situation occurs in Example 1.4, where
the minimal spectral abscissa is attained when there is a double non-semi simple
dominant characteristic root.

Additional novel control design techniques, introduced in Remark 1.4, directly impose
multiple non-semi-simple dominant characteristic roots in the spectrum of the
controlled time-delay system [68, 96, 49, 69, 6, 7]. These design techniques are simple
but they provide, in general, non-smooth behaviors of the spectral abscissa for the
controlled system, yet in the corresponding literature no attention is paid to robustness
against parameter variations, while the usage of the polynomial chaos expansion
may become questionable. Therefore, we are going to systematically show through
numerical examples, how the non-smooth behaviors of the spectral abscissa affect
the polynomial approximation, which is strictly connected to the polynomial chaos
theory as explained in the following section.
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2.2 POLYNOMIAL (CHAOS) EXPANSION

Let {pi(®)}ien be a degree graded polynomial basis orthogonal with respect to a
smooth non-negative function w : Q@ — R, w > w(w) defined and normalized on
the compact support Q ¢ RP, i.e. /Q w(w)dw = 1. The spectral abscissa function (2.2)
can be expressed by a polynomial expansion in the basis {p;(w)}ien

(o)

a(w) = ) eipilw), (23)
i=0
where the coefficients ¢; € R are evaluated by
- (a,pi>m (2 4)
lpill

The w-inner product, used in the above equation, is defined for all f, g : Q — R such
that

@M=Amwwmm@ (25)

and the induced w-norm is determined by || f|lw = V{f, [w-

In order to explain the parallelism between the polynomial (2.3) and the polynomial
chaos expansion, we interpret w as a realization of a real random vector w, with
probability density function w(w). The random variables modeling the uncertainties
are denoted with bold letters, e.g. ®, while the normal font indicates their realizations
w € Q. With this notation, ¢(w) is a random variable while ¢ : Q — R, 0 — a(w) is
a function depending on the realization w € Q.

The mean and the variance of the spectral abscissa random variable a(w), respectively

defined by

E(a(w)) := /Qa(w)n)(a))da), and V(a(w)) := /Q(a(w) - E(a(w)))? w(w)dw, (2.6)

exist and are finite, since the integrands are continuous functions, as described in
the previous section 2.1, and the domain of integration Q is a compact subset of R”.
Moreover, the polynomial expansion of a(w)

(o)

a(@) = ) cipi(w), (2.7)

i=0

corresponds to a polynomial chaos expansion of the spectral abscissa function with
germ o.

The polynomial chaos expansion permits to compactly define a general random
variable, through the chaos coefficients c;, and the germ w, which also specifies the
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w-orthonormal polynomial basis {p;};en. The chaos coefficients ¢; convey mean,
variance and variance-based sensitivity analysis of the random variable. Indeed,
other than for the computation of mean and variance, they permit to decompose the
variance into the contribution of individual model parameters and the interaction
between each of them (Sobol’s sensitivity index) or to measure the total variance due
to each single model parameter (total order sensitivity index). For further information
on the sensitivity indexes, refer to [34, 82].

THEOREM 2.1 Given a polynomial chaos expansion (2.7), the following formulas hold:

1. Mean: E(a(w)) = c.
2. Variance: V(a(w)) = Y52, ¢?|Ipill3-

i=1%j

3. If the polynomial basis {p;(w)}ien is constructed by a tensor product of univariate

polynomial bases {pi,d(wd)};i;N{vl """ by through the bijective D-tupling function
ap : NP = N, (iy,...,ip) — i insucha way that
D
pi@) = [ [pigalwa),  with(ir,...,ip) = 75! (0), (2.8)
d=1
then, the Sobol’s sensitivity index Sy(a(w)) associated with the non-empty subset
of uncertain parameters w,, withd C {1,...,D} andd # 0, is determined by
c; llpill:
Saa(@) = ), o=,
2. Tatw)

where Oy = {i € N : #5'(i) = (i1,...,ip), such that, for everyd =
1,...,D, ig > Oifandonlyifd € d}. Ford € {1,...,D}, the effect of the
d-th parameter wg can be quantified by the total order sensitivity index

Sa(@@) = > Sua(w).

vC{1,...,D},
ded

Proof. A proof of the first two classical results 1 and 2 can be found in [94], while the
last result 3 is derived by [14]. ]

Theorem 2.1 relies on the orthogonality of the polynomial basis {p; };en with respect
to the probability density function w(w) of the random vector ®. For example, the
Legendre polynomials are orthogonal to the probability density functions of uniform
distributions [103, 47].

The polynomial chaos theory and polynomial approximation are closely related and
in the following sections we apply the results of the latter into the former context. To



2.2 POLYNOMIAL (CHAOS) EXPANSION | 33

this end, the asymptotic convergence rate of polynomial (chaos) approximation are
stated in the L™ norm, i.e. the supremum norm || - ||s for every function f : Q — R.
This represents a novelty in the context of the polynomial chaos theory, where the
L® norm is rarely employed, even though it is more stringent than the L? and the L!
norms.

The behavior of the spectral abscissa function (2.2), @(w), is fundamental for the
accuracy of the truncations of its polynomial expansion (2.3) and the corresponding
polynomial expansion (2.7) of a(w), as we are going to analyze in the following
sections. However, first, we explicit the polynomial (chaos) expansion of the examples
introduced in section 2.1.

Example 2.4. We analytically compute the polynomial (chaos) expansion of the
spectral abscissa functions given in Examples 2.1-2.3. In the parameter space Q =
[-1, 1], we consider the Legendre polynomial basis {p; };ei, which is orthogonal with
respect to w(w) = 1/2. Indeed, for every w € [—-1, 1], and for i, j € N, the orthogonality
of the Legendre polynomial basis is given by

ifi =j,
otherwise.

2 = L
i P = /Q pil@)pj(@)w(w)do = {L’Pl”w 7

The w function corresponds to the probability density function of a random variable
uniformly distributed in the interval [—1, 1]. Therefore, the polynomial expansion in
the Legendre polynomial basis orthogonal to w can be interpreted as a realization of
the polynomial chaos expansion, whose germ  is a uniform random variable.

To analytically express the coefficients ¢; in (2.4), we evaluate the w-inner product
between the spectral abscissa functions and the i-th Legendre polynomial. We
start analyzing the spectral abscissa defined in Example 2.1 and we furnish the
corresponding w-inner product iteratively, starting from:

1 -1
(@ po)w = 5 (e_e )

Set i € N'\ {0}, by using integration by parts, and the following Legendre polynomial
properties

4 Ll
pien) = (e1), and Prle) Y pran©)
dw pourt

||Pi—zk||12n’
we get
i Li/2] ; Li/2]
1 -1) a, pi— 1 -1)
2 e L lpixll? )2 e &
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where ¢; indicates the i-th coefficients of polynomial approximation (2.3) for the
spectral abscissa function a(w) = e, with w € [-1,1].

By [1, Relations 22.13.8-22.13.9], the w-inner product of the spectral abscissae of
Example 2.2 and 2.3 can respectively be expressed for every i € N as

CVTG=3) i yr(-r¢) .
4F(—%)FU+Z)’ if = 2, 41"(_51)1"‘(1]‘)_'_53)’ ifi= 2],
(o, pidw = 1/6 ifi=1 (@ pido =93, rr ivers
B ) ( 1)JF(J+4)1"(4) 1f1 - 2] +1
0, otherwise; ar(pr(+3) -’ ’

where I'(-) denotes the Gamma function. These inner products are rational numbers,
computable without any error via a symbolic software.

Remark 2.1. Close to multiple non-semi-simple dominant characteristic roots the
spectral abscissa might present a very large Lipschitz constant. This phenomenon
might significantly affect the transient behavior of the polynomial approximation
errors, increasing the polynomial degree, but it does not affect the asymptotic
convergence behavior of the polynomial approximation.

2.3 UNIVARIATE POLYNOMIAL APPROXIMATION

In practice, for computational reasons, the polynomial expansion (2.3) is approximated

by finitely many terms
P

ap(©) = ) &pi(o). (2.9)
i=0
Several methods exist to compute the coeflicients ¢;; here we focus on the Galerkin
and collocation approaches, analyzed in sections 2.3.1 and 2.3.2, respectively. Both
methods are applied to the model problems of section 2.1 by increasing the polynomial
degree P € N, in order to inspect the L™ convergence rates of the polynomial
approximation (2.9) and compare them with the asymptotic theoretical results.?

2.3.1 Galerkin approximation

Given a finite polynomial basis {p;}¥_,, the Galerkin approach finds an approxima-
tion (2.9) of spectral abscissa function (2.2) such that the residual is orthogonal with

respect to the polynomial basis, in formula

(@ —ap,pi)w =0, foreveryi=0,...,P. (2.10)

3 The reader interested in a fully automated procedure for polynomial approximation, which adaptively
select the degree P by monitoring the decrease of the magnitude of the coefficients ¢;, is referred to
software Chebfun, used for example in the tutorial [23] and in [90].
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This leads to ¢; = c;, where the coefficients c; are defined in (2.4). Hence, the Galerkin
approach is nothing else than a truncation up to order P of polynomial series (2.3).
Moreover, it provides the optimal approximation in the w-norm, i.e.

= aplly = \/ /Q (@) - ap(@))? w(@)do
is minimized.

This approximation of a(w) corresponds to the stochastic Galerkin approximation of
a(w) in the polynomial chaos theory.

The convergence analyses consider, first of all, the truncation error up to order P of
the polynomial expansion, and then, the numerical error to compute coefficient c;.

Approximation error

If the coefficients c; are correctly evaluated, the following theorem, derived by [99],
determines the error bounds of the polynomial approximation (2.9), obtained by
the Galerkin approach with Legendre polynomials {p;}/, (with w(w) = 1/2 for
w € [-1,1]).

THEOREM 2.2 Leta, o', ... a ™V be absolutely continuous on Q = [-1,1], withk > 1.
If a'®) presents bounded variation with respect to the Chebyshev weighting function, i.e.

/1 ‘a(k+1)(w)| B
——dw =V < oo,
-1 V1 - w?

then, for each P > k + 1, the following relation holds

||C{ aP”S = \/7(k _ 1)(P k)k 05"

The level of smoothness, i.e. the maximum k satisfying the assumption of Theorem 2.2,
heavily determines the convergence behavior of polynomial approximation (2.9). Only
the smooth behavior of the spectral abscissa verifies the assumptions of Theorem 2.2,
and satisfies them for all k € N, ensuring a convergence rate faster than O (P‘k ) for
all k € N. In fact, the convergence rate for this case is at least geometric, based on
analytic extension of real functions on the complex plane [99]; such extension always
exists for a real analytic function.

The truncation error obtained by the Galerkin approach for the spectral abscissa
of parametric eigenvalue problem in Example 2.1 presents a spectral convergence,
more precisely the order of convergence is O (e™°F) with ¢ € R, \ {0}, as shown in
Figure 2.4. The spectral abscissae of Examples 2.2 and 2.3 converge with an order of
O (P71), and O (P~°%), respectively. The polynomial approximation coefficients are
analytically evaluated in Example 2.4.
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Figure 2.4 Convergence history for Galerkin approach. Relative errors of polynomial
approximation (2.9) obtained by the Galerkin approach up to order P for the spectral abscissa
functions of Examples 2.1-2.3.

Numerical error

It is not always possible to analytically compute the coefficients ¢; = ¢; with (2.4),
therefore an integration method based on M + 1 nodes can approximate the integrals
(@, pi)w and consequently the coefficients, denoted by Efw . This type of approach is
known as non-intrusive spectral projection in the polynomial chaos framework.

In this section, the coefficients of the Galerkin polynomial approximation alﬁ” are

approximated by the following integration methods based on M + 1 points.

Classical integration methods based on an equally spaced discretization of Q contain-
ing the extremes of Q: —1 and 1. In particular, we focus on extended trapezoidal
rule and extended Simpson’s rule. For the latter method, M is required to be an even
number.

Interpolatory quadrature rules approximate an integral by integrating the interpolant
of its integrand, where the degree of the polynomial interpolant is at most M. We
consider Clenshaw-Curtis and Gauss quadrature rules based on Chebyshev and
Legendre points, respectively. (Further information on the interpolatory properties
of Chebyshev points are presented in the upcoming section 2.3.2.)

For smooth functions, including the smooth behavior of the spectral abscissa, the
extended trapezoidal and Simpson’s rules provide an order of convergence O (M?)
and O (M™*), respectively.

Figure 2.5 shows the numerical errors of classical integration methods to evaluate the
first coefficient ¢y of polynomial expansion (2.3) for the examples in section 2.1. The
convergence of the spectral abscissa function in Example 2.1 follows the theoretical



2.3 UNIVARIATE POLYNOMIAL APPROXIMATION | 37

Simpson’s Continuous
Trapezoidal Continuous
Trapezoidal & Simpson's
Lipschitz

Trapezoidal Smooth

Simpson’s Smooth
| Lol |
1 2 10 102 103

M+1

Figure 2.5 Convergence history ofé(j)w for classical integration methods. Relative errors to compute

the first coefficient Eéw of (2.9) with extended Trapezoidal and Simpson’s rules based on M + 1
equally spaced points for the spectral abscissa functions of Examples 2.1-2.3.

error bounds. For Examples 2.2 and 2.3, the convergence rates for both classical
integration methods are O (M%) and O (M~!-%), respectively.

Whenever the integrand is smooth enough to be well-approximated by a polynomial,
the interpolatory quadrature rules perform better than the classical integration rule;
as stated in the following theorem, combining the results of [90, 102, 101].

THEOREM 2.3 For an integerk > 1, leta, o/, .. ., ak=D pe absolutely continuous on
Q = [-1,1] and giveni € N let (a(w)pi(w))*) present bounded variation, i.e.

/.

Then, the Clenshaw-Curtis quadrature rule for the approximation of ¢c; with M + 1 points,

(a(@)pi(@))* V| dw = V; . < co.

ie. E?’I, satisfies
. 32 Vi
|ci —cﬁw| < —L, for M > k,
157 k(M — k)k
and (M + 1)-Gauss quadrature satisfies
. 32 Vi
|c,-—clM|S LA for M > 2k + 1.

157 k(2M + 1 - k)F’

Moreover, for k = 1, Clenshaw-Curtis quadrature rule presents a convergence rate of
O (M~2), while Gauss quadrature error is at most of size O (M~ In(M)).

The theorem can be applied to smooth behavior of the spectral abscissa, providing a
convergence rate faster than O (M_k) for all k € N, for both interpolatory quadrature
rules. Moreover, the theorem ensures that if the spectral abscissa is Lipschitz
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continuous, and it is hence absolutely continuous, then Clenshaw-Curtis quadrature
has a rate of convergence O (M~?), while the Gauss quadrature errors converge, at
least, as O (M2 In(M)).

Figure 2.6 illustrates the numerical error induced by the approximation with
interpolatory quadrature rules of the first coefficient ¢y of Examples 2.1-2.3. The
spectral abscissa of Example 2.1 spectrally converges with order O (e™“M) for
c € R, \ {0}, improving the convergence rate of the classical integration methods.
For non-smooth cases, Examples 2.2 and 2.3, the convergence rates of interpolatory
quadrature rules are like the ones obtained by classical integration methods, Figure 2.5.

From this numerical experiment, Clenshaw-Curtis and Gauss quadrature rules present
similar convergence rates. Hence, the bound of Theorem 2.3 for smooth and Lipschitz
functions are optimal for Clenshaw-Curtis quadrature rule, and conservative for
Gauss quadrature rule (as already observed in [102, 101]).

1072

104 gy Gouss & Clenshaw-Curtis
Continuous
Gauss & Clenshaw-Curtis

—6
10 Lipschitz

1078 o

10-10
Clenshaw-Curtis
_ Gauss Smooth
10712 ‘ Smooth * ‘ ‘ |
10—13 | | | | L1l | |
1 2 10 102 103

M+1

Figure 2.6 Convergence history of Eéw for interpolatory quadrature rules. Relative errors to

compute the first coefficient 5(1)\/[ of (2.9) with Clenshaw-Curtis and Gauss quadrature rules with
M + 1 points for the spectral abscissa functions of Examples 2.1-2.3.

Remark 2.2. When the coefficients Efw of alﬁ/l are approximated by interpolatory
quadrature rules, it is advised to set M > P as explained with further details at the
end of the upcoming section 2.4.1.

Remark 2.3. In the polynomial chaos framework, the first coefficient ¢}! can be
interpreted by Theorem 2.1 as the mean of the spectral abscissae in Examples 2.1-2.3,
considering w in these examples a realization of a uniform random variable in [-1, 1].
The corresponding convergence rates for the mean (Figures 2.5 and 2.6) provide only
insights on the numerical error of the integration method, and are not meaningful for
the truncation error of the polynomial approximation.
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2.3.2 Collocation approach

The collocation approach determines the coefficients of (2.9) by interpolation on P + 1
points, {&n}F _, € Q:

ap(&m) = a(éy), forall me {0,...,P}. (2.11)

The polynomial coefficients ¢; of ap can be computed by solving a linear system of
P + 1 equations, and this can be often done with a negligible numerical error.

Remark 2.4. The collocation method is mainly affected by approximation errors,
while the Galerkin approach might also present a numerical error, due to numerical
computation of the coefficients, as illustrated in the previous section. On the other
hand, whereas the Galerkin approach dynamically computes the coefficients, i.e.
each coefficient is evaluated independently from the others, the collocation approach
simultaneously evaluates all P + 1 coefficients, solving a linear system of equations.

A widely used choice of interpolating nodes for the interval [—1, 1] are Chebyshev
nodes. The polynomial interpolant satisfies error bounds, similar to Theorem 2.2, and
provides a near-best approximation in L™ sense, as stated in the following theorem,
whose proof can be found in [90, Theorems 7.2 and 16.1].

THEOREM 2.4 Ifa, a’, ... a*™V are absolutely continuous on Q = [-1,1] and a®
presents bounded variation Vi, i.e.

1
/ ‘a(kﬂ)(w)‘ dw =V < o0,
-1

then the Chebyshev interpolant ap of degree P > k, satisfies

Vi

— P —
la =l < 2~

Moreover, if a} is the best polynomial approximation of order less than or equal to P,
then

2
o - anly < (2 2 10gep + 1) o - .

Theorem 2.4 ensures the collocation approach on Chebyshev nodes converges, at
least, as O (P_l) and faster than O (P_k) for all k € N, for the Lipschitz and smooth
behaviors of the spectral abscissa, respectively.

The polynomial interpolant on Chebyshev points can be computed by Fast Fourier
Transform based algorithms, mapping interpolating values onto coefficients of
a polynomial approximation in the Chebyshev polynomial basis. Chebyshev
interpolants for Examples 2.1-2.3, as well as the best L™ polynomial approximation
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Figure 2.7 Convergence history of best and near-best polynomials. Relative errors of polynomial
approximation (2.9) obtained by interpolation on P+ 1 Chebyshev points (near-best approximation)
for the spectral abscissa functions of Examples 2.1-2.3. The relative error for the best polynomial
approximation in the L™ sense is also shown.

are evaluated by Chebfun [23]. Figure 2.7, other than indicating the interpolating error
(near-best polynomial approximation), shows the convergence rates of the best L™
polynomial approximation. The convergence rates are analogous to the ones obtained
by the Galerkin approach (section 2.3.1, Figure 2.4) and agree with Theorem 2.4 for
smooth and Lipschitz behaviors.

Remark 2.5. In order to apply Theorem 2.1, the polynomial approximation
in Chebyshev polynomial basis can be recast as a truncated polynomial chaos
expansion in the uniformly distributed germ using a polynomial transformation.
This transformation converts the Chebyshev expansion coefficients into the Legendre
coeflicients and does not affect the results shown in Figure 2.7, since the numerical
error of the transformation is negligible [88].

2.4 MULTIVARIATE POLYNOMIAL APPROXIMATION

In this section, first of all, we generalize polynomial approximation (2.9) to handle
multiple variables, i.e. D > 1. With this novel generalization, the coefficients ¢; can
be evaluated by the Galerkin and collocation approaches, through the corresponding
formula (2.10) and (2.11). Then, we consider examples of D = 2 parametric
eigenvalue problems, where spectral abscissa functions present the different behaviors
characterized in section 2.1. The Galerkin and collocation approaches are, hence,
applied to the latter benchmark in sections 2.4.1 and 2.4.2, respectively.

We focus on polynomial approximation using a degree graded polynomial basis

{pi(w)}ien, constructed by products of univariate degree graded polynomial bases

{pi’d(wd)}fl:&“"”’m, satisfying hence the assumption of Theorem 2.1 point 3. The
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degree grading of the polynomial basis {p;}; follows a norm || - || on NP, which is
associated with a D-tupling function 7p : NP — N. Therefore, the basis is obtained
by formula (2.8), and the generalization of polynomial approximation (2.9) for the
multivariate case is given by

P

@)= > apilw) =) apio) (2.12)

|75 ()| <Pa. icxt =0

where P+1 is equal to the number of polynomials in {p; };en such that the multivariate
degree is less than or equal to Py € N.

Remark 2.6. The bijective D-tupling functions 7p : NP — N provide an ordering
with respect to each stochastic dimension of the problem, allowing the extension from
the univariate to the multivariate case. Indeed, we are interested in the D-tupling
functions such that if for every i, j € N with 7;'(i) = (i1,...,ip) and 7;'(j) =
(j1,...,jp) we have iy < jgforalld = 1...,D, theni < j. Further information on
D-tupling functions can be found in [86].

Two popular choices of norms are the 1-norm, ||7r131(i)||1 = 25:1 iy, and the co-
norm, ||7r51(i)||oo = maxg=1,p iq , which are associated with the total and maximal
degrees, respectively. In these cases, the number of coefficients ¢; in (2.12) satisfies
P+1= (Png) and P + 1 = (P4 + 1)? for the total and maximal degree, respectively.
Additional information on the multivariate degree can be found in [91].

If the bases {p; 4(wq)}:.q are orthogonal with respect to wy(wy) with wg € Q4 C R,
then the D-dimensional polynomial basis {p;(w)}; is orthogonal to the normalized
weight function

D
D
w(w) = ]_[ wa(wg), ©eQ= : Qu, wg € Qq. (2.13)
d=1 =1

In the polynomial chaos theory, probability density function (2.13) corresponds to
the assumption that the random vector w is constituted by D independent random
variables wg, d = 1,...,D. In this framework, the multivariate polynomial degree
determines the truncation scheme, and in particular, the total degree corresponds to
the standard truncation scheme.

The upcoming sections 2.4.1 and 2.4.2 apply the Galerkin and collocation approaches
to the following benchmark examples with D = 2 uncertain parameters.

Example 2.5. We consider the spectral abscissa functions associated with the
oscillator with feedback delay system

¥(t) = —w?x(t) — 20102 (t) + Kyx(t — 1) + Kox(t — 1), (2.14)
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such that x(#) € R is the normalized position at time ¢t € [—1, 00), w; € Q1 = [0.9,1.1]
and w; € Q; =[0.1,0.2] are respectively angular frequency and damping ratio, while
(K1, K3) € R? describes the control force which acts with a delay of 7 = 1. The control
variables, reported in Table 2.1, provide the different behaviors of the spectral abscissa
function (section 2.1) for parametric eigenvalue problems with D = 2. In particular,
the controller, which ensures only the continuous behavior of the spectral abscissa due
to a triple non-semi-simple characteristic root, is designed by minimizing the spectral
abscissa with the stability optimization method analyzed in section 1.1.4, considering
w1 = 1 and w; = 0.15. The controller, furnishing a Lipschitz continuous behavior, is
obtained by the probabilistic approach introduced in section 1.2.1, minimizing the
mean of the spectral abscissa, considering w; and w, independent random variables
uniformly distributed in Q; and Qy, respectively. Further details on this example from
a stabilization point of view are given in the next chapter, section 3.3.3.

Table 2.1 Numerical values of the control parameters K1, Kz for system (2.14), corresponding to
different behaviors of the spectral abscissa for (w1, w2) € Q1 X Qa.

Behavior Smooth Lipschitz Continuous

K; 0.2 0.5105 0.6179
K, 0.2 -0.0918 -0.0072

For this problem, the spectral abscissa functions are not known analytically, even
though it is possible to compute their values given v € Q = Q; X Q,, as
explained in section 1.1.3. In particular, the convergence rates in the L™ norm of
Figures 2.11 and 2.12 are computed with respect to 10° equidistant points in Q.

Without loss of generality, the linear transformation [-1,1]* — Q is embedded into
the system (2.14), and in the associated parametric eigenvalue problems. Therefore,
polynomial bases, interpolation and cubature rules are not shifted and rescaled to Q.

The degree grading of the polynomial basis, considered in the following sections, are
specified by:

Total Degree is determined by the 1-norm, such that ||(iy, i2)||; = i; + iz. The total
degree is associated with a pairing function (i.e. a D = 2-tupling function) assigning
consecutive numbers to points along diagonals of N X N, as the Cantor pairing
function my(iy, iz) represented in Figure 2.8a and defined by

i2+ 30y + 2iqip + iy + i3
> .

The polynomial approximation, obtained from the basis corresponding to the pairing
function 7y, i.e. {pE.‘]}i, such that the polynomials pE.‘] have total degree less than or
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equal to Py, is
P
= Y e =) dh), (2.16)
||7r|;]1(i)||1 <Py, ieN i=0
where P +1 = (Pd2+2) = w + @. From (2.15), we have P = (P, 0).

Maximal Degree is determined by the co-norm, such that ||(iy, i2)||e = max{ij, i}. A
pairing function, associated with the maximal degree, assigns consecutive numbers
to points along the edges of squares of N X N, e.g. the Rosenberg-Strong pairing
function (i1, iz) illustrated in Figure 2.8b and specified by

ﬂ[m](il, lz) = (max{il, iz})z + max{il, 12} + i — iy (217)

The polynomial approximation obtained from the corresponding basis {p!"'};, such
that the polynomials p'im' have maximal degree less than or equal to Py is
p
aM(w) = > &rlpl (o) = 3 A pt ), (2.18)

1. i=0
H”[rnl1(’)

<P4,ieN
)

where P + 1 = (P + 1)2. From (2.17), we have P = m,(Py, 0).

(i1, i2)= i (i1, 02)= i

(a) Cantor pairing function. (b) Rosenberg-Strong pairing function.

Figure 2.8 Pairing (or 2-tupling) functions associated with the total and maximal degree of
bivariate polynomials.

2.4.1 Galerkin approach

In this section, the spectral abscissa functions associated with (2.14) with control
parameters of Table 2.1, are approximated by the Galerkin approach on total and
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maximal Legendre tensor basis, {pE.‘]}iEN and {p&m]}ieN with w(w) = 1/4 for 0 €
[-1,1]%. Analogously to section 2.3.1, we first consider the approximation error of
the Galerkin approach, evaluating the coefficients with a numerical error negligible
with respect to the approximation error; then, we approximate the coefficients, ¢,
via integration methods and analyze the numerical error. At the end of this section,
we provide some advice to set the different parameters such that the numerical error
does not dominate the approximation error.

Continuous 18 Continuous
@ 2
3w Lipschitz 2 Lipschitz
< ° ~
“ o = 2 o
Ea, )
] o S o
| o |
o
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Figure 2.9 Convergence history for Galerkin approach. Relative errors of the Galerkin approach
to compute the polynomial approximations 0:1[[‘)] and a;“], for benchmarks in Example 2.5.

Approximation error

Figure 2.9 shows the convergence rates of the Galerkin approach approximation
error. In this simulation, the coefficients have a negligible numerical error compared
to the approximation error, thanks to the advice given at the end of this section.
For both total and maximal degrees, the converge rates are analogous, and they

are of order O (e*f¢) with ¢ € R, \ {0}, O (P;l) and O (P;“), for the smooth,

Lipschitz continuous, and continuous behaviors of the spectral abscissae function in
Example 2.5, respectively.

Numerical error

The coefficients in the Galerkin approach can be approximated by integration
methods. To numerically integrate the left-hand side of (2.4), we consider bi-dimension
generalizations of the Clenshaw-Curtis quadrature rule, based on Chebyshev points.
These integration methods are based on the following set of points:

Tensor product Chebyshev grid is constructed by tensor product of (Mc + 1) unidi-
mensional Chebyshev points. The total number of points is M + 1 = (Mc + 1)°.
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Padua points are the self-intersections and boundary contacts of the generating curve
Tatp (%) — Tagp41(y) = 0 for (x,y) € [—1,1]?, where Ty, is the Chebyshev polynomial
of degree Mp. The total number of points is M + 1 = (M1’2+2). Refer to [5, 12] for
further information on Padua points.

The approximation of an integral, obtained by integrating the interpolant of the
integrand, evaluated on the previous sets of points, leads to the following integration
methods [83].

Tensorial Clenshaw-Curtis cubature rule based on tensor product Chebyshev grid.

Non-tensorial Clenshaw-Curtis cubature rule relying on Padua points.

These methods approximate the coefficients E?]’M and EL'"]’M and, hence, permit to

compute the polynomial approximations with respect to total and maximal degrees,

E]’M and ag’]’M, respectively. By the advice furnished in the next section, the

coefficients EE.‘]’M are computed by non-tensorial Clenshaw-Curtis cubature rules on

M + 1 Padua points, while 6'im"M

rules on M + 1 tensor product Chebyshev grid.

ie o

are evaluated by tensorial Clenshaw-Curtis cubature
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Figure 2.10 Convergence history for Clenshaw-Curtis cubature rules. Relative errors to compute
the first coefficient ¢y = cg] = c([)m] of (2.12) for benchmarks in Example 2.5. The approximations

~[tl, M ~[m], M
¢ s and o

are obtained by non-tensorial and tensorial Clenshaw-Curtis cubature rules,
respectively. The reference values are computed by M* > 5 - 10° which corresponds to Mp = 999
and Mc = 707.

~| * ~[m * .
In order to compute the numerical errors, cgt]’M and cE. 1-M™ are considered as reference
values. These coefficients are computed by the corresponding cubature rules based

on M* > 5-10° points, in particular Mp = 999 and Mc = 707. Figure 2.10 shows the

M
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error to compute the first coefficient 6{)" , which is independent from the multivariate
polynomial degree, since ¢;' = c|". The cubature rules on tensor product Chebyshev
grid and Padua points present similar convergences rates. For Example 2.5, the
Lipschitz and continuous behaviors of the spectral abscissae converge as O (M™?) and
O (M), respectively; while the smooth behavior present a convergence of order

O (e=M) with c € R, \ {0}.

In terms of a polynomial chaos expansion (Theorem 2.1), Figure 2.10 corresponds to
the error to compute the mean of the spectral abscissa a(w) associated with (2.14),
where w is a realization of ®, random vector uniformly distributed in Q.

Decoupling numerical error with respect to approximation error

This section is based on numerical examples from which we conclude some novel
advice on how to set the number of points in the integration methods to accurately
compute the coefficients of the Galerkin approach. Indeed, these integration methods
should consider a small number of points, M, which are still sufficiently large to
avoid the corruption of the approximation error by the numerical error, due to the
approximation of the integrals.

Since the coefficients ¢; in (2.9) and (2.12) are determined by integrating a(w)p;(w)w(w)
over the domain Q, we request that the polynomial approximation behind the
integration rule is exact for all polynomials {pi}fzo.

This advice leads in the unidimensional case, section 2.3.1, that the number of nodes,
M+1, in the interpolatory quadrature rules, i.e. Gauss and Clenshaw-Curtis quadrature

rules, is greater than the degree, P, of the polynomial approximation alﬁ/[ .

For the bi-dimensional case, the polynomial approximation behind the non-tensorial
Clenshaw-Curtis cubature rule, i.e. the interpolation on Padua points, is exact for
polynomial with total degree less than or equal to Mp. The interpolant on tensor
product Chebyshev grid, underling the tensorial Clenshaw-Curtis cubature rule, is
exact for all the polynomials with maximal degree less than or equal to Mc. From
these properties, the interpolatory cubature rule for D > 1 are associated with the
polynomial multivariate degree. In particular, non-tensorial and tensorial Clenshaw-
Curtis cubature rules are interpolatory cubature rules associated with the total and
maximal degrees for D = 2, respectively.

Following the advice, ag]’M is accurately approximated by non-tensorial Clenshaw-

Curtis cubature rule with Mp > P, or by tensorial Clenshaw-Curtis cubature rule with
Mc > Py. On the other hand, a};"]’M can be evaluated by tensorial Clenshaw-Curtis
with Mc > P; or by non-tensorial Clenshaw-Curtis cubature rule with Mp > 2P,.
Therefore, the number of nodes in the integration rule is minimized by considering
non-tensorial Clenshaw-Curtis cubature rule for approximating the coefficients of
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aE,]’M with Mp > Py, and tensorial Clenshaw-Curtis cubature rule for approximating

the coeflicients of a;"]’M with M¢c > Py.

Table 2.2 Advice to compute Galerkin polynomial approximations (2.16) and (2.18), whose
coefficients are evaluated by non-tensorial and tensorial Clenshaw-Curtis cubature rule, based on
Padua points and tensor product Chebyshev grid, respectively. The natural choices are highlighted.

Total degree a;]’M Maximal degree o!"-"
. Mp > Py Mp >2-Py
Padua points
uap M+1=(M*) > pi1= ("7 M+1=("M") 5 py1=(Ps+1)7
Tensor product Mc > Py Mc > Py

Chebyshev grid M +1=(Mc +1)? >>P+1:(sz*2) M+1=(Mc+12>P+1=(Pg+1)>
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Figure 2.11 Convergence history for Galerkin approach. Numerical and approximation errors
on the polynomial approximation for benchmarks in Example 2.5, using the two non-natural
choices of Table 2.2. The coefficients E?]’M and Egm]’M are computed by tensorial and non-tensorial
Clenshaw-Curtis cubature rules, respectively, where M > P is given by Mc = 71 < 100 and
Mp =140 < 2 - 100.

Table 2.2 summarizes the advice for the bi-dimensional case, highlighting the natural
choices of computing the polynomial approximations al[f,]’M and a;"]’M through
the associated interpolatory cubature rules. These natural choices provide the
convergence errors in Figure 2.9, where the coefficients of a;', (x;“' are evaluated
with Mp = 110 non-tensorial and Mc = 110 tensorial Clenshaw-Curtis cubature
rules, respectively. On the other hand, Figure 2.11 shows a counter check of this
advice for spectral abscissa polynomial approximations of Example 2.5. The number
of points of the cubature rules, M, is greater than the number of coefficients, P;

however, the polynomial approximation a};]’M is computed by tensorial Clenshaw-
[m],M .

Curtis cubature with Mc = 71 while the polynomial approximation ap™" is evaluated
by non-tensorial Clenshaw-Curtis cubature rule with Mp = 140. The numerical errors

*
|c[.‘]’M —cE.‘]’M) and

SM*_ ~ml,M
; cgm] — gmMy (2.19)

1

i, <Pa i) <Pa
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M

heavily affect the approximation errors as soon as Pg ¥ Mc = 71 for a}*", and

P; 2 MP = 70 for a;“' M

2.4.2 Collocation approach

Contrary to the Galerkin approach, where the coefficients can be computed
independently one of each other with formula (2.4), in the collocation approach
the number of degrees of freedom, i.e. the P + 1 coefficients, should match the number
of interpolation points. Hence the interpolant of total degree Py, aP, is computed
on Padua points with Mp = Py, while the interpolant of maximal degree Py, a;“], is
evaluated on tensor products Chebyshev grid with Mc = Pj;. This connection between
interpolant polynomial degrees and the choice of interpolating points is strengthened
by the following theorem, which provides the near-best optimal approximation in
supremum norm associated with a multivariate polynomial degree.

THEOREM 2.5 Let al[f,]* and a}t,] be the best polynomial approximation of total degree
less than or equal to Py and the polynomial interpolant on Mp = P, Padua points,
respectively. Then

Ha - aMH (1+ O(log?(Py))) “a aP]

Analogously, lfa[m] and al[[',“], are the best polynomial interpolant of maximal degree
less than or equal to Py and the polynomial interpolant on Mc = P4 tensor product
Chebyshev grid, respectively, then

[l - a[m]H (1+ O(log?(Py))) “a ocP]

The near-best optimality is derived by the growth of the Lebesgue constant [5].
Moreover, the following theorem [12] extends the error bounds of Theorem 2.4 for
total degree polynomial interpolant evaluated in Padua points.

THEOREM 2.6 Ifa is continuous and differentiable up to the k-th derivative in [-1,1]?,
with k > 0, then the interpolant a;] on Mp = P Padua points satisfies the following
relation

Jloc = i, < 0 (B3 10g*(Pa))

Theorem 2.6 provides an error bounds only for the smooth behavior of the spectral
abscissa, ensuring a convergence faster than O(P‘;k ) forall k € N.

The experiments on the spectral abscissa functions of Example 2.5 are shown in
Figure 2.12. The convergence rates are analogous to the ones of the Galerkin
approach (Figure 2.9), the only difference is that the numerical error is negligible
for the collocation approach. The interpolant polynomials for these experiments are
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computed by the software Chebfun relying on Chebyshev expansion. Analogously to
Remark 2.5, the Chebyshev coefficients can be transformed into Legendre coefficients
by the method [88], in order to apply Theorem 2.1.

Continuous

g —o—0-34, Continuous
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Figure 2.12 Convergence history for collocation approach. Relative errors for benchmarks in
Example 2.5 on the interpolant polynomials, based on Padua points for total degree and tensor
product Chebyshev grid for maximal degree.

2.5 BEYOND POLYNOMIAL (CHAOS) APPROXIMATIONS

Dominant eigenvalue functions are often unsuitable for polynomial and polynomial
chaos approximations, especially in system and control applications where non-
differentiable and even non-Lipschitz continuous behaviors are expected or favored,
as described in section 2.1 and illustrated by the non-smooth behaviors of Exam-
ples 1.4 and 2.5. In this context, also piecewise-polynomial approximation [75] and
enriched polynomial approximation [28] are not expected to provide satisfactory
solution, since the location of the discontinuities is not known a priori; and for
stochastic dimension D > 1, the geometry of non-differentiable points within the
parameter space Q is not well understood.

For large-scale eigenvalue problems, obtaining an accurate polynomial (chaos) approx-
imations of non-smooth dominant eigenvalue functions becomes computationally
infeasible. Therefore, approximations potentially better tailored to the behavior
of dominant eigenvalue functions are constituted by projection methods, in which
a large-scale parametric eigenvalue problem is projected into a small one. This
has the advantage that the approximation is still in the form of the solution of an
eigenvalue problem, inheriting all properties, and able to preserve the non-smooth
spectral abscissa behaviors. Projection methods are reliably applied in eigenvalue
computations and model order reduction [58], as well as eigenvalue optimization [43].
However, their potential for global approximations of dominant eigenvalue functions
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and for the computation of statistical information has been considered only for linear
eigenvalue problem with parametric symmetric matrices [72].

In what follows, we project a generalized eigenvalue problem A(w)v = AB(w)v,
where A(w), B(w) are two non-singular parametric matrices, into the subspace formed
by left and right eigenvectors associated with the rightmost eigenvalues for given
® € {wm}m C Q. The eigenvalues of the projected eigenproblem provide an Hermite
interpolation of the dominant eigenvalues of the original problem at w € {wm }m, as
stated in the following proposition, which extends to generalized eigenvalue problem
the results in [73, 43].

ProposiTION 2.7 LetV and U be matrices whose column space respectively contains the
right and left eigenvectors associated with the dominant eigenvalue of A(w)v = AB(w)v
forw € {om}m C Q. For each w € {wm }m, if the dominant eigenvalue Ay, is simple and
the matrices A(w), and B(w) are differentiable towards w, then an eigenvalue A of the
projected eigenproblem U*A(w)V0 = AU*B(w)VO interpolates the original rightmost
eigenvalue, and also its derivative with respect to the elements of parameter vector w.

Proof. For notational convenience, set w € {@m, }m and consider A(w) = A, B(w) = B.
The left and right eigenvectors associated with the dominant eigenvalue A, can be
rewritten by using the matrices U and V, namely v, = V0 and u,, = Uu. Therefore,
the interpolation of the dominant eigenvalue is given by:

MU*BVD = U*ApBoy, = U*Aup, = UTAVD.

Analogous result holds for the derivative of the dominant eigenvalues with respect
to an element @& of the parameter w. Applying Proposition 1.4 to the generalized
eigenvalue problem A(4; w) = AB(w) — A(w), we get
— ~ % * 6B aA il ~ * —UJ* ~
oa, up WA, iU (ADW - m)Vv | UErUa
Ao — uBuy a*U*BVD - #*U*BV®

s

which concludes the proof. |

Remark 2.7. For symmetric eigenvalue problems, the interpolation properties hold
in a stronger sense, ie. for € {wm}m the dominant eigenvalue of the original
eigenproblem is also the dominant eigenvalue of the projected eigenproblem [72,
Property 1]. However, for general real-valued matrices, A(w), B(w), the projected
eigenproblem may present a dominant eigenvalue that does not correspond to the
dominant eigenvalue of the original problem. To stress this concept, the left and right
eigenvectors u and 0, associated with the eigenvalue Ap for the projected eigenvalue
problem, are denoted without the subscript ; in the proof of Proposition 2.7.

To illustrate the idea, we consider the generalized parametric eigenvalue problem (1.19)
obtained from the infinite-dimensional linear eigenvalue problem associated with the
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Figure 2.13 Comparison between the dominant eigenvalues’ real parts of the eigenproblem (1.19)
and of its projection for the hot-shower problem (1.24) with K = e™! and & € [~0.1,0.1]. The
eigenproblem (1.19) considers M = 100 collocation points, and its 5 X 5-projection is based on the
left and right eigenvectors of the rightmost eigenvalues in the randomly selected points w1, w2, and
ws. The relative error of the projected spectral abscissa function in the L norm is 5.7835 - 107°.

hot shower problem x(t) = — (™! + w) x(¢ — 1) with @ € [-0.1, 0.1]. This generalized
eigenvalue problem, obtained considering 100 collocation points, has dimension 100
by 100 and depends on the scalar parameter w. As observed in Example 1.4, the
spectral abscissa function presents a non-Lipschitz continuous behavior, since for
w = 0 there is a non-semi simple dominant characteristic root with multiplicity 2. We
project the generalized eigenproblem into the left and right eigenvectors associated
with the rightmost eigenvalues in 3 random points of the interval [-0.1,0.1]; the
projected 55 eigenproblem approximates the behaviors of the rightmost eigenvalues
of the delay system, as shown in Figure 2.13. In order to have a real-valued projected
eigenvalue problem, if the rightmost characteristic root presents non-zero imaginary
part for w € {@m } m, the real matrices V and U are constructed considering real as well
as imaginary parts of the left and right eigenvectors associated with this dominant
characteristic root.

The spectral abscissa L™ relative error for the projected eigenproblem is 5.7835 - 1077,
six orders of magnitude less than the polynomial approximation obtained by the
collocation approach with 100 points (the convergence rate of the interpolant
polynomial for this example is illustrated in Figure 2.14). In addition, the
approximation obtained by the projection is computed faster than evaluating a
high degree polynomial approximation; as a result the small size of the projected
eigenvalue problem provides a fast surrogate model, which can be used to infer
statistical information.
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Figure 2.14 Convergence history for the collocation approach. Relative errors to polynomially

interpolate on Chebyshev points the spectral abscissa of eigenproblem (1.19), considering M = 100
collocation points, for the hot shower problem (1.24) withK = e~! and » € [-0.1,0.1].

SuMMARY. A non-smooth behavior of the spectral abscissa function is generally due
to multiple rightmost eigenvalues, counted with multiplicity. These non-differentiable
behaviors, often encountered in control application, heavily affect the polynomial
approximation, which is strictly connected to the polynomial chaos theory. Numerical
experiments on spectral abscissa non-smooth behaviors systematically show a slow
decay rate for the approximation errors of the Galerkin and collocation approaches as
well as for the numerical errors due to the integral approximation of the polynomial
coefficients. These experiments also suggest that the Galerkin approach numerical
errors do not affect the polynomial approximation, if the the integration rule exactly
integrates all the polynomials of the truncated polynomial basis.

Extended research results of chapter 2 are presented in section 5.1.1.




PROBABILISTIC
STABILITY OPTIMIZATION

This chapter provides a novel stabilization method for linear time-invariant time-delay systems
with uncertain parameters modeled by a random vector. The dependence of the system matrices
on these uncertain parameters can be nonlinear and the delays can also be subjected to
uncertainty. Relying on a minimization of the mean of the spectral abscissa with a variance
penalty, the proposed approach provides better robustness properties compared to the spectral
abscissa optimization for the nominal model, and more realistic results in contrast to worst-
case analysis. The efficacy and applicability of the method is shown by several numerical
examples, including an experimental heat-exchanger, and a mechanical system to which a
delayed resonator is attached in order to absorb harmonic oscillations.

Analogously to the previous chapter, for simplicity, we deal with linear autonomous
time-delay systems (1.4) stated as delay differential algebraic equations

h
Ex(t) = ZAj(w, K)x(t — 7;(w)), (3.1)
j=0
where
+ x(t) € R" represents the state at time ¢ > max,eco{—7j(w):j=0, ..., h};

« 0 € Q C RP are the possible values of the uncertain parameters, which are
described by the continuous real random vector w with compact support Q and
probability density function

w:Q-R,, o ww).

For the sake of simplicity, the probability density function w is smooth, and the
support is the D-dimensional unit cube, Q = [0, 11°;

. Ke Rk parametrizes the controller;
« E € R™ is a real matrix, which can be singular;

« Foreveryje {0,...,h}, A;: QxRF -5 R™ (w,K) — Aj(w,K),and 7; : Q —
R+, w = 7j(w) are functions, which we assume to be smooth.
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The delay differential algebraic formulation (3.1) permits to model a wide class of
system with feedback control, such that the plant is
A1) = T Fio)2(t - (@) + Ty Gileu(t - (w)),
y(t) = £y Hi(@)2(t - 1) + g L@t - 1(e)),

where z(t), u(t) and y(t) are respectively the state, the input, and the output at time ¢,
and the feedback controller can be either static or dynamic, in formula

(3.2)

h
Static u(t) = Z f,jy(t - 7j(w)), (3.3a)
j=0
Dynamic z(t) = Z;;Lo f:"jzc(t - 7j(0)) + Z}J?:o ?jy(t - 7j(®)), (3.3b)
u(t) = Xj_g Hjze(t — 7j(w) + 2o Liy(t — 7j(w)).

System (3.2) with feedback controller (3.3) can be recast as a delay differential algebraic
equation (3.1), imposing x = (z" y" 2zl u")" € R” and K € R¥ the vectorization of the
controller matrices F;, G;, H;, and L;.

Assuming that the plant or the controller is strictly proper, i.e. either the matrices L;
orL j are zero for every j = 0, .. ., h, the resulting delay differential algebraic equation
is of retard type, i.e. equivalent to the linear time-delay system (1.4). In particular, the
delay differential equations (3.1) arising from a strictly proper system (3.2)—(3.3) are
always of index 1.* We focus on this particular class of delay differential algebraic
equations, since their stability properties are analogous to the autonomous time-
delay system, considered in section 1.1.2. Indeed, for a given (w,K) € Q x R¥ the
stability properties of the delay differential algebraic equation of retarded type (3.1)
are determined by the characteristic roots A € C, eigenvalues with finite modulus of
the characteristic matrix

h
A(A;0,K) = AE - Z Aj(w, K)e M@,

Jj=0

Analogously to autonomous time-delay system, delay differential algebraic equations
of retarded type always have finitely many characteristic roots in any right half-plane,
which can be computed by adapting Algorithm 1.1 to handle the singular leading
matrix E, as described in [51, Section 4.1]. Similarly to Proposition 1.2, the delay
differential equation equations of retarded type (3.1) are asymptotically stable if and
only if the spectral abscissa,

a(w,K) = Taé( {Re(A) : det (A(4; w,K)) = 0},
€
is strictly negative. For every (w, K) € Q X R¥, we consider the spectral abscissa as

the real part of a dominant characteristic root A, € C such that Re(1,) = a(w; K) and
Im(4p) > 0.

4 Further information on delay differential algebraic equations can be found in [13, 31, 17].
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To develop the novel approach, we need the following assumption on the simplicity
of the dominant characteristic root, which is not restrictive from the application point
of view.

Assumption 3.1. GivenK € R¥, the dominant characteristic root is simple for almost
all w € Q; given w € Q, the dominant characteristic root is simple for almost all
K € Rk,

Example 3.1. Let us recall the hot shower problem (1.24), analyzed in section 1.2.1.
For this autonomous time-delay system, we can make the plant (3.2) and the static
feedback controller (3.3a) explicit by rewriting system (1.24) in the form

zZ(t) = —wz(t — 1) —u(t — 1),
y(t) = z(t), (34)
u(t) = Ky(1),

where « models the uncertainty and K € R is the feedback gain. Hence, this system
can be represented as a delay differential algebraic equation of retarded type (3.1)

100 0 0 0
0 0 olx=[1 -1 olx(®)-
0 0 0 0 1

o o 8

0 1
0 0|x(t-1). (3.5)
0 0

>

Formulations (1.24) and (3.5) are almost equivalent, presenting the same characteristic
roots A € C, even though the latter system is not scalar.

Our goal is to generalize the spectrum-based stability optimization considered in
section 1.1.4 in order to exploit the probabilistic description of the uncertainty, modeled
by the random vector w. To this end, we minimize a specific linear combination of
mean and variance of the spectral abscissa, in formula

m%Rn fobi(K),  with foi(K) = E(a(w, K)) + kV(a(w, K)), (3.6)
KeRk

where ¥ € R, is a given trade off parameter. The mean and the variance of the
spectral abscissa, respectively denoted by E(a(w, K)) and V(a(w, K)) exist, as proven
in section 2.2 for given K € R¥. If the support of w is a single element of R, i.e.
Q = {0} with ® € RP, then the minimization of the objective function (3.6) reduces
to the spectral abscissa optimization, described in section 1.1.4, since in this case
E(a(w,K)) = a(w,K) and V(a(w, K)) = 0.

The chapter is structured as follows. In section 3.1, the objective function is analyzed,
studying its differentiability and its approximation obtained by integration methods.
Then, in section 3.2, we outline the novel stability optimization method, based on
approximation and minimization of the objective function (3.6) handled respectively by
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quasi-Monte Carlo method and the software HANSO. We end, in section 3.3, with some
numerical examples and two engineering applications. Indeed, the novel approach is
successfully applied to an experimental heat-transfer set up, in section 3.3.4, and to a
mechanical system with active vibration suppression, in section 3.3.5

We remind that, analogously to the notation of chapter 2, the random variables
modeling uncertainty are denoted with bold letters, e.g. ®, while the normal font is
used to indicate their realizations, w € Q. In this view, given K € R*, a(w,K) is a
random variable, while a(-,K) : Q@ — R, v — a(w,K) is a function with respect to
the realization w € Q.

3.1 OBJECTIVE FUNCTION, ANALYSIS & EVALUATION

The existence of the objective function (3.6) for every K € RF follows from the
existence of the mean and variance, already proved in section 2.2. In this section, we
first address the differentiability of the objective function, studying the integrability
of the spectral abscissa gradient with respect to controller parameters. Then, we
analyze integration methods to approximate the objective function and its gradient.

3.1.1 Differentiability of the objective function

Since we are dealing with a minimization problem, the gradient of the objective
function can be used as search direction for the optimization. However, the objective
function (3.6) is a linear combination of integrals depending on the spectral abscissa,
whose behavior is not always differentiable, as illustrated in section 2.1.

For this reason, we first derive an explicit formula for the gradient of the objective
function, under the assumption that the gradient of the spectral abscissa function is
integrable over the uncertain domain Q. Then, we analyze when this latter assumption
holds.

ProposITION 3.1 If the gradient of the spectral abscissa with respect to the control
parameters K is an integrable function on Q, then the gradient of objective function (3.6)
exists and it can be expressed by

Vi fobj(K) = (1 = 2kE(a(w, K))) E(Vka(w, K)) + 2kE(a(w, K)Vka(w,K)).  (3.7)

Proof. The objective function is a linear combination of integrals (2.6); therefore its
gradient with respect to K is the gradient of the linear combination of these integrals.
By the continuity of the spectral abscissa, section 2.1, and the compactness of the
domain Q, the function a(w, K) is integrable over Q. Providing that Vxa(w, K) is also
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integrable over Q, we can differentiate the integrals [87]. Hence, almost everywhere
in Q, the gradient of the mean and of the variance with respect to K are

VkE(a(w, K)) = E(Vka(w, K)),
VkV(a(w,K)) = /Q 2 (a(w, K) — E(a(w, K))) Vg (a(w, K) — E(a(w, K))) w(w)dw
= 2E(a(w, K)Vka(w, K)) — 2E(a(w, K))E(Vka(w, K)).

The gradient of the objective function is well defined and can be expressed by (3.7). O

The validity of the assumption of Proposition 3.1 for delay differential algebraic
equations of retarded type (3.1) is first analyzed in a particular setting and then
generalized. Indeed, first, we demonstrate the integrability of the spectral abscissa
gradient when the control parameters K are affected by uncertainties. Then, we
consider the general case, proving, under a Lipschitz continuous condition on the
spectral abscissa, that the spectral abscissa gradient is integrable. Moreover, we
present a case-study, where the spectral abscissa is not Lipschitz continuous, but its
gradient is still integrable.

A particular case: the control parameters are uncertain

Let the length of the vector K be less or equal to the stochastic dimension, i.e. k < D.
The following proposition states that if all control parameters in K are affected by
uncertainty then the hypothesis of Proposition 3.1 is satisfied.

PROPOSITION 3.2 Let the components of o be recast as ® = (®, ®), where & and & are
random vectors with D — k and k components respectively. Fori =1, ...k, if &; occurs
only in the coefficients of the matrices {A;(w, K)}J}.‘=0 of system (3.1), where K; occurs, and
if these coefficients can be recast as functions of K; + @;, then function w — Vga(w, K)
is an integrable function on Q, for allK € Rk,

Proof. By assumption, the spectral abscissa function can be recast as
a(w,K) = (&, K + 0),

for some continuous function . We prove the proposition considering the different
behaviors of the spectral abscissa analyzed in section 2.1.

If the spectral abscissa presents a smooth behavior, then it is differentiable, and we
can apply the chain rule to its partial derivative with respect to K;
IP(0, K + @) 3 0p(0, K + @)
0K; B 00;

,foralli=1,...,k. (3.8)

Clearly this continuous function is integrable over the compact set Q.
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If the spectral abscissa presents a Lipschitz continuous behavior, then its partial
derivate exhibits a discontinuity in a set of measure zero, but it is of bounded variation
on Q. Hence, it is integrable also in this case.

If the spectral abscissa presents a continuous behavior, due to multiple non-semi-
simple dominant characteristic roots, we consider the partial derivative of the spectral
abscissa with respect to K;, forall i = 1, ..., k and we stress only the ©;-dependency
in the characteristic roots. The effects of the uncertainty on K; can be seen as a real
linear perturbation on some matrix coefficients, describing the system. Let A(&?) be
an isolated dominant characteristic root with partial multiplicity (¢i, ..., ¢;). Then
in a neighborhood of c?)? =, the spectrum of A(A; w,K) presents & =€ + ...+ ¢
eigenvalues, A¢(®;) with £ = 1,...,.Z, counted with multiplicity, such that A,(®;)
are algebraic functions of @; by the Weierstrass preparation theorem, and can be
represented by branches of Puiseux series

2,(01) = A@0) + (@ — ) + O (((;)i - @?)Z/ha) L g=1....G hyeN, & €&,

wherec, € C,7iy > ... 2 higand /iy + ... +fig = £ [36].

In £\ {@?}, applying (3.8), the partial derivative of the spectral abscissa with respect

to K; behaves as the real part of 94(@:)/9»; for some g € {1, ..., G}, which are
integrable on E. Without loss of generality, Z is contained in the @;-projection of Q,
and hence %}?;K) is integrable foralli = 1,...,k. m]

Systems, which satisfy the assumptions of Proposition 3.2, consider uncertainty on
the implemented feedback control in the optimization problem. The hot shower
problem (1.24), analyzed in section 1.2.1, satisfies the conditions of Proposition 3.2
since the uncertainty o affects the controller parameter K. However, in applications,
the accuracy of the feedback control is usually high with respect to the uncertainty
on the other system parameters, and therefore we need to consider the more general
case.

General case

In the previous case, summarized in Proposition 3.2, we differentiate a(w, K) with
respect to the integration variable w, by applying (3.8). In the more general setting,
however, we are differentiating with respect to the controller K and we are integrating
over the uncertain parameters o on Q. In this context the following theorem states
that, under a Lipschitz condition, Vga(w, K) is integrable on Q.

THEOREM 3.3 If for some L > 0, the function a(w, ) : RF SR, K+ a(w,K) is locally
Lipschitz inK at K = Ky, with Lipschitz constant L, for all o € Q, then the gradient of
the spectral abscissa is integrable on Q at K = Ky, and, consequently, Vx fo1,j(K) exists
atK = K().
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Proof. Letk c R¥ denote the neighborhood of K, such that a(w, -) restricted to k is
Lipschitz continuous for all w € Q. In order to obtain the result, we need to prove
that da(w.Ko)/5K; is integrable on Q, for i = 1,. .., k and then apply Proposition 3.1.
Denoting by e; the i-th column vector of the identity matrix I € R¥* forall § € R
such that Ky + de; € k, the Lipschitz continuity assumption ensures that

|a(w, Ky + de;) — a(w,Kp)| < L|§|, forallw € Q.

By Assumption 3.1, the spectral abscissa is almost everywhere differentiable on Q,
hence, we obtain

8(1((,0, Ko)
0K;

- lim |oe(w, Ko + be;) — a(w, Ko)| <L
550 |6]

almost everywhere on Q. Since 9a(w,Ko)/gK; exists almost everywhere on the compact
set Q and is bounded on Q, we arrive at the assertion. m]

We remind that the spectral abscissa is locally Lipschitz in both @ and K (and hence
Theorem 3.3 holds) when the dominant characteristic roots are (semi)-simple, i.e. in
the smooth and Lipschitz behaviors of the spectral abscissa. However, we are not able
to prove for the general continuous behavior of the spectral abscissa that the gradient
of the objective function (3.7) always exists, even though we have strong indication
that this property holds, as motivated by the following case-study.

Example 3.2. Let us consider a delay system with stochastic dimension D = 1
and Q = [-1,1], such that for © = 0 the rightmost eigenvalue Ay is non-semi-
simple with algebraic multiplicity ¢ > 1 and geometric multiplicity equal to 1.
Assume moreover that the complete regular splitting property holds for v = 0,
ie. uo"‘%vo # 0, where uy and v, are the left and the right eigenvectors
corresponding to Ao, respectively.

By Assumption 3.1, there exists an open interval (a, b) with a < 0 < b where the
eigenvalue A(w) is isolated, except for @ = 0. If we restrict to the interval (0, b),
Mw) and its right and left eigenvectors, v(w) and u(w) respectively, admit a Puiseux
expansion at 0 [53], in formula

Mw) = Ao + Z 0N, v(w) = vy + Z v, u(w) = uy + Z wu;.
i=1 i=1 i=1

Moreover, the partial derivative with respect to A of the characteristic matrix,
dA(Xw.K)/92, can be expressed with a Taylor expansion in increasing powers of ",
exploiting the Puiseux series of A(w),

OAL; 0, K) — 0A(A;0,K) N 92 A(20;0,K)
oA B oA OA?

Lo’ +0 (wz/[) .
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By the smoothness properties of the system matrices of (3.1), A(4; w, K) behaves

smoothly with respect to K and then 6A(40.K)/gk; is bounded for all i = 1,...,k.

)*%v(w) is bounded since uy and v, are well defined and
J

finite. In addition, since A, is not semi-simple, we get ué%vo = 0. Hence,

Proposition 1.4 suggests the following behavior for the derivative of the rightmost

Therefore, u(w

eigenvalues with respect to K; fori = 1,.. ., k as a function of w € (0, b):
% OA(N;0,K
INw) —u(w) 2AGLK (1)
6Kl~ wl/p (UT aﬂ(gol;O,K) vo + u; Bzﬂéﬂ/{oz;(),K)/llvo + u; aﬂ(?)j{o,K)vl) +0 (wz//)

Hence, 92(w.K)/gK; behaves as o™ in (0, b), if

*6\%(/10;0, K) *62ﬂ(AO;O, K)
u; vy + U, Ao

LA (No; 0,K)
ol EYE 0+ % u

0.
a2 *

Analogous result holds in the interval (a, 0), providing that the gradient of the spectral
abscissa with respect to K is integrable in a neighborhood of w = 0. Hence, for
Proposition 3.1, the gradient of the objective function (3.7) exists.

3.1.2 Approximation of the objective function and its gradient

The objective function (3.6) and its gradient (3.7) are formulated in terms of integrals,
whose integrands might be non-differentiable, and might even admit unbounded
discontinuities, considering the objective function gradient. This lack of smoothness
heavily affects integration methods, as analyzed in chapter 2 and illustrated in
Figures 2.6 and 2.10.

In our implementation, the numerical integration to approximate the objective
function and its gradient is accomplished by the quasi-Monte Carlo method [15, 62, 11].
Relying on low-discrepancy (or quasi-random) sequences, the quasi-Monte Carlo
integration is almost as accurate as the standard Monte Carlo method, based on
random or pseudo-random sequence, but it improves the convergence rate of standard
Monte Carlo method, if the integrand is of bounded variation [11]. Moreover,
compared to interpolatory cubature rules analyzed in section 2.4.1, the number of
points considered by quasi-Monte Carlo methods does not depend exponentially with
respect to the stochastic dimension D.

We construct a set of M quasi-random points, {§m}%:l, uniformly distributed in the

D-dimensional unit cube Q, using Halton sequences up to stochastic dimension D = 6,
and the Sobol sequences for higher stochastic dimensions, as suggested by [62]. Given
the quasi-random points, {£,}"_, C Q, the quasi-Monte Carlo approximation of the
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objective function evaluated for every K € R¥ is given by

M M 2
Fo(€) % 32 3 (@, K) + K, KP) w(En) = 21 (Z a(ém K>m<§m>) , (39)

m=1 m=1

where a(&,,,K) is a realization of the random variable a(w, K), computed by an
adaptation of Algorithm 1.1 to handle a leading matrix E, given (&,,, K) € Q x R,

The spectral abscissa a(w, K) is not differentiable in a set of measure zero for (v, K) €
Q x R¥. However, from a computational point of view, we compute the spectral
abscissa at only a finite number of points, {£,}_, C Q, where we can expect a(w, K)
to be differentiable. Therefore, analogously to (3.9), the gradient of the objective
function (3.7) is approximated by a quasi-Monte Carlo method,

M M
Vi fobj(K) ~ 1 - ZMK n; a(&m, K)m(fm)) (A—l/I r; Vka(&m, K)w(&m) | +

M
+ ZMK Z a(&Em, K)Vka(&m, K)w(&pm).

m=1

where Vka(£,,K), given (£,,K) € {&n}M, % RK, is computed by adapting
Algorithm 1.2 to handle the leading matrix E.

The gradient of the spectral abscissa is, under mild conditions, integrable over Q,
but if in Q there are non-semi-simple dominant characteristic roots, then it might
not be square integrable. Indeed, in Example 3.2, if the rightmost eigenvalue A, has
algebraic multiplicity £ = 2, then da(«.K)/aK, behaves as w ™/ for every i =1, ..., k.
The non-square integrability of the integrand represents a difficult case for numerical
integration methods, since there is no theoretical convergence bound even for the
Monte Carlo method [11]. However, the following experiments on the approximation
of the objective function and its gradient by quasi-Monte Carlo method show that for
the different behaviors of the spectral abscissa, analyzed in section 2.1, the convergence
rate is at least O (M%), which is the usual convergence rate of the Monte Carlo
method.

Example 3.3. Analogously to Example 3.1, the oscillator with feedback delay (2.14),
considered in Example 2.5, can be rewritten as a system (3.2) with static feedback
controller (3.3a)

z1(t) = z,(t),
2y(t) = —w?z1(t) — 2w1w225(t) + u(t — 1), (3.10)
u(t) = Kiz1(t) + Kaza(2),

and can be recast as a delay differential algebraic equation of retarded type (3.1).



62 | PROBABILISTIC STABILITY OPTIMIZATION

We consider the angular frequencies w; and the damping ratio w, realizations
of independent random variables, uniformly distributed in [0.9,1.1] and [0.1, 0.2],
respectively. For the different behaviors of the spectral abscissa, characterized by
the controllers (Ki, K;) given in Table 2.1, Figure 3.1 shows the convergence rate
of quasi-Monte Carlo method to approximate the objective function (3.6) and its
gradient (3.7), increasing the number M of quasi-random points {&,,}*_,. In particular,
for the three different behaviors, the mean and the variance of the spectral abscissa
converges as O (M™'). A similar convergence rate is achieved for the gradient of
the mean and of the variance, when the spectral abscissa behaves smoothly. On
the other hand, when the partial derivative of the spectral abscissa admits bounded
and unbounded discontinuities (when the spectral abscissa presents a Lipschitz and
continuous behaviors, respectively), the gradient of the mean and of the variance
converge as O (M™°).

1072 1072

1074 1074

1076 1076 Smooth
Lipschitz -Q M M
10-8 T VY B I T A AN N T1 MR W AR 1| 10-8 T N N1 B R AT INTT] B B A R ET) B R WA RA1|
1 10 102 103 104 1 10 102 103 104
(a) Convergence to E(a(w, K)). (b) Convergence to V(a(w, K)).

M

1 10 102 103 104 1 10 102 103 104
(c) Convergence to | VkE(a(w, K))||2. (d) Convergence to || Vg V(a(w, K))||2.

Figure 3.1 Relative errors to approximate by quasi-Monte Carlo method the different quantities,
describing the objective function (3.6) and its gradient (3.7), for system (3.10) with feedback
controllers given in Table 2.1. The reference values are computed with M = 5 - 10° quasi-random
points.

Remark 3.1. In this section, the objective function (3.6) and its gradient (3.7) are
considered as integrals approximated by a quasi-Monte Carlo method. However, they
can also be interpreted as linear combination of statistical quantities, like mean and
variance. If these underlying statistical moments are approximated by a relative small
number of samples, then it is preferable to consider unbiased estimators [15], which
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present different formulas with respect to the ones considered in this section, except
for the particular case with x = 0.

3.2 OPTIMIZATION PROBLEM

A first important property of the objective function (3.6), regarding its optimization,
is that it is non-convex and hence may have many local minima. Indeed, the non-
convexity is carried over from the deterministic to the stochastic problem; the analysis
on the deterministic stability optimization can be found in section 1.1.4.

Moreover, we are theoretically dealing with an objective function which is everywhere
differentiable under mild assumptions, hence obtaining a smoother optimization
problem than the deterministic spectral abscissa optimization problem. However the
quasi-Monte Carlo method, approximating the linear combination of the integrals (2.6)
through the formula (3.9), leads to a non-smooth objective function, which is more
regular than the spectral abscissa but presents further local minima, as illustrated
in Example 3.4 and in Figure 3.2a. Indeed, by the discretization of the integral, the
smoothing effect of the integrals is lost.

Example 3.4. Let us consider the hot shower problem (3.5), and let us assume that
w is a realization of a random vector ® uniformly distributed in [-0.1,0.1]. We
analyze the effects on the quasi-Monte Carlo discretization of the mean of the spectral
abscissa, E(a(w, K)) for K € [0.2,0.6], which corresponds to the discretization (3.9)
of the objective function (3.6) with trade off-parameter « = 0.

Figure 3.2 shows the approximated mean of the spectral abscissa obtained by M
spectral abscissa functions {a(fm,K)}%:l for controller parameter K € [0.2,0.6],
where {:fm}%zl are M equidistant points in [-0.1,0.1]. The objective function is
differentiable for all K € [0.2,0.6] while its numerical approximation on {fm}gzl
presents non-differentiable points whenever one of the spectral abscissae a(&,,, K) is
non-Lipschitz continuous. However, the approximated fop(K) is more regular than
the associated spectral abscissa functions. Indeed, the non-smooth behaviors of a
spectral abscissa function a (&, K) is averaged with the smooth behavior of the other
spectral abscissa functions a(&,,, K), with m # . Therefore, increasing the number
M of sample points {£,,}M_, , we expect a smoother behavior of the objective function,
as illustrated in Figure 3.2b, similar to the theoretical one, illustrated in Figure 1.7.

It is important to note that this example stresses a pessimistic locally non-Lipschitz
behavior of the (discretized) objective function. Indeed, the robust stability
optimization (3.6) usually drives the iterations away from non-Lipschitz continuous
behavior of the spectral abscissa.

The properties of the optimization problem require software which can deal with non-
convex and non-smooth unconstrained minimization, analogous to the deterministic
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(& )25
{a(&m, K}y

(a) Mean of 5 spectral abscissa functions. (b) Mean of 25 spectral abscissa functions.

Figure 3.2 Approximated mean of the spectral abscissa for the hot shower problem (3.5). The
approximated mean is obtained by M spectral abscissa functions {a(ém, K)}%:1 forK €[0.2,0.6]

with {’g’m}%z1 equidistant points in [-0.1,0.1].

case analyzed in section 1.1.4. For this reason, also for the probabilistic objective
function (3.6), the optimization is handled by the MATLAB code HANSO (Hybrid
Algorithm for Non-Smooth Optimization), described in [64].

However, an accurate approximation of fop,; and Vi fop is computationally demanding.

Therefore, we focus on a deterministic description of the random parameters w,
. M, . . . . . .

fixing a set {&,,},, "] of Mop realizations in Q, as explained in section 3.1.2. Hence,

— . . . M, .
the objective function and its gradient are always computed on {£,,},,”, during the

optimization method, so that the fluctuations induced by the realizations of ® do not
affect the accuracy of the solver, and in order to reduce the computational time of the
overall algorithm.

To evaluate the optimal gain value K € R¥, the HANSO algorithm is initialized by

default on 10 random starting point. The local optimality of the returned solutions is
tested by computing the gradient of the objective function on a refined grid {fm}ifp:ls‘,

with Mpost > Mopt. If the norm of the gradient is approximately zero in this last step,

then the accuracy used to compute the optimal gain value, which depends on Mo,
. . . . . M,
is enough to obtain reliable solutions; otherwise we refine the sample {£,},,”,

we run HANSO again, initialized with the optimal gain value K obtained with the
previous rough grid. Indeed, the optimization software might stop in a local minimum
arising from the discretization of the objective function, see Figure 3.2a; a refinement
of the grid in this case, might hence reveal a better optimal gain value.

and

To give an overview of the method, we provide a sketch of the overall algorithm,
which is publicly available [21].
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Algorithm 3.1. Probabilistic spectrum-based stability optimization.

M . .
® C Q, as explained in

1. Construct a set of Moy realizations of w, {&n},,0; S

section 3.1.2.
2. Via HANSO, find the optimal gain value of the system (3.1), giving as inputs
a1
Mpost
m=1"

the approximation of the objective function and its gradient on {&,,}

3. Likewise step 1, construct a set of M, realizations of w, i.e. {&n}

4. Approximate fyb; and Vi fobj on {fm}x‘; o

If ||VK Sobj || ~ 0 then return K and the approximated statistical quantities E(a(w;K)),
and V(a(w; K)).

Else increase M,y and go back to step 1, initializing HANSO at step 2 on the optimal
gain value previously found.

Remark 3.2. Algorithm 3.1 can be generalized to systems such that, given K € R, the
stability measure is determined by a finite number of eigenvalues, whose behavior in Q
is continuous and almost everywhere smooth. Therefore, it can be easily generalized
to the spectral radius of the monodromy operator associated with linear periodic
time-delay system (1.1).

3.3 NUMERICAL EXAMPLES AND APPLICATIONS

In this section, the novel probabilistic stability optimization method, Algorithm 3.1,
is tested on three test-cases and two engineering applications. In particular, in
section 3.3.1, static and dynamic controllers are designed by the novel approach
for a time-delay system with uncertainties affecting the delay and two system
coefficients. Section 3.3.2 deals with the probabilistic stability optimization for a time-
delay system with a distributed delay. Section 3.3.3 considers the delayed feedback
oscillator (3.10) and compares the novel stability optimization method with respect
to the deterministic stabilization and worst-case minimization methods. Finally, two
engineering applications are considered; in section 3.3.4, Algorithm 3.1 designs a
static controller for an experimental heat transfer set up, while in section 3.3.5, we
stabilize a mechanical system, which is attached to an active vibration absorber.

All numerical experiments are performed in Matlab version 9.1.0 (R2016b) on a Dell
Latitude notebook running an Intel(R) Core(TM) i5-6440HQ CPU @ 2.60GHz quad
core processor with 8 GB RAM. Our experiments can be reproduced with the publicly
available code of [21].
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3.3.1 Static and dynamic controllers

As a first example, we consider the prototype system [51] with stochastic dimension
D = 3, expressed in the form (3.2)

z(t) = A(w)z(t) + Bu(t — t(w)), (3.11)
y(t) = z(1),
where
®; —0.03 0.2 0.1\ 7(®) =0 ~ U4.9,5.1),
Aw)=| w3 —0.04 —0.005|, B=|-0.2], w;~U(=0.09,-0.07),

-0.06 0.2 —-0.07 0.1 w3 ~ U(0.15,0.25).

. probability density function for a(w;K)

3

K obtained by x = 10

45

No control K = 0
337 +

K obtained by & = 0
15 +

u u + + u +
-0.1 -0.09 -0.04 -0.02 0.08 0.13

Figure 3.3 Comparison between the probability density functions of the spectral abscissa for
system (3.11) with static feedback control, i.e. r¢ = 0 in (3.12). Without control, i.e. K = 0, the
spectral abscissa a(w, 0) admits only positive realizations. For the controller K minimizing the
mean with a variance penalty x = 0 and x = 10, the supports of the probability density function
are contained in the negative real axis, ensuring the asymptotic stability of the system.

As shown in Figure 3.3, the probability density function of the spectral abscissa with
K =0, i.e. a(w, 0), is contained in the positive real line, ensuring the system instability.
We design a dynamic controller of the form (3.3)

N ) (3.12)
u(t) = Hz.(t) + Ly(t), u(t) €R,

{éc(t) = Fz.(t) + Gy(t), zc(t) e R™,
where K is the vectorization of the control matrices F | G, hai ,and ﬁ, as already shown
in the transformation from (3.2) and (3.3) to (3.1).

We apply the optimization approach to objective function (3.6) considering x = 0, 103
on the system with static control, . = 0, and with dynamic feedback, r. = 1, 2. The
results, obtained with M = 10% and Mpost = 104, are shown in Table 3.1.
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Designing a controller with higher order r, leads us to a small value of the mean
of the spectral abscissa. The supports of the spectral abscissa minimizing (3.6) with
static feedback control, illustrated in Figure 3.3, are already contained in the negative
real line, ensuring asymptotic stability properties for the system (3.11).

Table 3.1 Comparison between system (3.11) without control and the results of minimizing
objective function (3.6) with different controls of the form (3.12).

Control K K a(BE(w),K) E(a(w,K)) V(a(w,K))
Without control K = 0 0.1081 0.1076 9.1770 - 107°
Static control r, = 0 K= X -0.0895 -0.0739 2.3655 - 10:2
Kk =10 -0.0562 -0.0551 8.6305 - 10
Dynamic control r, = 1 k=0 \ -0.1620 -0.1195 6.9411 - 10::
Kk =10 -0.1157 -0.1133 1.1774 - 10
Dynamic control re =2 X =9 -0.2232 -0.1995  1.0074 - 10:?
k=10 -0.1704 -0.1705 1.2609 - 10

3.3.2 Stabilization problem with distributed delay

As a second example, we consider a plant with a distributed delay term

¢
z(t) = A1z(t) + B(w)u(t — 11) + Asz(t — 1o(w)) + / Asz(6)do, (3.13)
t-12(w)
where
0.1 0 0 -0.2 0 0
A =102 0 -0.2], A, =|-04 -0.2 04/,
0.3 0.1 -0.2 -0.4 -0.1 0.2
0.1 -0.2 O [y 1 =1,
As=| 0 01 01|,Bw=|0], nw=w ~U®59E6.1),
-0.1 0 0.1 0 wy ~ U(0.075,0.125),

with a static feedback control: u(t) = K"z(t). Note that for fixed 7, and w;, the system
is analyzed in [54]. Setting h(t) equal to the distributed delay term of (3.13), and
differentiating h(t), the system (3.13) can be recast as

{z‘(t) = A1z(t) + B(w)u(t — 71) + Azz(t — 12(w)) + h(t), (3.14)

h(t) = Asz(t) — Asz(t — T(w)).
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Imposing x = (z" h"u")", system (3.14) with static feedback can be rewritten as a
delay differential algebraic equation of retarded type (3.1)

A 1 0 0 0 B(co) Ay 0 0
x(t) = (A3 0 0 )x(t) + (O 0 0 )x(t -11)+ (—A3 0 0) x(t — p(w)).  (3.15)
K' 0 -1 0 0 0 0 0 0

Formulations (3.13) and (3.14) are almost equivalent; however, the dimension of the
latter system is doubled with respect to the dimension of (3.13). As a consequence
of differentiating function h(t), (3.14) has 3 additional non-physical zero eigenvalues
with respect to the spectrum of (3.13). These additional zero eigenvalues, which also
appear in the formulation (3.15), can be removed and the results obtained minimizing
objective function (3.6) with k = 0, 10, 10, 10® using Mop; = 10, and Mpoq = 10*, are
shown in Table 3.2.

Table 3.2 Results of minimizing the objective function (3.6) for system (3.15).

K 2(E(w),K)  E(a(w,K))  V(a(w,K))
K=0 0.1631 0.1845  2.2629-107*
K =10 0.1628 0.1846  2.0903-10~*
K = 100 0.1694 0.1866  1.6418-107*
Kk =1000  0.2375 0.2375  7.0138-107°

3.3.3 Comparison with deterministic and worst-case stabilization

As a third numerical example, we consider the oscillator with static feedback
delay (2.14), whose delay differential algebraic form has been derived in Example 3.3.
We recall the system

1 Zl(t) 0 1 0 Zl(t) 0 0 O Zl(t — 1)
1 ()| =|-0? -2w10; 0 ||z2(t)|+[|0 0 1||z(t—1)|. (3.16)
0/ \u(t) K K, =1/ \u(t) 0 0 0of/\u(t—1)

We want to design the controller parameters K; and K, in order to robustly stabilize
the system against uncertainty on the angular frequency w; and on the damping ratio
w,. To this end, we consider three different stability optimization methods. First,
the deterministic spectrum-based stability optimization, described in section 1.1.4,
designs the control K = (K7, K3) minimizing the spectral abscissa a(w1, wz, K), setting
w; = 1 and w; = 0.15. Second, the novel stabilization method is applied to the
system (3.16) where w; and w, are realizations of independent uniform random
variables, w; ~ U(0.9,1.1) and @, ~ U(0.1, 0.2), respectively. The optimal controllers
are achieved by Algorithm 3.1, minimizing the mean of the spectral abscissa with
a variance penalty, E(a(w1, 02; K)) + kV(a(w1, »,; K)) with x = 0, 10, 100. In order
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to obtain an accurate result, Algorithm 3.1 is first run with My, = 102, hence the
results are refined using My, = 103. The third and last method to stabilize the
oscillator with feedback delay is the pseudospectral abscissa minimization [4]. In
order to apply this method, the uncertainties on w; and w; must be rewritten as linear
perturbations of the original system matrices. Therefore, we consider w; = 1+ 0.1¢;
and w; = 0.15+0.05 &2, with |¢;| < 1 and |&;| < 1. In order to remove the nonlinearity
in the uncertainties, two additional slack variables are considered, Z1(t) = £,z;(t) and
Z5(t) = £225(t). Carrying out the algebraic manipulations, we can rewrite the delayed
feedback oscillator (3.16) considering w; and w; as rank-1 perturbations

0 0 1 0 0 0 I 0) 0
Z5(t) -1 =03 -2 -2 0 zo(t) | |ut-1)
0 = 0 0 -1 0 0 |+ £10A1 +66As + £30A; 21(1’) + 0 ,
0 0 0 0 -1 0 Z(t) 0
0 Kk K, 0 0 -1 u(t) 0
where |¢1| < 1, |e2] < 1, and the rank-1 matrices are
AVARY 0\ /[1\" 0\ /o\"
0.1]10.3 01|00 0 1
5A1 = 0 -1 N 5A2 =10.1 0 N 5A2 = 0 0
0 -1 0 0 0.05]|0
0 0 0 /\0 0 0

For this system, the pseudospectral abscissa corresponds to the worst-case spectral
abscissa (in the sense of being the largest) for every ¢; and ¢; smaller than 1 in absolute
value, in formula

ey, e,(K) 1= sup  a(er, &, K).

ler] <1, |e2] <1

The comparison results of these three different stabilization methods are summarized
in Tables 3.3 and 3.4 and in Figure 3.4. As we would have expected, Table 3.3 shows that
the smallest spectral abscissa is attained by the deterministic stability optimization
method, the novel approach with a variance penalty x = 0 and x = 100 leads
respectively to the smallest mean and variance of the spectral abscissa random variable,
while the smallest pseudospectral abscissa is achieved by the worst-case stability
optimization. Interestingly, the numerical results obtained by the novel stabilization
method with k = 10 are similar to the ones obtained by performing the worst-
case stabilization. This similarity is further highlighted in Figure 3.4, by comparing
the probability density functions of the spectral abscissa random variables and the
pseudospectral abscissae.

The different stabilization methods ensure that the oscillator with feedback delay (3.16)
is asymptotically stable against both probabilistic and worst-case uncertainties on the
parameters ; and ;. Indeed, in Figure 3.4, the supports of the probability density
function and the pseudospectral abscissae are strictly contained in the negative real
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Table 3.3 Numerical values of the spectral abscissa a(w1, w2,K) with w1 = 1, w2 = 0.15, of
the pseudospectral abscissa a,, ¢, (K), and of the spectral abscissa random variable a(®1, 2, K)
mean and variance with w1 ~ U(0.9,1.1) and wz ~ U(0.1,0.2) for the oscillator with feedback
delay (3.16). The controller parameters are designed with the deterministic stability optimization
method, with the novel probabilistic stabilization, and with the worst-case stabilization method,
minimizing the pseudospectral abscissa [4].

Control design « a(wr, w2,K) a6, (K)  E(a(wr, w2,K))  V(a(w, w2, K))

Deterministic -1.1388 -0.21089 -0.6699 5.4061 - 1072

0 -0.8474 -0.37223 -0.7648 1.5828 - 1072

Probabilistic 10 -0.7824 -0.44953 -0.7362 7.6242 - 1073

100 -0.5811 -0.39645 -0.5531 1.8166 - 1073

Worst-case -0.7601 -0.47371 -0.7354 8.1677 - 1073
p.d.f.

Probabilistic k& = 10

Worst-case
Probabilistic & = 0

Deterministic

T
-1.2 -1 -0.9 -0.64 -0.5 -0.46 -0.38 -0.2 -0.1 0.1

Figure 3.4 Comparison between the probability density functions (p.d.f.) of the spectral abscissa
random variables for the oscillator with feedback delay (3.16) with different control parameters
K. These controls are designed by the deterministic stability optimization method, by the
novel probabilistic stabilization, and by the worst-case stabilization method, minimizing the
pseudospectral abscissa [4]. The dots highlight the value of the pseudospectral abscissae for the
different controls.

axis. Moreover, the novel probabilistic approach with x = 100 provides a probability
density function with the smallest support, guaranteeing the best insensitivity of the
stability measure with respect to the uncertainties.

The control parameters achieved by the deterministic stabilization methods and by the
novel approach with k = 0 respectively lead to a continuous and Lipschitz behaviors
of the spectral abscissa. Indeed, the numerical values of K; and K in Table 3.4 coincide
with the controllers given in Table 2.1 and they are associated with the non-smooth
behaviors of the test-cases in Example 2.5.

Table 3.4 furnishes, also, the timings comparison between the different stabilization
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methods. The overall time required to the optimization process is hardly comparable,
since it is problem dependent and is affected by the computational accuracy of the
objective function and its gradient, which might vary during the optimization process;
for example, applying Algorithm 3.1, we first considered M,p; = 10%, and hence, we
refined the results using Moy = 10°.

In the last iteration of the optimization process, the computational time to evaluate
the objective function and its gradient for the novel approach is approximately Mop;
divided by the parallelization (in our case 10°/+) bigger than the computational time
to compute the spectral abscissa and its gradient in the deterministic case. Indeed,
the mean and the variance with the novel method are approximated by considering
Mop = 10° realizations of the spectral abscissa random variable and hence the usage
of specialized parallel computer architectures permits to significantly reduce the
computational time of the novel approach.’

Table 3.4 Numerical values of the controllers K1 and Ky for the delayed feedback oscillator (3.16)
obtained by the deterministic stability optimization method, by the novel probabilistic stabilization,
and by the worst-case stabilization method, minimizing the pseudospectral abscissa [4]. For the
different stabilization methods, we present the time request to perform the optimization process by
HANSO with 10 random initial values and the time requested to evaluate the objective function
and its gradient in the last iteration of the stabilization process.

Control design « K K, timings [s]
iteration optimization
Deterministic 0.6179 —7.1644-1073 8.9861-1073 12.31
0 0.5105 —9.1810- 1072 0.9655 208.56
Probabilistic 10 0.4504 -0.1631 0.9246 285.69
100  0.3633 -0.3988 0.9389 500.71
Worst-case 0.4444 -0.1570 0.2087 192.26

The pseudospectral abscissa computation requires to solve an optimization process in
order to reach the largest value of the spectral abscissa among all the possible linear
perturbations, for this reason the computational time is highly problem dependent
and cannot be easily compared with the other methods. The pseudospectral abscissa is
always to the the right of all the possible realizations of the spectral abscissa random
variable, Figure 3.4. Therefore, the pseudospectral abscissa represents is a more
conservative robust stability measure of the uncertain time-delay system compared
to the mean and the variance of the spectral abscissa random variable. Moreover, in
order to apply the worst-case stability optimization method, the delayed feedback
oscillator has been rewritten in such a way that the uncertainties appear as rank-1

5 Let us note that the evaluation of the spectral abscissa, Algorithm 1.1, is problem dependent. In particular,
the computational time required to the Newton’s correction to reach the requested tolerance cannot be
estimated a priori.
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linear perturbations, increasing the system dimension from r = 3 to r = 5. If the
uncertainty on the system are highly nonlinear, then it might not to be possible to
rewrite the system with rank-1 linear perturbations or the final system dimension
might be very large and hence computational demanding.®

3.3.4 Heating system

The novel optimization approach is tested on the linear model of the experimental heat
transfer set up, described in [98]. Feedback controllers for this model are designed by
the deterministic spectrum-based stability optimization method in [60, 51].

The mathematical model has system dimension r = 10, and involves six different
delays in the state and two different delays in the inputs

5
1) = ) Ao Kzt — 1) + Biu(t - 15) + Byu(t - 7). 2(t) € R, (3.17)
i=0

see [60] for the corresponding matrices and delay values.

We consider system (3.17) with static feedback control: u(t) = K'z(t). In order
to determine the controller gain K € R¥, we first apply to the nominal model
(thereby neglecting the uncertainty) the deterministic stabilization method of [51],
which adapts the method considered in section 1.1.4 to handle the leading matrix E.
Subsequently, we design K € R¥ by Algorithm 3.1, considering an uncertainty of 10%
on the nominal value of the left-cooler temperature, denoted by Ty, and considering
an uncertainty of 10% on the nominal temperatures of both coolers, denoted by T,
and Tg. The temperatures of both coolers depend on the seasonal temperature of
the outdoor air; hence, we model Ty and Ty as realizations of independent random
variable Ty, and Tg uniformly distributed in the intervals [13.5, 16.5] and [15.3, 18.7],
respectively.’

To obtain the results shown in Table 3.5, we set k = 0, 10, 10%, 10 and we first run
Algorithm 3.1 using a number of samples Mpt = 500 and Mot = 10%. However, due
to the presence of local minima that are not global, the results did not always satisfy
the following relations:

E(a(w,K))) < E(a(w,Kz), V(a(w,K;)) = V(a(w,Ky), (3.18)

where K; and K; are the optimal controller for the objective functions (3.6) with
0 < k1 < k3. Hence, for each value of k, we re-run Algorithm 3.1 initializing

6 Further information on the pseudospectral abscissa for time-delay systems can be found in [3], and
reference therein.

7 The uncertainty Tj, affects the (10, 10)-th entry of matrix Ay, the (10, 9)-th entry of Ay, and the only
non-zero coefficient (10-th entry) of vector B;. On the other hand, the uncertainty T affects the
(6, 6)-th entry of matrix Ao, and the (6, 5)-th entry of Aj.
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HANSO on all optimal gain values previously found and refining the set of realizations
using Mop: = 10% and Mpos = 10%. The latter results, shown in Table 3.5, satisfies
criterion (3.18) and the gradient of the objective function, evaluated in the post-
processor analysis, is approximatively zero.

Table 3.5 Comparison between the results of minimizing objective function (3.6) for system (3.17)
with different system uncertainties. The second row corresponds to optimizing the spectral abscissa
for the deterministic case, T, = 15 and Tr = 17; the third to the sixth rows show the results
of optimizing (3.6) for k = 0, 10° and imposing different uncertainties. Ty, Tr denotes random
variables uniformly distributed in [13.5, 16.5] and [15.3, 18.7], respectively.

Control design ~ « (T, Tr,K)  E(e(T, Tr,K))  V(a(Ti, Tr,K))  E(a(Ti, T, K))  V(a(Ti, Tr, K))

Deterministic —6.4140 - 1072 —6.2668 - 1072 2.6465-107° 5.9903 - 1072 8.4117 - 1072
Uncertain T 0 —6.3402- 1072 —6.3331-10"2  4.9526-10"%  —5.4113-1072  1.4040-107°
L 10> —6.3353-1072 —6.3327-107%  1.0437-10"%  -5.7756-107%  1.4668-107°

0 —6.3406 - 1072 —6.3209-1072  2.7837-1077  —6.2981-107%  2.8111-1077

Uncertain Ti, TR 105 _¢3143.102  —6.3081-10  8.2656-10°  —6.2919-102  1.0105 - 10~

Table 3.5 shows how the uncertainty on the parameters may affect the optimal gain
values and, consequently, the statistical moments of the spectral abscissa. Indeed,
increasing the stochastic dimension D, the different optimal gain controllers may
change. It is important to notice, that the deterministic solution may lead to unstable
system if the temperatures of both coolers are affected by uncertainty, since the mean
is positive, see the highlighted cell in Table 3.5.

3.3.5 Mechanical system with active vibration absorber

The mechanical system, shown in Figure 3.5, consists of two parts, a single-degree
of freedom primary structure P which is affected by uncertainty and is excited by
an external harmonic force f, and an absorber A attached to the primary structure
with spring, damper and an actuator. The control objective of this example is two-
fold. First, the external harmonic force f, has to be compensated by active feedback,
actuating with force fa. Second, the positioning of the primary structure and robust
stability of the induced equilibrium are ensured by a feedback controller designed
with the novel approach. This latter feedback controller acts on the primary structure
with the input force u and takes into account both the primary structure uncertainty
and the absorber dynamics.

The mechanical system is modeled by the following equations

mAEA(t) + CAiA(t) + kAZA(t) - CAZ.,'p(t) - kAZp(t) = fA(t),

mpe(t) + caze(t) + knzp(t) — caza(t) — knza(t) = —fa(D) + fod) + u(t), )

8 The results obtained with k = 10, 102 are similar to the one corresponding to k = 0, for this reason
they are not reported in Table 3.5.
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Figure 3.5 Mechanical system with active vibration absorber.

where zp(t) and za(t) are respectively the position of the primary structure and of
the absorber at time t, u(t) is the input parameter of the primary structure, f, is a
harmonic force exciting the system with undesirable oscillations of frequency v,
and fa is the force actuating between the primary mass and the absorber, which has
a suppressing effect on f.. The physical parameters of the system are ma, ca, ka
denoting the mass, damping and the stiffness of the absorber and mp denotes the
primary structure mass. The parameter of system (3.19) are given in Table 3.6.

Table 3.6 Parameter values for system (3.19). The values are evaluated in [66, 65].

Parameter Definition Mean value Uncertainty  Units
mp Primary mass 1.52 +20% kg
ma Absorber mass 0.223 kg
ka Spring stiffness 350 N/m
ca Damping ratio of the spring 1.273 kg/s

Ve Excitation frequency 137 rad/s

The absorber actively reacts on the external harmonic force with properly tuned
feedback. We consider an absorber control with distributed time-delay of the form

fatty =2 / “Ealt - 0)do, (320)

where 7 > 0 is the length of the delay, and g is the absorber feedback gain [66].

The feedback parameters, 7 and g, are tuned in order to turn the absorber to an ideal
oscillator with a dominant couple of characteristic roots placed at the imaginary axis
at the given excitation frequency. Consequently, the external harmonic force at the
given frequency v, is suppressed entirely. To this end, the transfer function from f, to
zp is set equal to zero for the given frequency, i.e. it is zero in +v,i. Splitting real and
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imaginary parts, and balancing the magnitudes, as described in [66], the parameter
of (3.20) suppressing the external harmonic force are

T (Vgci + (mavi — kA)z)

ZVECA

T:i(atan(L)+2(l—l)ﬂ), g= , (3.21)

Ve mavi — ka

where [ € N\ {0} is the branch number denoting a counter associated with phase
wrap-around. We consider [ = 1, since this branch number presents a wide stability
region [66]. Considering the values in Table 3.6 and I = 1, the delay 7 and the absorber
feedback gain g in (3.21) are approximated by

T ~5.7355-10"%s, g~ 4.3017 10" kg. (3.22)

For u = 0, the spectral abscissa is zero and then the system (3.19) with active vibration
absorber (3.20)—(3.22) is not asymptotically stable. To ensure asymptotic stability
to the system, we design a feedback control, taking into account the uncertainty
contained in the primary mass mp, which we model by mp = 1.52 kg + w, where the
random variable w is uniformly distributed in the interval [-0.304, 0.304].

We assume that the measured outputs of the systems are the position and the velocity
of the primary structure, i.e.
zp(t)
w0 = (20 629)

zp(t)

and we design static and dynamic controllers for the plant (3.19) and output (3.23) of
the form

2:(t) = Fzo(t) + G (y(t) - (Z‘e(f)(t))) z. € R,

zreg(ﬂ))’ WO CR,

where z,.¢(t) is the desired position of the primary mass at time ¢, and the matrices E,
G, H and L model the feedback control K € R analogously to (3.3).

(3.24)
u(t) = Hze(t) + L (y(t) -

In order to apply Algorithm 3.1, the plant (3.19), output (3.23), and controller
equation (3.24) are reformulated as a system of delay differential algebraic equations
of retarded type of the form (3.1). To achieve this reformulation, the absorber
feedback (3.20) is rewritten as fa(t) = 9/c(za(t — 7) — za(t)) and the plant (3.19)
is rewritten in a first order form so that the state of the delay differential algebraic
equation of retarded type is x = (za, zp, Za, Zp, yT, ZCT, u)T.

In order to determine static (r. = 0) and dynamic controllers (r. = 1), we first
apply the deterministic stability optimization method to the nominal model obtained
by considering the averaged values of the uncertain parameter, i.e. mp = 1.52kg.
Secondly, we design the feedback controllers by probabilistic stabilization method,
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considering the primary mass of (3.19) affected by uncertainty, ie. mp = 1.52 +
wkg, with o being a realization of the random variable ® uniformly distributed in
[-0.304, 0.304]. The probabilistic stabilization method, described in Algorithm 3.1,
minimizes the approximated objective function (3.9) with trade off parameters k =
0, 1, 10, 100, and where Mqp; = 10% and My = 2 - 10°.

The results are given in Table 3.7, and illustrated in Figure 3.6. By increasing parameter
k the mean increases and the variance decreases, improving the robustness against
the parameter uncertainties. On the other hand, the spectral abscissa increases
and the deterministic system with mp = 1.52 kg presents a slower asymptotically
convergence rate to the zero-solution. Evident improvements can be seen with the
dynamic controller, as it has more parameters to tune and hence the optimization has
more degrees of freedom k = 6, with respect to the static controller which presents
only k = 2 degrees of freedom.

Table 3.7 Numerical value of the spectral abscissa (i.e. o = 0, mp = 1.52kg), its mean and variance
for system (3.19), output (3.23) and static (rc = 0) and dynamic (r. = 1) controllers (3.23). The
controllers are designed by deterministic and probabilistic spectrum-based stability optimization,
considering respectively the nominal value of the mass, mp = 1.52kg and the mass affected by
20% of uncertainty, i.e. mp = 1.52 + w kg, where w is a realization of ® uniform random variable
in [—0.304, 0.304].

Controller Control design « 2(0,K) E(a(w,K)) V(a(w,K))
Deterministic -7.4454 -4.9881 0.7812
) -6.6502 -5.0992 0.8284
Static, r. = 0 Probabilistic 1 -5.8202 -4.7553 0.4451
10 -4.0842 -3.8331 4.1171 - 1072
100  -2.9593 -2.8894 3.6837 - 1073
Deterministic -30.6482 -7.0621 99.3767
) -9.9397 -10.0416 22.9431
Dynamic, re = 1 Probabilistic 1 -8.3575 -7.0698 0.8979
10 -5.5551 -5.5108 2.7537 - 1072

100 -4.7510 -4.7474 4.2727-1073

It is possible to have some insight on the system dynamics by looking at the spectral
abscissa functions on the support of the uncertainty, Figure 3.7. The deterministic
controllers lead to spectral abscissa functions with a wider image than the ones
obtained with the probabilistic approach. In particular, the spectral abscissa function
obtained by the deterministic dynamic controller admits positive values, revealing the
system instability for some values of mp. On the other hand, the dynamic controllers
obtained by the novel approach lead to spectral abscissa functions, whose image is
contained in the real negative axis, ensuring the system stability and the robustness of
the method. Hence, even though, with the deterministic controller the performance is
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Figure 3.6 Pareto fronts, comparing the results of mean and variance given in Table 3.7.

better at the nominal value, as shown in Table 3.7, with the novel approach we ensure
a better convergence rate if the primary mass is affected by uncertainty. In addition,
by increasing the value k, we obtain spectral abscissa function with a small image,
ensuring a better insensitivity with respect to the parameter mp.

Moreover, analogously to the hot shower problem in section 1.2.1, the optimal gain
values achieved by the deterministic stabilization methods corresponds to a non-
Lipschitz point, sensitive to small perturbation of the parameter mp. On the other
hand, the spectral abscissa functions with optimal controller obtained by the novel
probabilistic approach show smoother behaviors.

| | | | 25

125 131 152 1.8

_ a(mp,K)

-30 k=0 deterministic

(b) Dynamic feedback.

<74 — deterministic

(a) Static feedback.

Figure 3.7 Spectral abscissa functions of system (3.19), (3.23), and (3.23) with primary mass
mp € [1.216, 1.824] for different optimal controllers K, see Table 3.7.

A comparison in the time domain of the primary mass position for the dynamic
controllers is illustrated in Figure 3.8. The undesired oscillations affect the primary
structure as the input f, is exciting the system from ¢ = 0 s with amplitude 3 N. The
absorber A, with its feedback (3.20)-(3.22), is attached to the primary structure at time
t = 1s while the feedback control (3.23)-(3.24) is applied during the whole simulation.
Figure 3.8 illustrates that when the absorber is attached, the oscillations affecting

9 The dynamics for the system with static controllers are given in [26, Figure 6], together with the time
domain simulation of the system with dynamic controller obtained by the novel probabilistic approach
with x = 100, which is similar to Figure 3.8d.
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the primary mass are suppressed entirely, and the primary mass remains stable at
the desired position. At time t = 2.5, the reference position of the primary mass is
changed to 10 mm, in formula:

(3.25)

o 0Omm, te€[0,2.5]s,
Zref =
e 10mm, ¢t € [2.54]s.

The system response is shown in Figure 3.8. We observe performance degradation
with dynamic controllers in the deterministic case and for low values of k. In particular,
the system with the deterministic dynamic controller is not stable for mp < 1.52(1 —
13.65%) ~ 1.31kg, see Figure 3.8a, while the dynamic controllers obtained by the novel
approach ensure that the system is stable for mp € [1.52(1 — 20%), 1.52(1 + 20%)] kg.
However, in this latter case, the dynamics vary depending on the parameter k: for
k = 0, and x = 1 we observe performance degradation and the primary structure for
mp =~ 1.52(1 —20%) kg oscillates a lot after the reference position is changed, while for
k = 10 the dynamics are almost insensitive to primary mass variations, and presents
null overshoot.

mp = 1.52 — 20%
= 1.216kg

2 zp mp = 1.52 — 20%
=1 ) mp = 1.52kg
1
mp =1.52 - 13%
P i2ake A
v L4 t |
.. 3.5 0.5 2 3.5
-1 -1

(a) Deterministic feedback. (b) Probabilistic feedback, k = 0.
2 zp 2 zZp
A 1 rand \ P
0.5 2 35 0.5 2 3.5
(c) Probabilistic feedback, k = 1. (d) Probabilistic feedback, k = 10.

Figure 3.8 Dynamics comparison of the primary structure position for system (3.19), (3.23)
and (3.23) with different nominal values of the primary mass mp. The dynamic controllerro = 1
are designed by deterministic stability optimization, section 1.1.4, and probabilistic stabilization
method, Algorithm 3.1. In Figure 3.8a, the dynamic for mp = 1.52(1 — 20%) kg is not shown for
every t € [0,3.5]s, since it is unstable and blows up.
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SummARY. The novel probabilistic stabilization method, improving the stability
properties of uncertain linear interconnected time-delay systems, presents several
advantages. A wide class of interconnected systems can be modeled by the delay
differential algebraic equation formulation. The uncertainties, described by random
variables with given probability function, can affect all the parameters, including the
delays. The solutions are more robust and reliable for applications compared to the
deterministic design. Different dynamics of stable and robust systems can be achieved
by varying the variance penalty in the objective function.

Extended research results of chapter 3 are presented in section 5.1.2.







STABILITY & STABILIZATION
FOR PERIODIC DELAY SYSTEMS

This chapter presents novel numerical methods for the stability assessment and the stabilization
of linear periodic time-delay systems, where the delays and period are assumed to be
commensurable. Under this assumption, the Floquet multipliers are characterized not only as the
elements of the monodromy operator spectrum but also as eigenvalues of a characteristic matrix,
whose evaluation involves the solution of an initial value problem. This dual interpretation
is exploited to compute dominant Floquet multipliers and their associated right eigenvectors,
combining a global approximation with local corrections. The left eigenvector is characterized
as the right eigenvector of a “transposed” characteristic matrix, or equivalently as the right
eigenfunction of the monodromy operator associated with a dual periodic time-delay system.
The characteristic matrix also provides an expression for the derivatives of Floquet multipliers,
which is applied for the stabilization of the system. Several examples illustrate the efficiency
and accuracy of the novel methodologies.

Recall the linear time-periodic time-delay system (1.1),

h
%(t) = Z Aj(0)x(t - 1)), (4.1)
j=0

with h € N, state variable x(t) € R”, and the matrix-valued functions 4; : R —
R™", t +— A;(t) are continuous and T-periodic, for j = 0,...,h. The period is
positive, T > 0, and the delays are sorted in increasing order, 0 < 71 < 73 < +++ < Tp,.

We focus on linear periodic time-delay systems (4.1) where the time-delays and period
are commensurate. More precisely, we consider the following assumption.

Assumption 4.1. There exist a positive real number A > 0, natural numbers N and
nj, for j = 1,..., h such that the period and delays satisfy

TZNA, sznjA, j=l,...,h. (42)
Under Assumption 4.1, the Floquet multipliers satisfy not only the infinite-dimensional

linear eigenvalue problem (1.3), defined by the monodromy operator, but also a
finite-dimensional nonlinear eigenvalue problem. This dual interpretation permits
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to develop spectrum-based stability assessment and stabilization for the periodic
time-delay system (4.1), analogously to the methods for autonomous time-delay
systems, presented in sections 1.1.3-1.1.4, relying on the dual interpretation stated
in Theorem 1.3. The novelty of these spectrum-based stability assessment and
stabilization methods compared to the state-of-the-art are presented in section 1.2.3.

The chapter is structured as follows. In section 4.1, the spectral properties of
system (4.1) are addressed, focusing on the characterization of Floquet multipliers
in terms of a nonlinear eigenvalue problem. In section 4.2 algorithms for computing
Floquet multipliers are presented. Characterizations of left eigenvectors are presented
in section 4.3. Section 4.4 is devoted to the sensitivity analysis of the Floquet
multipliers, with application to the design of stabilizing controllers. Section 4.5
illustrates the efficiency of the novel approach using numerical experiments.
Additional remarks, beyond the stability assessment and stabilization of periodic
time-delay systems (4.1), are presented in section 4.6.

4.1 SPECTRAL PROPERTIES

As mentioned in section 1.1.1, and more precisely in Proposition 1.1, the stability
properties of a periodic time-delay system can be inferred from the Floquet multipliers,
the non-zero eigenvalues of the monodromy operator. A graphical interpretation
of the monodromy operator action and its associated infinite-dimensional linear
eigenvalue problem is given in Figure 4.1.

U= po

Uo =
@ , @
I T T 1 I T 1
—Th 0 T-1 T —Tp T-1, 0 T
(@)T > 13, B)T < 1.

Figure 4.1 The monodromy operator 7% translates the continuous function ¢ : [-tp, 0] — C”
along the corresponding solution over a time-interval of length T. In both cases, the depicted initial
function ¢ corresponds to an eigenfunction of the monodromy operator.

We show that the Floquet multipliers can not only be obtained by solving the infinite-
dimensional linear eigenvalue problem (1.3), but also from the solutions of a finite-
dimensional nonlinear eigenvalue problem. This dual interpretation plays a major role
in the subsequent developments of the stability assessment and stability optimization
methods. We start with a technical lemma.
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LEmMA 4.1 Number p € C\ {0} is a Floquet multipliers of the periodic system (4.1)
with period T = NA if and only if there exists a continuous CN"-valued function, q(s)
with q(0) # 0, which satisfies the boundary value problem

q(s) = As. p)q(s). s € [0, 1], (43)
q(1) = B(u)q(0),
where
(0 In-g
B(u) = (,u 0 )®Ir.
The differential equation (4.3) is described by
h
Gn(s) = A D Aj((s+n=DA) " gy, , (5), n=1,..N, (4.4)
=0
with
I e A
ak - N ’ k = mod N k]

such that q(s) = (q1(s) -~ q4,(s))".

Before the detailed proof, we sketch the main idea behind Lemma 4.1, considering the
simplest case h = N = n; = A = 1. The solution x(t; 0, ¢), emanating at ¢t = 0 from an
eigenfunction ¢ corresponding to Floquet multiplier y, satisfies for ¢ € [0, 1]

x(t;0,¢) = Ao(1)x(£; 0, ¢) + Ar(t)

t; 0,
= Ao(D)x(t;0, 9) + A, x(50,0)
u

as well as x(1;0, ¢) = px(0;0, ). Setting q(t) = x(t; 0, @), we get a boundary value
problem of the form (4.3). A graphical illustration of the generalization is given in
Figure 4.2. The variable s in (4.3) is a local coordinate inside each interval of length A.

Proof. Let (u, ¢) be an eigenpair of 7. Recall the initial value problem (1.2) for
system (4.1)

x(t) = Yo Ajt)x(t — 1), t € [to, o),
x(t) = (t — t), t € [to — Th, tol,

and consider its solution in the interval [—7,, T], initialized with ¢ at t, = 0, ie.
x(t;0,¢) for t € [—zp, T]. By assumption, we have x(T + 00, ¢) = p@(0) for every
0 € [—1h, 0]. We divide the interval [z, T] into A-length subintervals and define

qn(s) = X((S +n-— 1)A; 0» (P), s € [O’ 1],
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Figure 4.2 Exemplification of Lemma 4.1 proof for two examples. Function ¢ represents an
eigenfunction of the monodromy operator. Functions q1, . ..,qn in (4.4) can be interpreted as
describing segments of the emanating solution.

forn = —np,...,N. We define q(s) = (qi(s) --- q}\](s))T. Since the solution is
initialized on an eigenfunction, ie. ¢ = ﬁxT(-; 0, ¢), functions {qn(s)}ngnh . are

related to {q,,(s)}nl\]:l via

1 n-1
qn(s) = ;qNM(s) = yL N Jq(n,l) mod y+1(5), n=—-np+1,...,0. (4.5)
Furthermore, for every n = 1, ..., N, we have
qn(s = 75) = x (s + n = nj = 1)A;0,9) = qn_n,(s) = p*" O

These properties are illustrated in Figure 4.2.

From the chain rule, it follows that forn =1,...,N and s € [0, 1]

gn(s) = A J'C((s +n-1)4A;0,9)

AZA ((s+n—-1)A)x((s+n—n; —1)A;0,¢)

~.
o

Mm

Aj ((S +n-— 1)A)qn nj(s)

-,
Il
o

Ai((s +n= DA gy, (),

Mw

=0

~.

hence, differential equation in (4.3) is satisfied. The boundary condition is also satisfied,
following from the continuity of the solution and the property x(0; 0, ¢) = lllx(T; 0, ).

Finally, we prove by contradiction that g(0) # 0. If g(0) = 0, then the solution of the
differential equation in (4.3) would be q = 0, which implies that x(¢; 0, ¢) = 0 by the
monodromy operator action (4.5). However, this is in contradiction with the property
that an eigenfunction is not identically zero.
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Let g(s) be a continuous CN"-valued function, satisfying the differential equation (4.3)
We construct function x(¢), t € [-7p, T] from q in the following way,

x(t) = p*qp, (% -(n-1), te((n-1A nAl, n=-np+1,....N,
x(=tp) = p gy, ., (0)

and show that it corresponds to a solution initialized at an eigenfunction of 7. The
construction of x implies

t
x(t):qn(Z—(n—l)), te((m-DA nAl, n=1,...,N (4.6)
and, for any j € {1, ..., h},
Anen; t
x(t —15) = p" " Qb (Z—(n—l)), te((n—=1A, nAl, n=-np+1+nj,...,N.

Following from the construction of x and condition q(1) = B(u)q(0), we have that x
is continuous on [—7, T] and

x(t) = Ill X(t+T), t€[- 0].

It remains to show that x is a solution of (4.1). In the time-interval [(n — 1)A, nA], for
any n = 1,..., N, we obtain from (4.6) that

h
. 1. (t e t
5(0) = ~da (£ —(n-1) = ;Ajmu G,y (5= (=)
h
= > Ajx(t - 1p),
j=0
which completes the proof. ]

Denoting v = q(0), conditions (4.3) can be rewritten in the form
N(u)v = 0. 4.7)

Here, the function N : C — CN™NT jg analytic in C \ {0}, and for a given value of
and v the matrix-vector product N (¢)v is determined as follows,

N(uo = q(1) - B(p)o, (4.8)

where q is the solution of initial value problem

(4.9)

q(s) = A(s, w)q(s), se€[o, 1],
q(0) = v.
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Equation (4.7) can be interpreted as a nonlinear eigenvalue problem. The relation
with the eigenvalue problem for the monodromy operator is clarified in the following
theorem, which generalizes [80, Theorem 2.1] to non-scalar systems with multiple
delays.

THEOREM 4.2 Let j1 € C\ {0}. If the pair (j1, §) is a solution of the infinite-dimensional
linear eigenvalue problem

Up=po, peC\{0}, ¢@eX\{0} (4.10)
then (f1, ©) is a solution of the finite-dimensional nonlinear eigenvalue problem
N =0, peC\{0}, veC""\{o}, (4.11)
wherev = (v] -+ vy)" is determined by

v = x((n — 1)A; 0, @), n=1,...,N.

Conversely, if the pair (ji,0) is a solution of (4.11), then ({1, $) is a solution of (4.10),
where for everyn = —np +1, ..., 0,

9 = Al ) gius) o o (5 = (1= 1) £ € (= DA, nalL

with q(s) = (qj(s) - - (ﬁ\](s))T the solution of initial value problem (4.9) for v = © and
p=p

Proof. The assertions follow from the constructions in the proof of Lemma 4.1. O

The dimension of nonlinear eigenvalue problem (4.11) does not only depend on
the system dimension r but also on the number N of A-subintervals of [0, T] (see
Assumption 4.1). The latter is minimized if A, in (4.2), is chosen as the greatest
common divisor of 7y, .. ., 7, and T. We now present an example where N = 1.

Example 4.1. We consider system
h
x(t) = Z Aj(D)x(t — jr) (4.12)
=0
with T = 7. When taking A = 7 we can express N(p)v = q(1) — pv, where g satisfies

{Q(S) =3, Aj(sf)%)’ s €0, 1], (4.13)
q(0) = v.
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Moreover, if system (4.12) is scalar, i.e. r = 1, N(p) can be explicitly expressed in
terms of the coefficients A;(¢) and we can derive a nonlinear equation for the Floquet
multipliers. Indeed, if we let

1 T
aj:./o TAj(sr)dsz/O Aj(t)de,

then the solution of the differential equations in (4.13) is
q(1) = X%y,
Hence, the Floquet multipliers correspond to the solutions of equation
b
eXimo 7% =g, (4.14)

which is in accordance to the characteristic equation for the Floquet exponents as
defined in [33, Section 8.1].

4.2 STABILITY ASSESSMENT

This section describes two techniques for computing dominant Floquet multipliers,
which are combined in order to accurately infer the stability properties of system (4.1).
These two techniques are outlined in Figure 4.3. The first technique, discussed in
section 4.2.1, approximates the Floquet multipliers by a spline collocation method,
furnishing a global view of the monodromy operator spectrum, and, hence, detecting
a guess of the largest Floquet multiplier in modulus. The second technique, analyzed
in section 4.2.2, computes the Floquet multiplier in a neighborhood of an initial
guess by Broyden’s method, a local root-finding method, where the accuracy of
the computation depends on evaluating the matrix-vector product N(¢)v. Finally,
section 4.2.3 discusses an algorithm for the computation of Floquet multipliers based
on a combination of these techniques.

4.2.1 Discretization of the infinite-dimensional linear eigenvalue problem

We derive a finite-dimensional linear eigenvalue problem, whose eigenvalues
approximate Floquet multipliers. First, we outline how a collocation approach can
approximate solutions of (4.1) in the form of a spline. Second, we illustrate how these
approximations induce a matrix approximation of the monodromy operator. The
derivation is different from [8, Chapter 6], and from [10] for the one-delay case, but
the underlying ideas are the same. Third, in the spirit of Theorem 4.2, we show that
the corresponding linear eigenvalue problem can also be obtained from a particular
approximation of the nonlinear eigenvalue problem (4.11). The latter explains a
particular choice of spline, in accordance with the subdivision of the interval [—7,, T]
in intervals of length A. We conclude with some implementation aspects.
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Infinite-dimensional linear Finite-dimensional nonlinear
. Theorem 4.2 .
eigenproblem eigenproblem
U = pp,p € X\ {0} ’N(,u)v:O,veCN’\{O}
U
Matrix eigenvalue problem (4.21) Broyden’s method for solving

Ns(p)o =0

— local correction

— global approximation

Figure 4.3 Approach for computing dominant Floquet multipliers and stability assessment of (4.1).
The upper part illustrates the theoretical results of section 4.1 concerning the dual interpretation of
Floquet multipliers in terms of eigenvalue problems. The lower part outlines the Floquet multipliers
computation of section 4.2.

Discretization of the initial value problem

We approximate a solution of (4.1) by a spline, which is piecewise defined on A-
subintervals by M-degree polynomials {g" nN:—nh .1» where polynomial ¢} represents
the approximation on the interval [(n—1)A, nA). Without loss of generality, we assume
that this A-interval is scaled and shifted to the interval [0, 1). Given a polynomial
basis {p; }iew in the interval [0, 1], this spline approximation is uniquely determined

by the coefficients ¢ of the polynomials {g¥}V

n=—np+1°
Conp+1 Co,n
c = ., Cp= o |,m=-np+1,...,N,
CN CM,n
such that
M
M
a(s)= ) cinpi(s), selo, 1]. (415)
i=0
We note that the coefficient vector (cfnh 41 * " €)' can be interpreted as a parametriza-

tion of the initial condition. Specifying this vector to the value ¢, € R™*" (M+1) Jeads

us to the condition
Bc = ¢, (4.16)

where
B = (Inh OnhXN) ® Ir(M+1)-

We now determine conditions expressing that the vector (c] - - - cy,)" corresponds to
the emanating solution. We first require continuity on [0, T], which can be expressed
as

aM©0)y=¢",(1), n=1,...,N. (4.17)
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Second, we impose collocation requirements for the time-delay system (4.1) on a mesh
{En M over the interval [0, 1], which lead to

m=1

h
qy(g“m)=AZAJ((§m+n—l)A)an_nj(§m), m=1,...,M,n=1,...,N. (4.18)
j=0

Conditions (4.17) and (4.18) can be stated in matrix form as
Sc =0, (4.19)

with § € CINX(mntN)r(M+1) " Finally, the approximate solution with initial condition
parametrized by ¢, can be computed from (4.19) and (4.16), leading to

S -1
c= (B) Ec,, (4.20)

with
E= (Onth Inh) ® Ir(M+1)-

Discretization of the monodromy operator

The monodromy operator describes the translation along a solution from the interval
[-7n, 0] to the interval [T — 73, T]. Considering the previously defined spline
approximation of a solution, the monodromy operator action can be approximated by
the mapping from vector c,, which gives rise to the discretized solution (4.20), into

T
— T ... T
vector ¢t = (cN_nthl CN) .

We can express ct = Ec, leading to

-1
S
cr=E (B) E' c,.
Hence, the infinite-dimensional linear eigenvalue problem (4.10) is discretized by
Unicp = |1 Cq, (4.21)
where %) is a matrix approximation of the monodromy operator,

-1 -1
S S 0
Uy = E E'=(0 I .
M (B) ( nhr(M+1)) (Inhr(M-H) 0) (Inhr(M+1))
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Interpretation in terms of the finite-dimensional nonlinear eigenvalue problem

We can alternatively obtain (4.21) from the nonlinear eigenvalue problem (4.11) by a
spectral discretization of boundary value problem (4.3). More precisely, approximating
q by a M-degree polynomial,
a"(s)
&= |, selo.1],
qx (s)

imposing collocation requirements for the differential equation on the mesh { fm}%ﬂ
and imposing the condition ¢ (1) = B()g™(0) lead us to (4.19) supplemented with

cp = R(peq, (4.22)
where
Conp+1 C1
o= = | Ca=|:|
Co CN
and
(ON—nthh In;,) ® Iy(m+1), nh <N,
0 Iﬂ’;%
— In
Rl = N Latanys np > N.
N/

As spelled out in the proof of Lemma 4.1, the differential equation (4.3) is derived
from equation (4.5) by expressing x(t; 0, ¢) in the time-interval [—z, 0] in terms of
u, 12, .. .~fractions of x(¢;0, @) at positive time-instants t € [0, T], where ¢ is an
eigenfunction of % . The two cases in the expression for R(p) correspond to the
situation depicted in Figure 4.2a and Figure 4.2b, respectively.

Partitioning § = (Sq, Sq), according to the subdivision of ¢ into ¢, and ¢y, allows to
rewrite (4.19)-(4.22) as

Sypcp +84cq =0,

Cp = R(P)cqa
which brings us to the polynomial eigenvalue problem

"N (SpR(u) +Sq) cq = 0. (4.23)

To establish a connection between this eigenvalue problem and (4.21), we note
that (4.22) is equivalent to

1
Bc = —Ec.
U



4.2 STABILITY ASSESSMENT | 91

Conditions (4.19)-(4.22) can then be rewritten as uSc = 0 and pBc = Ec, which brings
us to the generalized eigenvalue problem

S ONr(M+1) 0
- c=0. 4.24
(u (Inhr(MH) 0) ( 0 Inhr(M+l) ( )

From Sylvester’s determinant theorem [35, Theorem 1.3.22], the sets of non-zero
eigenvalues of (4.24) and of monodromy matrix approximation %) are the same.

In conclusion, the non-zero eigenvalues of matrix %), generalized eigenvalue
problem (4.24), and polynomial eigenvalue problem (4.23) coincide. The dimensions
are npr(M + 1), (np, + N)r(M + 1), and Nr(M + 1) (but the order of the polynomial
eigenvalue problem is [7+/N]) while the corresponding eigenvectors, c,, ¢, cq4
parametrize segments of the approximate solution emerging from the eigenfunction.

Choice of polynomial basis and collocation points

Generalized eigenvalue problem (4.24) and polynomial eigenvalue problem (4.23)
lie at the basis of our algorithm for approximating Floquet multipliers. In our
implementation, we express polynomials {gq¥ }ff}nh ,1 in a Chebyshev basis,

M
g () =) caTi(2t-1), telo, 1],

i=0

where T; is the i-degree Chebyshev polynomial of the first kind, and we take as
collocation points {&,}M_, the Chebyshev nodes shifted and scaled in [0, 1],

(m=n

,m=1,...,M. (4.25)
M

1
&m = E(gm +1), {m = —cos
As we shall document in section 4.5.1, spectral accuracy (convergence rate faster
than O (M~*) for any k € N) is observed for the approximation of a simple Floquet
multiplier. This is expected, as the method can be interpreted in terms of a spectral
discretization [89] of boundary value problem (4.3), with (4.25) as collocation points.

To conclude the section, we specify matrix S in (4.24) for a particular case.

Example 4.2. We reconsider system (4.12) with T = 7, leading to A = 1. We can
express

0 - 0 —-(11...1)0L (1(-1)...-)MeI

S=1_a, - -a, ~A, Ul — A ’

where the first r rows are determined by the continuity conditions (4.17), while the
other Mr rows are obtained by the collocation conditions (4.18). The block matrices,
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determining S, are given by

AiEMNT (G) ... A(EA)TM (Cm)
Aj=A : : ;
A EMNTo Cm) - Aj(EMA)TM (Em)
forj=0,...,h and
0 W (&) ... MUym-1($)
U=2|: : : ,
0 1Wo(lm) ... MUpm-1({m)

with U; the i-degree Chebyshev polynomial of the second kind.

4.2.2 Newton’s type algorithms for the nonlinear eigenvalue problem

The alternative formulation (4.11) of the eigenvalue problem allows us to compute
eigenpairs by applying an iterative solver for nonlinear equations to the system

{N(,u)v =0,

wiov =1,

where the second equation, with w € CNT_ is a normalization constraint. Letting
y = (0" u)" we can compactly write the system in the form F(y) = 0. The application
of a damped Newton’s method leads us to the basic iteration

Yis1 =Yi — viHiF(y;), i€N,

where y; € (0, 1] is the damping factor and H; represents the employed inverse
Jacobian approximation.

In the exact Newton’s method, the true Jacobian is used, which implies

N AN\
Hi:=J(y) ™" = (Nvfﬁfz) duo v’)

and a system of equations needs to be solved to obtain the search direction H;F(y;). To

compute N(u;), we have to solve initial value problem (4.9) for Nr independent initial
conditions. To compute matrix-vector product d/\é—(lf”)vi we can use the following

proposition. !

10 The proposition here presented generalizes the result of [71, Section 3.1], stated in terms of Floquet
exponents for a periodic system with a single delay term and this delay equal to the periodicity of the
system matrices.
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ProprosITION 4.3 Let (i, v), with u # 0, be an eigenpair of (4.11). Let q be such
that (4.9) is satisfied. Then we can express

dN ()

dﬂ v = qy(l)_vN’

where q,, is the solution of initial value problem

{iz,,(s) = 285 q(s) + A(s, 1)g, (), s € [0, 1],

4.26
q,(0)=0, (429

andoyn = (0 -+ 00])", withv = (v] -+ vy)".

Proof. The solution of (4.9), evaluated at any s € [0, 1], is a smooth function of i on
C\ {0}. The assertion follows from differentiating (4.8) and (4.9) with respect to p,
the latter giving rise to equation (4.26). ]

In the Broyden’s quasi-Newton’s method [2, 39] (for simplicity, we consider only the
so-called good Broyden’s method) an approximation of the Jacobian inverse is updated
in every iteration by a rank-one matrix, using the formula

(H;F(yi+1) — (1 — yi)H;F(y;)) (F(y;)"H; H;)
F(y;)*H; (H;F(yi+1) — HiF(y;))

Hiv1=Hi -

s

where in our implementation we use as initialization Hy = I or

Hy = J(yo)™". (4.27)

Since characteristic matrix N (u) is not in explicit form, we need to numerically solve
the initial value problems (4.9) and (4.26) for evaluating matrix-vector products N (u)v
and %}E’l)v. The implementation approximates these initial value problems with fixed
step-size §, considering the mixed explicit-implicit trapezoidal rule if the differential
equation is stiff, and a Runge-Kutta method of order 4 for non-stiff problems. In this
way, the resulting iterative scheme can also be interpreted as applying a Newton’s
type method to solve the approximate eigenvalue problem

Ns(p)v =0, (4.28)

where N is obtained from N by replacing the exact solution of (4.9) and (4.26) by the
numerical solution. Compared to standard nonlinear eigenvalue problems in explicit
form, as (1.12) for autonomous linear system, there is a significant additional cost
in evaluating the characteristic matrix N(¢), which is needed in every iteration of
Newton’s method but avoided in Broyden’s method.
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4.2.3 Floquet multipliers computation

The results in sections 4.2.1-4.2.2 lead us to the following high-level algorithm for
computing (part of) the monodromy operator spectrum, which is conceptually similar
to Algorithm 1.1, described in section 1.1.3, for computing characteristic roots of
linear time-invariant systems with delays.

Algorithm 4.1. Two-stage approach for computing Floquet multipliers.

1. Fix M € N, and compute eigenvalues and eigenvectors of (4.23).

2. Fix § > 0, and correct the individual Floquet multiplier approximations, and
extracted eigenvector approximations of (4.11), by applying Broyden’s method
to (4.28).

For problems of moderate dimension Nr, we use a direct method to compute all
eigenvalues of (4.23) in the first stage, resulting in approximate eigenpairs (i, cg).
Recall from (4.15) and the construction in the previous section that c; = (c] - -+ c¢},)"
parametrizes the approximate solution corresponding to an eigenfunction of 7. By
Lemma 4.1 this allows us to extract an approximation of the eigenvector v in (4.11),

M
v=(v] - vy), Up = Zpi(O)c,-,n, n=1,...,N,
i=0

that is used in the initialization of the second stage, along with (4.27) as initialization
of the inverse Jacobian approximation.

For problems with high dimension N, it is computationally infeasible to use a direct
method in the first stage of Algorithm 4.1, and iterative eigensolvers are to be preferred.
In section 4.5.3, we employ Arnoldi’s method to matrix %) in (4.21), where every
iteration requires solving a system of equation with matrix S, since

-1
Sy S 0
Unicy = (0 In,rmen)) ( 1¢ oq) (Inhr(MH)) e

- o
- (0 Inhr(M+1)) (_S(_Ils(pc(p) .

In this way, eigenvector approximations are obtained in the form of coefficient vector
cy- The latter can be turned into an eigenvector approximation of (4.11) by numerically
solving the initial value problem (1.2) on the interval [0, T], with ¢ the M-degree
spline defined by the coefficients c,. The inverse Jacobian in Broyden’s method is
initialized with the identity matrix, in this case.

(4.29)

Algorithm 4.1 turns out to be very efficient for computing dominant Floquet
multipliers. As the first step serves to scan the complex plane, the requirement on M is
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that the obtained approximation of the dominant Floquet multiplier and corresponding
eigenvector is in the region of attraction of Broyden’s method, but M should not be too
large, since the eigenvalue problem (4.23) has dimension O (r(M + 1) X r(M + 1)).1!
As the second step serves for local improvement (and discarding spurious eigenvalues),
parameter 6 should be chosen sufficiently small not only to effectively take the role of
corrector but to be able to reach the desired final accuracy on the Floquet multipliers
(recall that modified problem (4.28) is actually solved in the second stage). The fixed
step-size § can be estimated by trials and errors: comparing the results obtained by
an adaptive solver with the solution achieved with fixed step-size é by the trapezoidal
rule or by Runge-Kutta method of order 4.

Remark 4.1. As presented in section 4.2.1, the discretized eigenvalue problem (4.23)
can also be derived from (4.11) by approximating the solution of the differential
equation in (4.9). This approach is based on solving boundary value problem (4.3),
parametrized by p, for which the collocation approach is appropriate. In the context
of local corrections, we need to solve initial value problem (4.9) for specified values of
1 and v, for which a time-stepping method is preferable.

Remark 4.2. If a factorization of matrix S, or even storing the matrices of the
discretized eigenvalue problem would be infeasible, one may be able to apply
Broyden’s method based on the nonlinear eigenvalue problem formulation (the second
stage). In this case, multiple Floquet multiplier approximations can still be obtained,
using the deflation technique as presented in [45, 18, 39].

4.3 CHARACTERIZATION OF THE LEFT EIGENVECTORS

We again consider nonlinear eigenvalue problem (4.11), with NV defined by (4.8)-(4.9).
Vector u € CN” \ {0} is called a left eigenvector of AV, corresponding to eigenvalue y
if

u'N(p) =0,
or, equivalently, N(¢)*u = 0. In order to give an expression in terms of a right
eigenvector, we first define the “transposed” nonlinear eigenvalue problem

Ny =0, (4.30)

where for given y € C\ {0} and v € CN" \ {0} the matrix vector product N(u)v is
determined as

N = p(0) = B(w)'o,
where p is the solution of problem

{j)(s) = —A(s, p)'p(s), s €0, 1],

1) = o (4.31)

11 Further research directions might address how to determine the number of collocation points M a priori,
as explained with further details in the next chapter 5, section 5.2.3.
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This bring us to the following result, which is analogous to Proposition 1.5 for
autonomous time-delay system.

THEOREM 4.4 Letu € CN" and y € C\ {0}. Vector u is a left eigenvector of (4.11)
corresponding to eigenvalue u if and only if it is a right eigenvector of problem (4.30)
corresponding to eigenvalue [i.

Proof. 1t suffices to prove that for any y € C\ {0} we have N(u) = N()*. To this
end, take arbitrary vectors u € CN" and v € CN7. Let (-, -) be the Euclidean inner
product in CN" and let q satisfy

q(s) = A(s, i)q(s), s €0, 1],
q(0) = u.

We can derive

(N(pu, v) = (u, N(po) = q(1)"v — u*B(i1) v — u"p(0) + u"B(p)'v
=q(1)"v - u"p(0) = q(1)"p(1) — q(0)"p(0)

Ld * 1 .
B /o %ds = /0 q(s)"p(s) + q(s)"p(s)ds

1
= [ ator s myp(o) - 467 At pls)is
0
=0,
which concludes the proof. |

Example 4.3. For time-delay system (4.12) with7 =T, wecanset A=7and N = L.
Analogously to Example 4.1, the matrix vector product N(u)v for p € C\ {0} and
v € C" \ {0} is determined as N(p)v = p(0) — po, where

{;xs) =t Sl AT B selo, 1);
p(1) =o.

In the spirit of Theorem 4.2, we now establish, as the main result of this section,
a connection between transposed nonlinear eigenvalue problem (4.30) and the
monodromy operator corresponding to the following dual time-delay system:

h
()= Y Af(—t + )" x(t - 1)), (4.32)
j=0

where the matrix coefficients are not only transposed but they also present a reverse
and shift of the time. The following theorem is stated considering the permutation
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matrix R € RV™NT defined as

R =
I

THEOREM 4.5 Let % be the monodromy matrix corresponding to system (4.32). Let
f1 € C\ {0}. If the pair (j1, §) is a solution of

Up=pe. peC\{0} peX\ {0}, (433)
then ({1, ©) is a solution of
N(pw =0, peC\{0}, veC"" \{o0}, (4.34)
where © = (v] --- v),)" is determined by
vn = x((N = n)A; 0, §), n=1,...,N,

and x(t; to, @) the solution of (4.32) with initial condition ¢ at time t;.

Conversely, if the pair (i, D) is a solution of (4.34), then ({1, §) is a solution of (4.33),
where for everyn = —np +1, ..., 0,

9 = AL sy o o (5 = (1= 1) £ € (= DA, nal]

and p(s) = (p{(s) --- P (s)" satisfies
p(s) = Rp(1 - ), (4.35)

with p solution of initial value problem (4.31) forv = R0 and u = ji.

Proof. Let N (1) = RN(¢)R and © = Ro. In these variables, using substitution (4.35)
and taking into account RR = Iy, nonlinear eigenvalue problem (4.30)—(4.31) can be
rewritten as

N(p)o =0, (4.36)
where
N(uo = p(1) - (RB(u)'R) o,
and )
{ﬁ(s) = (RA(1 -5, p)'R) p(s). s <o, 1],
p(0) = 0.
We have

RB(u)'R = B(p),
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while the » X r block of RA(1 —s, u)"R at position (rn,rm) forn,m = 1, ..., N is equal
to r X r block of A(1 — s, u)" at position (r(N — m + 1), r(N — n + 1)), whose explicit
formulation is given by

A Z A (1= s+ N —m+1—1)A) pN-man; (4.37)
bN—m+1fnj =N-n+1
To conclude the proof, we have to prove that (4.37) is equal to

A Z Aj(-(s+n-1A+ njA)T i (4.38)

so that, by a comparison of this expression with (4.4), the nonlinear eigenvalue
problem (4.36) is equivalent to eigenvalue problem (4.33) in the sense of Theorem 4.2.
Let us note that by_m+1-n, = N — n + 1is equivalent to b,_,, = m, since by modular
arithmetic we get

N-m-nj=NN-n & m+nj=yn © n-nj=ym,

where =y denotes the congruence modulo N. Moreover, by the last congruence
relation, we obtain

. n—n;—1
n—n;=m+Nay_n,, w1than_nj: —~ |

Therefore, by the periodicity T = NA of the system matrices {Aj(t)}]’.lzo we get

Aj(1=s+N-m+1-1)A)" = Aj(1=s—n+nj+N(1+ap_n,))A)" = Aj(1-s—n+n;)A)",

and also
N-m-n; N —-n+ Nay,_p,
AN-m+1-n; = N = N = Aan-n;-
Consequently, (4.37) is equivalent to (4.38), which concludes the proof. O

Based on Theorems 4.4-4.5 the methods for computing right eigenpairs as presented
in the previous section can be trivially adapted to compute left eigenpairs.

Remark 4.3. The linear time-periodic system (4.1) admits a dual system, although
relations (4.2) might be not satisfied. Indeed, even if Assumption 4.1 does not hold,
the monodromy operators %, and U associated respectively with the linear periodic
time-delay systems (4.1) and (4.32) satisfy o(%) \ {0} = o(%) \ {0}, as stated in [56,
Theorem 1].
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4.4 STABILITY OPTIMIZATION

In this section, analogously to section 1.1.4, we assume that the matrices in (4.1)
depend on system or controller parameters K = (K; --- K;)" € RK. More precisely,
we consider system

h
%(t) = Z Ai(K)x(t — 1)), (4.39)
j=0

assuming that functions A; : R x R¥ — R™", (t,K) — Aj(t;K) are continuous and T-
periodic in the first argument, for j = 0, .. ., h. Accordingly, differential equation (4.3)
changes to

q(s) = A(s, j:K) q(s),

and we denote the nonlinear eigenvalue problem by N(y;K)v = 0. However, to
simplify the notations, we omit the parametric argument whenever it is not essential
for the understanding.

Section 4.4.1 addresses the characterization of derivatives of simple Floquet multipliers
with respect to parameters K, inferred from nonlinear eigenvalue problem (4.11), and
outlines their computation. These results are at the basis of a method for stability
optimization of periodic time-delay systems, presented in section 4.4.2.

4.4.1 Derivatives of Floquet multipliers

The following proposition provides an explicit expression for derivatives of a Floquet
multiplier with respect to system parameters.

PROPOSITION 4.6 Let (i, v) be an eigenpair of (4.11), with u # 0 a simple eigenvalue.
Let u be the left eigenvector associated with y, i.e. u*N(u;K) = 0. If q satisfies (4.9),
then, for eachi € {1,...,k} we can express

0 u'qr (1
g M (4.40)
0K; u*qu(l) —ufvy

where q,, and q, are solution of initial value problem
: _ QA(s.uK)
9k, (s) = = —q(s) + Als, 1 K)g, (),
- OA(s,11;K
q,(s) = 225K g(s) + AGs, 11:K)g,,(5),
gk, (0)=0, q,(0)=0,

and vy is as in Proposition 4.3.
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Proof. Applying Proposition 1.4 to the finite-dimensional nonlinear eigenvalue
problem (4.11), the formula for a derivative of a simple eigenvalue is

*6N(,U§K)
op _ 1 ok (4.41)
0K e PR

The remainder of the proof is analogous to the proof of Proposition 4.3, relying on the
variational equations corresponding to (4.9) and parameters p and K;, respectively. O

Proposition 4.6 bring us to the following algorithm for computing the gradient of a
simple Floquet multiplier with respect to parameters vector K.

Algorithm 4.2. Computing the gradient of a Floquet multiplier.
1. Compute a Floquet multiplier y and its right eigenvector by Algorithm 4.1.

2. Compute u € CN" as the corresponding left eigenvector.
3. Solve initial value problem

q(s) = A(s, 1:K)q(s),

. OA(s, 1;

q,(s) = 25K g(s) + A(s, 11, K)g,(5), e
QKI«(S) = %j’(l;mq(s) + A(S, 'U;K)in(S), i= 17 RS ] k

q(0)=v, ¢q,(0)=0, g (0)=0, i=1,...,k,

on the interval [0, 1] and compute, by formula (4.40), the partial derivatives of
the Floquet multiplier with respect to the elements of K.

If the dimension Nr is small, the vector u can be computed as singular vector
corresponding to the smallest singular value of the matrix N, obtained by solving
initial value problem (4.9) with Nr independent initial vectors ». For problems with
high dimension Nr, the construction of the full matrix Nj for the second step of
Algorithm 4.2 has to be avoided. In this situation, we can separately apply Arnoldi’s
method and, possibly, Broyden’s correction initialized with Hy = I, as discussed in the
previous section 4.2.3, to the original system (4.1) and to (4.32), followed by a pairing
of Floquet multipliers and associated eigenvectors.

Remark 4.4. In our implementation, we use the same integration method with fixed
step & for numerically solving (4.31) and (4.42) as we use for (4.9). In particular, if the
left eigenvector is computed as left singular vector of Ns, we solve (4.9) and (4.42) by
either Runge-Kutta of order 4 for non-stiff problems or trapezoidal rule for stiff
problems. If the left eigenvector is computed from the discretized monodromy
operator of system (4.32), followed by corrections using (4.30), then the initial value
problems (4.9), (4.31), and (4.42) are all solved by trapezoidal rule, a symmetric mixed
implicit-explicit scheme. The consistency between integration schemes permits to
interpret the result of Algorithm 4.2 as the gradient of a eigenvalue of Ns(u; K)o = 0.
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4.4.2 Stability optimization

By Proposition 1.1, the stabilization problem of an unstable system of form (4.39)
corresponds to finding controller parameters K such that the Floquet multipliers are
all confined to the open unit disc. This problem, as well as the problem of increasing
the decay rate of solutions of a stable system towards the zero equilibrium, lead
us to the optimization problem of minimizing the (squared) spectral radius of the
monodromy operator as a function of controller parameters K,

min %, with p = |pupl; (4.43)

where pp is a dominant Floquet multiplier, in the sense of being the largest in modulus.

The objective function (4.43) behaves similarly to the spectral abscissa, analyzed
in section 2.1. Indeed, the objective function (4.43) is in general non-convex (see
Figure 1.4b), and may not be everywhere differentiable, even not everywhere Lipschitz
continuous, although a simple Floquet multiplier locally defines a smooth function
of parameters K. The lack of smoothness is related to the occurrence of multiple
dominant Floquet multipliers, counted with multiplicity. In general, points of non-
differentiability occur on a set with measure zero in the parameter space, meaning that
the objective function is smooth almost everywhere. For these reasons, analogously to
section 1.1.4, we use the MATLAB code HANSO (Hybrid Algorithm for Non-Smooth
Optimization) [64]. The underlying algorithm only requires the evaluation of the
objective function and its gradient with respect to the parameters, whenever it is
differentiable. This is the case if the dominant Floquet multiplier is isolated and simple,
and the objective function gradient is

Vk (p?) = 2Re (jip Vi) ,
where Vkyip is obtained by Algorithm 4.2.

The accuracy of the results depends on the resolution of solving initial value
problems (4.9), and (4.42). To avoid fluctuations of the objective function and
convergence problems, we consider a discretized-first approach analogously to
Algorithm 3.1. Indeed, we have always used the same step-size § for the initial value
problems (4.9), and (4.42), and kept it fixed during the optimization process. When
using the time-integration schemes described in Remark 4.4, the overall method can be
interpreted as stability optimization of discretized eigenvalue problem Ns(u; K)o = 0.

4.5 NUMERICAL EXAMPLES

In this section, the novel stability optimization method for periodic time-delay systems
is tested on three test-cases. Section 4.5.1 considers a periodic scalar time-delay system,
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where the delays are multiple of the period. For this simple system, the numerical
results are compared with their analytical values. In section 4.5.2, proportional,
derivative, and integral controllers are designed by the novel stabilization method
for the Mathieu’s equation with delayed input. Section 4.5.3 considers a large scale
milling model, describing the interaction between a rotating cutter and a visco-elastic
workpiece by a periodic cutting force.

All numerical experiments are performed in Matlab version 9.1.0 (R2016b) on a Dell
Latitude notebook running an Intel(R) Core(TM) i5-6440HQ CPU @ 2.60GHz quad
core processor with 8 GB RAM. Our experiments can be reproduced with the publicly
available code of [25].

4.5.1 Stability and stabilization of a scalar system

For scalar systems of the form (4.12), the nonlinear eigenvalue problem can be

explicitly expressed by (4.14). This explicit expression permits to compute the

derivative of a simple Floquet multiplier with respect to an element K; of K by (4.41),

ho1-j 04

0 =0 H " 3K,
_ﬁ'z'_ii%—fﬁiLu fori=1,...,k. (4.44)
0Ki 1+ Y jua;

As a first example, we test the proposed methods on a scalar system with N = 1, so

that the results can be compared with the explicit expressions (4.14) and (4.44). We

consider the following system

%(t) = (K cos(2t))x(t) + (sin(2t) + K)x(t — 1) + 0.1 cos(2t)e"™*x(t — 27). (4.45)

The Floquet multipliers and their derivatives with respect to controller parameter K
can be obtained by (4.14) and (4.44), with ay = a; = 0 and a; = K,

K . .
ﬂk _ Wg”)’ lfK * 0, (9_/1 _ Ws lfK * O, (446)
1, if K =0, 0K T, if K =0,

where we remind from Example 1.3 that W denotes the k-th branch of the Lambert
W function.

For K = ¢/x, the largest Floquet multiplier in modulus is simple, 4 = e, and its
derivative satisfies g—l’é = 7. Analogously to Figure 1.3, the approximation errors
of Algorithm 4.1 are illustrated in Figure 4.4. In particular, Figure 4.4a depicts the
relative error induced by the discretization of the monodromy operator (the first stage
of Algorithm 4.1), increasing the number of collocation points M, and illustrates the
expected spectral convergence. In Figure 4.4b, a few steps of Broyden’s method permit
to reach a tolerance error equal to machine precision, however the approximated

Floquet multipliers accuracy crucially relies on the step-size § to solve (4.28).
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Figure 4.4 Relative errors to evaluate the dominant Floquet multiplier with Algorithm 1.1 for
system (4.45) with K = ¢/n. Broyden’s method is initialized on the largest eigenvalues in modulus
of Unr with M = 10 and M = 15 collocation points, and its accuracy relies on the step-size § to
approximate the characteristic matrix N () with Runge-Kutta method of order 4.
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Figure 4.5 Relative errors to compute the dominant Floquet multiplier and its derivative by
Algorithms 4.1-4.2. These errors are induced by approximating N (i) with Ng(p), for system (4.45).

In contrast to Algorithm 1.1 for autonomous time-delay system, where the second
step approximates the characteristic roots up to machine precision by the explicit
characteristic matrix formulation, in the second step of Algorithm 4.1, the approx-
imated Floquet multiplier converges to an eigenvalue of Ns(u), since the solutions
of the initial value problem (4.9) are approximated by an integration method with
step-size 4. If § is not sufficiently small, then Broyden’s method might even furnish
approximations which are less accurate than the ones obtained by the monodromy
operator discretization, considered for the initialization, see the errors for § = 0.1 in
Figure 4.4b. The approximation with step-size § of the characteristic matrix N (p), i.e.
N5 (1), does not only affect the computation of the Floquet multiplier but also of its
derivative, as illustrated in Figure 4.5 where the initial value problems (4.9) and (4.42)
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are computed by Runge-Kutta method of order 4.

System (4.45) is unstable for K = ¢/x, since the dominant Floquet multiplier y = e
does not lie within the unit circle. Computing the dominant Floquet multipliers by a
monodromy operator discretization with M = 15 collocation points and by Broyden’s
correction with 4-th order Runge-Kutta method and § = 2-107* step-size, the stability
optimization approach of section 4.4.2 yields the stabilizing controller parameter
K = —-0.1295, for which the spectral radius is p = 0.3935. Figure 4.6 displays the
iterates generated by the optimization routine. The final controller parameter found is
very close to the minimizer K = —(exr)™!, for which the dominant Floquet multiplier
1 = e~ ! corresponds to a double non-semi-simple eigenvalue. Finally, Figure 4.7 shows
the eigenvalues of (4.23) in the first and last iteration of the stability optimization
procedure.

Controller parameter K

Figure 4.6 The stability optimization path for system (4.45) is compared with the exact modulus
of the 10 largest Floquet multipliers, varying the controller parameter K. The stability optimization
provides a stabilizing controller already at the third iteration.

]
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(a) Unstable spectrum K = ¢/r. (b) Stable spectrum K = —0.1295.

Figure 4.7 The Floquet multiplier approximations obtained as eigenvalues of (4.23) with M = 20
(circles) and their analytical value computed by (4.46) (dots) are shown at the beginning and at
the end of the stability optimization process.
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4.5.2 Delayed Mathieu’s equation

As second example, we consider a variant of Mathieu’s equation with delayed input
and PID controller,

z(t) + (v + ecos 2t)z(t) = —u(t — 1),
u(t) = K [}’ 2(0)d6 + Kpz(t) + Kp(1),

where Ki, Kp and Kp are respectively integral (I), proportional (P) and derivative (D)

gain. The Mathieu’s equation with delayed PI and PD feedback controllers is analyzed
in [77], and arises as model for the stick balancing problem in [37, Section 5.4].

The Floquet multipliers of the Mathieu’s equation with delayed PID controller can be
inferred from the spectrum of the following linear periodic time-delay system

0 1 0 0 0 0
x(t)=10 0 1|x(t)—[0 0 0 |x(t-r1). (4.47)
0 —v—e¢ecos2t O Ki Kp Kp

If K1 = 0, Mathieu’s equation with PD feedback controller can be rewritten as a linear
periodic time-delay system of dimension r = 2, which presents the same spectrum of
system (4.47), except for a non-physical Floquet multiplier of (4.47) equal to one.

For v = 4 and ¢ = 2 the system without controller is unstable. Therefore, we design
PL PD, and PID controllers in the presence of input delay 7 = 37/4. In order to
minimize the dimension of the nonlinear eigenvalue problem we consider A as the
greatest common divisor of 7 and of the period T = x, so that A = 7/4 and N = 4.
Table 4.1 summarizes the results of the stability optimization, with M = 10 collocation
points and a Runge-Kutta method of order 4 with step-size § = 2 - 1073, As expected,
increasing the number of controller parameters results in smaller spectral radii.

Table 4.1 Results of the stability optimization algorithm for Mathieu’s equation with delayed
feedback controller (4.47), where v = 4, ¢ = 2, t = 3n/4. All the designed controllers stabilize the
system, since the spectral radii p are smaller than 1.

p K; Kp Kp
PI controller 0.5339 0.3215 0.7541
PD controller  0.2858 0.7012  0.0231

PID controller 0.2376 1.8035 1.1270 0.5313

The dimension of the characteristic matrix N(y) and of the discretized eigenvalue
problem (4.23) are 12 X 12 and 132 X 132, respectively. In the stability optimization
we apply both the small and the large scale strategies for the computation of the
dominant Floquet multiplier and of its gradient. The small scale strategy solves
the discretized eigenvalue problem (4.23) by a direct method, initialize the Jacobian
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inverse in Broyden’s method with (4.27), and extracts the left eigenvector by explicitly
constructing the matrix Ns(y). The large scale strategy applies Arnoldi’s method and
Broyden’s correction initialized with Hy = I to the original system (4.47) and to its
dual time-delay system. Both strategies lead to the same results given in Table 4.1;
however, their computation time differs, Table 4.2. The fine discretization accuracy
of Runge-Kutta method, § = 2 - 1073, heavily affects the timings of the small scale
strategy, which requires to explicitly compute the characteristic matrix Ns(y) both in
the initialization (4.27) of the Broyden’s method and in the left eigenvector extraction.

Table 4.2 Timings to evaluate the largest in modulus Floquet multiplier and the last iteration
of the of the stabilization method at the designed controllers for the delayed feedback Mathieu’s
equation (4.47) withv = 4, ¢ = 2, and v = 37/4. The required time to design the different controllers
with the novel stabilization method is also shown. The small scale strategy, explicitly computing
the characteristic matrix Ns(u) both in (4.27) and for the extraction of the left eigenvector, is
computationally slower than the large scale strategy, which computes the left eigenvector with the
dual time-delay system (4.32).

Timings [s] Eigenpairs Iteration Optimization
Strategy Small Large Small Large Small Large

PI controller 3.3689 0.7091 5.5439 1.3701 1734.7 4243
PD controller 3.6210 0.8854 6.1812 2.0463 1286.8 492.3
PID controller 5.1067 0.9601 9.0045 2.6682 2398.4 1434.8

4.5.3 A PDE model for a milling problem in machining

The last numerical example considers a milling model, described in [71]. Some Floquet
multipliers of this system are computed by deflated Broyden’s method in [39]. This
milling model describes the interaction between a rotating cutter and a visco-elastic
workpiece by a periodic cutting-force f. The rotating cutter is attached to a spring,
and modeled by

Z(t) + 2Kz(t) + z(t) = —f (1),

where K is the damping parameter to be designed in order to improve the stability
properties of the overall system. The workpiece is modeled by Kelvin-Voigt material
leading to the following partial differential equation (PDE),

ou(t,l) du(t,l) du(t,l) _
a2 9z T 9lror 0, te [0’ 1],
du(t,1 Au(t,1
u(t,00=0, 24LU LD pp.

This PDE is discretized in space using n linear finite elements defined on an equidistant
grid. By applying Galerkin finite element method, we get a system of ordinary
differential equations,

P,U(t) + DaU(t) + D,U(t) = —f(H)en,
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where U(t) € R" and

4 1 2 -1 0
1|1 -1
Pn:Q sDn:n s €n =
4 1 2 -1 0
1 -1 1 1

The periodic cutting-force couples the rotating cutter and workpiece dynamics, and
is influenced by the previous cut, occurring with delay = = 1; it is modeled by

f@) = g(t) (2(t) = 2(t = 7)) + g(t) (u(t, 1) —u(t - 7,1)),

where u(t, 1) is discretized by e, U(t), and g(t) is a function with period 1, defined on
the interval [0, 1] as

0, te (i 1]. (448)

() = {sinz(Zﬂt) + 0.5sin(4xt), t € [0, 1/2],
- . T
Setting y(t) = (UT zU” z) , we can rewrite the milling model as a periodic linear

time-delay system, whose dimension r = 2(n + 1) depends on the PDE discretization
based on n linear elements,

Ex(t) = (A(K) — F - g())x(t) + F - g(t)x(t — 1), (4.49)
where
In _In
1 -1
E= P, . AK) = - D, D, » F= enen  €n
1 1 2K el 1

System (4.49) can be reformulated into (4.1) by pre-multiplication with matrix E™".
However, as this reduces the sparsity of the matrices, we rely instead on a slight
extension of the presented results to periodic time-delay system with a constant
non-singular leading coefficient matrix E, as described in the following section 4.6.1.

Let us consider a PDE discretization with n = 250, leading to a system dimension
r = 502. The largest Floquet multipliers in modulus are iteratively approximated by
the Arnoldi’s method, and their accuracy is then refined by Broyden’s method, as
explained in section 4.2.3. To compute a left eigenvector, appearing in the expression
for the Floquet multiplier derivative with respect to K, we separately apply Arnoldi’s
and Broyden’s methods to the model (4.49) and corresponding model (4.32), followed
by a pairing of Floquet multiplier approximations (see section 4.4.1). In order to
consistently solve the problem (see Remark 4.4), the initial value problems (4.9), (4.42),
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and (4.31) are solved by trapezoidal rule with step-size § = 0.01. The usage of the
trapezoidal rule permits also to tackle the stiffness to numerical solve the initial value
problems.

The milling model (4.49) is periodic with T = 7; = 1. However, differently from
the previous examples, the periodic system matrices are not smooth, presenting
a non-differentiable point at ¢+ = 1/2 + kT for every integer k, due to (4.48).
Consequently, the solutions exhibit a discontinuity in the second derivative at these
time-instants. The presence of such a discontinuity decreases the discretization
accuracy by the collocation approach if it occurs in an interior point of the domain
of a polynomials (4.15), defining the spline approximation. This can be overcome by
taking A = 1/2n with n € N'\ {0}, so the discontinuity is located at the endpoints of
the support of two M-degree polynomials.

For n; = N = 2, the system (4.49) requires a high number of collocation points
M = 250, to reliably approximate the dominant Floquet multipliers by Arnoldi’s
method. Therefore, we increase the sparsity of the matrices S; and S,, used in the
Arnoldi’s iteration (4.29) by setting M = 20 and n; = N = 26, which is beneficial
in the employed sparse LU factorization of S,4. Indeed, the spline approximation
of the eigenfunction is achieved by 26 polynomials of degree M = 20, instead of 2
polynomials of degree 250. The resulting S, and S, matrices in (4.29) present a block
diagonal structure where each of the 26 blocks has dimension 21r X 21r.

091 4
7

0.7 —

048 —|

04 \ \ ] \

0 0.25 0.60 0.75 1

Controller parameter K

Figure 4.8 Modulus of the largest in modulus Floquet multipliers as a function of K for
system (4.49). The initial and final iterations of the optimization process are indicated by circles.

The stability optimization almost halves the modulus of the dominant Floquet
multiplier, from p = 0.9095 at initial gain K = 0 to p = 0.4799 for K = 0.5968.
The designed controller is close to a minimizer of the spectral radius, as illustrated in
Figure 4.8. The minimum is characterized by a real and a conjugate pair of Floquet
multipliers having the same modulus, Figure 4.8. The approximations of the largest
Floquet multipliers requires few Arnoldi’s iterations to converge, for example for
the final controller gain the residual norm of the approximated conjugate pair of
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Figure 4.9 Convergence history of the dominant Floquet multipliers for Arnoldi’s method applied
to Uy for M = 20, N = 26, and K = 0.5968

Floquet multipliers reach machine precision within 35 iterations, compared to 55 for
the dominant real Floquet multiplier, see Figure 4.9b.

4.6 FURTHER REMARKS

We further develop the arguments previously presented in this chapter with respect
to three different research directions. Firstly, in section 4.6.1, we discuss the
generalization to linear periodic time-delay system with arbitrary non-singular
leading matrix. Then, we generalize the results to deal with the eigenvalues of the
solution operator. To conclude, we address for autonomous time-delay system with
commensurate delays the link between the nonlinear eigenvalue problems associated
with the infinitesimal generator (Theorem 1.3) and to a particular monodromy operator
(Theorem 4.2).

4.6.1 Arbitrary non-singular leading matrix

Let us consider a linear-periodic time-delay system, satisfying Assumption 4.1, of the
form

h
Ex(t) = Z A(5K)x(t — 1)), (4.50)
j=0
where E is a non-singular R™"-valued matrix. We briefly discuss the generalization
of the previous results to system (4.50), without (explicitly) using the inverse of the
leading matrix E. This generalization is considered in the numerical example of
section 4.5.3 to preserve the sparsity patterns of the system matrices.
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The characteristic matrix N(y; K) associated with (4.50) is defined by its action on
v € CN" as N(i;K)v = ¢(1) — B(i)v, with g solution of the initial value problem

(E®In)q(s) = A(s, 1 K)q(s), s €0, 1],
q(0) = v.

Its “transposed” problem (4.31) changes to N (y)v = (E* ® In) p(0) — B()"v, where p
satisfies

(E" ® In) p(s) = —A(s, 1, K)'p(s), s €][o, 1],

(E' @ In)p(1) = o,

Moreover, the dual time-delay system associated with (4.50) is

h
E"%(t) = Z Aj(=t + 1 K)'x(t — 15).
j=0

Indeed, Theorem 4.5 can be generalized to time-delay system with non-singular
leading matrix E, where condition (4.35) changes to

ET

p(s) = R(E"®In) p(s) = o p(s).
ET

4.6.2 Characteristic matrix for the solution operator

The Floquet multipliers are eigenvalues of the monodromy operator %, which is
defined as the solution operator 7(T,0), where T > 0 is the period of the system
matrices {Aj(t)};':0 of system (4.1). In this section, we extend the theory behind
Algorithms 4.1 and 4.2 dealing with Floquet multipliers, to the more general case of
the eigenvalues of the solution operator associated with a time-delay system

h
i) = Y ARt -1), t2theR (4.51)
j=0

where the system matrices are not restricted to be time-periodic. System (4.51) admits
a unique forward solution of the initial value problem (1.2), then we can define a
family of solution operators {7 (¢, t@}ﬁ’iﬁ. Analogously to Assumption 4.1, we
consider system (4.51) and its associated solution operators 7 (t1, ty), with #; > 0 and
to € R, such that the parameter ¢; and the delays 7; are commensurable, i.e. t; = NA,

and for every j € {0,...,h} 7; = njA with N, n; e Nand A e R, \ {0}.
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Generalizing Theorem 4.2, the non-zero eigenvalues of the solution operator 7 (1, t),
ie .y € C\ {0}, such that

T(tlv tO)qo = xt1+t0(.; tO: QD) = l“p» §0 eX \ {0}’

can be alternatively characterized as eigenvalues of the finite-dimensional nonlinear
eigenvalue problem N (u; K)v = 0 with v € CN7 \ {0}. The matrix-valued function
N(i;K) is implicitly defined as solution of a boundary value problem (4.8)—(4.9),
where the differential equation (4.4) changes to

h
CIH(S) =A ZAj(tO + (5 +n-1)A; K)/Jan_nj Qn—nj(s)a
j=0
fors € [0, 1]and n = 1,..., N. A similar formulation can also be obtained for the

“transposed” problem (4.31).

Since the system matrices {A;(t; K)}Jh:o are not assumed to be time-periodic in the
t-variable, Theorem 4.5 cannot be easily generalized except when T = A, i.e. N = 1.
Indeed, the dual time-delay system for 7 (A, ) associated with (4.51) is

h
%(t) = ZAj(to +A - 6K)'x(t - 1)

Jj=0

This last result generalizes the dual time-delay system (4.32) associated with (4.12),
h
i) = ) A(-EK)x(t - 1)),
=0

Indeed, the monodromy operator associated with system (4.12) is Z = 7 (A, 0), and
the system matrices of (4.12) are T = A-periodic.

4.6.3 Characteristic matrices relations for autonomous time-delay system

Let us consider the following autonomous linear time-delay system

h
%(t) = Zij(t — 1), (4.52)
7=0
where the delays are commensurate, i.e. for any j € {0,...,h}, 7; = njA withn; e N

and A € R, \ {0}. Since system (4.52) is time-periodic for any period T > 0, then
every solution operator 7 (T, 0) is a monodromy operator associated with (4.52). For
simplicity, we consider % = T (A, 0).
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By Theorem 4.2, the Floquet multipliers of the monodromy operator % associated
with (4.52) satisfy the nonlinear eigenvalue problem N(y)v = 0 with v € C". In this
case, the matrix N(¢) admits an explicit formulation, since the solution of the initial
value problem (4.13) is

h
q(s) = exp (sAZA,-p”f v, selo,1].

Jj=0

Therefore, the nonlinear eigenvalue problem N(p)v = 0 is

h
(exp(A Z Ajp™
=0

By this explicit formulation, we can establish the connection between the characteristic
matrices associated with the infinitesimal generator and to the monodromy operator,

respectively A(A) and N(p). Let A € Cand v € C" \ {0}, then

h
ZAje_Mf) - /Ur) v=0

Jj=0

—/JI,)U =0.

AN =0

& (A, v) is an eigenpair of the matrix

Jj=0

h
S (e’m, v) is an eigenpair of the matrix exp (A Z Aje_A”fA)

=0
h
A ZAje_M"f) - eMIr) v=0

j=0

& (exp
o N (e’m) v=0,

where the third equivalence follows from the spectral mapping theorem.

The relation between the nonlinear eigenvalue problems, A(A)v = 0 and N (p)v = 0, is
in agreement with the relation (1.9) between the spectra of the infinitesimal generator
&/ and of the monodromy operator 7 = 7 (A, 0). Moreover, the relation between the
eigenvalues of A(A) and N (), can be also derived by (1.9) and Theorems 1.3 and 4.2,
which state the equivalence between the infinite-dimensional linear eigenvalue
problems and their associated finite-dimensional nonlinear eigenvalue problems.
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SUMMARY. The Floquet multipliers of a periodic time-delay system, with
commensurable period and delays, are interpreted as eigenvalues of either the
monodromy operator or a finite-dimensional characteristic matrix. This dual
interpretation is computationally exploited: the characteristic matrix formulation
permits to improve the accuracy of Floquet multiplier estimates, obtained by
discretizing the monodromy operator. In addition, the derivatives of the Floquet
multipliers are explicitly expressed in terms of the characteristic matrix and left
and right eigenpairs. The formula for the derivative is used in a novel stabilization
method, which is also applicable to large scale system, since the characteristic matrix
left eigenpairs are related to the characteristic matrix right eigenpairs of a dual periodic
time-delay system.

Extended research results of chapter 4 are presented in section 5.1.3.
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This last chapter summarizes the original contributions of this thesis on spectrum-based stability
assessment and stabilization of linear time-delay systems. Based upon these results, further
research directions are suggested.

In this dissertation, we have proposed novel numerical methods, advancing the
classical spectrum-based stability assessment and stabilization of time-delay systems,
briefly reviewed in chapter 1. In particular, we have developed in chapter 3 a
stabilization method for time-delay systems, which takes into account uncertainty,
modeled by the realizations of a random vector, affecting delays and other system
parameters. Moreover, in chapter 4, we have presented a novel spectrum-based
stability assessment and stabilization methods for a class of periodic system, whose
monodromy operator can be associated with a characteristic matrix, evaluated by
solving an initial value problem. The development of these methods relies on the
analysis of the smoothness properties considered in chapter 2.

This chapter is organized as follows. Firstly, section 5.1 briefly reviews the main
contributions of each chapter. Then, in section 5.2, we outline possible future research
directions.

5.1 RESEARCH RESULTS

We present a chapter by chapter summary of the main original contributions.

5.1.1 Chapter 2: Smoothness properties of the stability measure

Chapter 2, other than explaining the parallelism between polynomial approximation
and polynomial chaos theory, analyzes the approximation of polynomial series (2.3) of
a(w) (and its polynomial chaos expansion (2.7) of a(w)) with respect to the behavior
of spectral abscissa function (2.2). The analyses show that the lack of smoothness
properties of the spectral abscissa function heavily affects the approximation errors
of the Galerkin and collocation approaches, as well as the numerical errors in the
approximation of the polynomial coefficients c¢; with integration methods.
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The convergence rates of the Galerkin and collocation approaches are comparable,
whenever numerical errors in the Galerkin approach are negligible. These errors can
be neglected by following the advices given at the end of section 2.3.1, which correlate
the polynomial degree of ag” with the number of points M + 1 of the integration
methods. In this way, the quality of the Galerkin approach approximation is not
affected by the numerical errors of the integration methods.

The test-examples, Examples 2.1-2.3 and 2.5, reveal that if the spectral abscissa
behaves smoothly, then the polynomial approximation convergences with spectral

accuracy for both approaches, i.e. with a convergence rate faster than O (P;k) for

any k € N, where P; = P for the univariate case D = 1. However, if the spectral
abscissa is non-differentiable and even non-Lipschitz continuous, then the orders of
convergence in the univariate case are respectively O (P~!) and O (P~°-%), while in

the bivariate case they converge approximately as O (P;l) and O (P;M), respectively.

These latter cases are not deeply studied in the literature on the spectral abscissa
approximation, even though they easily occur when applying stability optimization
methods, as presented in chapter 3.

Chapter 2 reviews the main theorems on univariate and bivariate polynomial
approximation on Chebyshev and Legendre bases for differentiable functions, and
provides convergence rates for real-valued non-differentiable and non-Lipschitz
continuous functions. Exploiting the parallelism, the L error bounds are considered
in the polynomial chaos framework, providing a novelty in this context. Indeed, the
results in polynomial chaos theory are commonly stated in terms of the L? norm, or
equivalently, in terms of the second order moment, a weaker measure than the L™
norm.

5.1.2 Chapter 3: Probabilistic stability optimization

We have presented a novel stability optimization method for uncertain linear
interconnected time-delay systems, modeled by delay differential algebraic equations
of retarded type where some coefficients are determined by the realizations of a
random vector. The novel approach presents several advantages. First, the system
description (3.1) allows to model a wide class of interconnected systems, without
any restriction on the number of constant and distributed delays, with the possibility
to design static and dynamic feedback controllers. Second, all coefficients of the
time-delay system, including the delays, can be affected by uncertainty, i.e., they
can be described by random variables with a given probability density function.
Third, the solutions are more robust and reliable for realistic applications compared
to the associated deterministic design. As shown in the engineering models in
sections 3.3.4 and 3.3.5, small perturbations on some parameters, may render stable
solutions in the deterministic setting unstable. On the other hand, the solutions can be
stabilized and robustified also in these latter cases by the novel probabilistic approach.
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Fourth, the novel approach permits to obtain different dynamics of stable and robust
systems varying the parameter x of the objective function (3.6) and order r. of the
controller, as presented in the mechanical system with active vibration absorber in
section 3.3.5. In this way, the user, regarding his/her application, may choose the
controller based on the different time-evolution behaviors and robustness property of
the resulting system.

The presented approach is complementary to the approaches grounded in the
pseudospectral abscissa optimization, see the numerical comparison in section 3.3.3.
First, while the former adopts a probabilistic setting in describing the uncertainty
and in the robust stability criterion, the latter takes a worst-case setting, using only
upper bounds on the uncertainty. Second, in the pseudospectral setting, typically
matrix-valued perturbations are considered, hence, many parameters are subject to
uncertainty. Very efficient algorithms to compute the pseudospectral abscissa are
available, but it remains difficult to consider a given structure of the uncertainty, in
particular if the characteristic matrix nonlinearly depends on the uncertain parameters.
In applications, this issue, combined with the worst-case treatment, may lead to an
over bounding on the actual uncertainty and a safe but conservative design. On the
contrary, with the adopted approach, the parametric dependence and structure of
the uncertainty can be easily taken into account, but from a computational view,
only a small number of uncertain parameters can be considered, following from the
multivariate integrals involving eigenvalue functions that are not always smooth.
This is the currently main limitation of the approach. It should be said, however, that
the overall approach concerns an off-line controller design.

5.1.3 Chapter 4: Stability and stabilization for a class of periodic delay
system

Central in chapter 4 is the dual interpretation of Floquet multipliers as solutions of
either an operator eigenvalue problem or a finite-dimensional nonlinear eigenvalue
problem. The related one-to-one mapping can not only be expressed in terms of right
eigenpairs (Theorem 4.2), but also in terms of left eigenpairs (Theorem 4.5), where
surprisingly the time-shifts in (4.32) depend on the delays. The dual interpretation
is computationally exploited, as the nonlinear eigenvalue problem formulation
lays at the basis of local corrections to improve the accuracy of (multiple) Floquet
multiplier estimates obtained by discretizing the monodromy operator. This results
in a robust method for accurately computing dominant Floquet multipliers. In
addition, computationally tractable expressions for derivatives can be obtained from
the nonlinear eigenvalue problem formulation that are useful in the context of stability
optimization. The derived results are also generalized to deal with periodic time-delay
systems with a non-singular leading matrix, and to compute the eigenvalues of the
solution operator if the integration time is different from T or if the matrices are not
periodically varying.
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Finally, Assumption 4.1 describes the most general situation where Floquet multipliers
can be related to a boundary value problem in terms of an ordinary differential
equation. If the assumption is not satisfied (or if the minimum N would be
prohibitively large), one can still do the stability analysis and stabilization on the
(parametrized) matrix %), discretizing the monodromy operator by the collocation
approach.

5.2 FUTURE PERSPECTIVES

The results presented in this thesis disclose possible future research directions.
Some possible topics concern the analysis of neutral time-delay system, described
in section 5.2.1, the extensions of the probabilistic stability optimization method,
presented in section 5.2.2, and the development of an heuristic method to determine
the number of collocation points to accurately approximate the dominant Floquet
multiplier, explained in section 5.2.3. Moreover, other than the previously mentioned
future perspectives, it would be desirable to validate the developed numerical methods
against experimental results, in order to boost their usage in various applications of
time-delay systems.

5.2.1 Neutral time-delay systems

The analysis conducted in chapters 2 and 3 for autonomous linear time-delay systems
of retarded type, can be extended to general eigenvalue problems presenting a finite
number of dominant eigenvalues in the uncertain domain Q. However, this property
does not hold in general for the spectrum associated with an autonomous neutral
time-delay system. The evolution of these neutral systems not only depends on the
solution in the past, as the retarded delay differential equations (1.4), but also on
the derivative of the solution at past time-instants. An important issue in extending
the aforementioned analysis to neutral time-delay system concerns the possible
non-continuity of the spectral abscissa, which might not be a continuous function
of the delay parameters, as shown in [51, Example 1]. Since the spectral abscissa
is not continuous, stable neutral time-delay systems might become unstable with
infinitesimal changes of parameters.

When there is only one delay or when delays are not affected by uncertainty, the
spectral abscissa is continuous. Still, the spectrum associated with a neutral time-delay
system can present an infinite number of eigenvalues in a given right half-plane;
therefore, the spectral abscissa might correspond to the supremum of the rightmost
eigenvalues real parts, which is not a maximum. For example, the neutral time-delay
system

x(t) + x(t — 1) = =2x(t) — x(t — 1), (5.1)
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which can be rewritten as a delay differential algebraic equation of neutral type

(i g)z'(t)z(_oz ?)z(t)—((l) é)z(t—l),

has all the eigenvalues in the open left half-plane, however the spectral abscissa,
defined by the supremum, is zero; this spectrum, analyzed in [95], is illustrated in
Figure 5.1. Therefore, for neutral systems, the spectral abscissa may not be described
by the rightmost eigenvalues behavior, like in section 2.1; and branches of infinitely
many rightmost eigenvalues might cross each other in the complex plane.

Im(A)

100

° ® Re()

-100

Figure 5.1 Spectrum of the neutral autonomous time-delay system (5.1). In this case, the spectral
abscissa corresponds to the supremum of the eigenvalue real parts, and not to the maximum.

For neutral time-delay system, a more robust concept of stability is often considered,
the so-called strong stability, such that infinitesimal changes of parameters do not
affect the stability assessment [59, Section 1.2]. Analogously to Proposition 1.2 for
time-delay systems of retarded type, the strong stability of a neutral time-delay
systems can be inferred from a stability measure, known as robust spectral abscissa,
which behaves continuously with respect to infinitesimal changes of parameters.
Therefore, we could generalize the probabilistic stability optimization method to
neutral time-delay systems, if we extend the theoretical background, developed in
chapter 3, and the Algorithm 3.1, to deal with the robust spectral abscissa.

5.2.2 Extension of the probabilistic stability optimization

In the light of the discussion in section 5.1.2, further investigations are focusing on
the refinement of the novel approach to larger scale problems with higher stochastic
dimension. In particular, to tackle the large system dimension, projection methods
are currently considered and analyzed, since they reduce the system dimension,
preserving the spectral abscissa behaviors, as briefly presented in section 2.5.

In addition, the developed software [21] could be extended to consider periodic time-
delay systems, uncertainty modeled by a general random vector, and further statistical
moments in the objective function. Even though these extensions are trivial from
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a theoretical point of view, they can be useful in applications. In what follows, we
further describe these possible software developments.

Periodic time-delay systems. The extension to periodic time-delay system would
generalize the spectrum-based stability assessment and stabilization methods
developed in chapter 4 to deal with system affected by uncertainties, modeled
by the realizations of a random vector. To consider the uncertainties of the periodic
time-delay system, the objective function of the stabilization methods should be
defined by a linear combination of statistical moments of the squared spectral radius.

General random variables as uncertainty. In chapter 3, the random vector w, whose
realizations affect the time-delay system (3.1), is assumed to be continuous with
support the D-dimensional unit cube, Q = [0, 1]D . However, we could extend the
approach to discrete, continuous, or mixed random vector w, if there exist numerical
methods to randomly sample from ® accordingly to the probability density function
w. Indeed, if it is possible to obtain the random realization from the general random
vector w, then we could approximate the objective function and its gradient by
Monte Carlo integration method [29, Chapter 6].

Further statistical moments in the objective function. In the probabilistic stability op-
timization method, we tune parameters in order to shape the probability density
function of the spectral abscissa by considering only mean and variance in the
objective function (3.6). However, if the stabilization method considers further
statistical moments, appropriately weighted, then we could drive the probability
density function of the spectral abscissa to have determined features. For example,
considering the third and fourth statistical moments, i.e. the skewness and kurtosis,
as in [61], we could force the spectral abscissa probability function to be symmetric,
skewed to the left, or to rarely have realizations far away from the mean. This
generalization requires small additional effort compared to the mean-variance
minimization, since the major computational cost to approximate the statistical
moments relies on the computation of the spectral abscissa and its gradient for
every realization of the uncertainty {£,}M_ c Q.

5.2.3 Reliable computation of the dominant Floquet multipliers

The eigenvalue problem for the discretized monodromy operator %), can also be
obtained from a spectral discretization of boundary value problem (4.3). In this latter
view, the dependence of matrix A(s, i) on p in the ordinary differential equations is in
terms of negative integer powers, suggesting a smoothing effect for the solution, if the
Floquet multipliers are large in modulus. Further research can try to clarify whether
this implies that for sufficiently large M, outside a given circle in the complex plane,
the number of Floquet multipliers match the number of eigenvalues of %);. Indeed, as
observed in following numerical example, the negative powers of y in A(s, ;1) seem to
be related with the approximation accuracy of the Floquet multipliers by eigenvalues

of %M~
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Example 5.1. Let us consider the scalar system (4.45) with K = —0.1295. If M = 20,
the eigenvalues of %) accurately approximate the Floquet multipliers outside a circle
of radius 0.15 as illustrated in Figure 5.2a. Squaring the number of collocation points
M = 400, the Floquet multipliers approximations are accurate outside a circle of
radius 0.07, which is approximately half of the initial radius, as shown in Figure 5.2b.

Re(y) Re(y)
Ov‘35 0.;5
(a) System (4.45), M = 20. (b) System (4.45), M = 400.
Im(p) Im(p) R
0.17 ® L
012 1~
/ ’ i :)\ ® \
;O ° On
o R N Re(,u) RE(‘,LI)
‘\ ( ( . L0/212 0.‘35 0.;5
N N O B 7/ /
Sore—f- -7
-0.17 ® O
(c) System (5.2), M = 20. (d) System (5.2), M = 40.

Figure 5.2 The Floquet multiplier approximations obtained as eigenvalues of % (circles) and
their analytical value computed by (4.46) (dots). Within the dashed circles, the Floquet multipliers
are not approximated by the eigenvalues of the discretized monodromy operator .

The scalar system, obtained from (4.45) neglecting the x(¢ — 27) term,
x(t) = (K cos(2t))x(t) + (sin(2t) + K)x(t — m), with K = —0.1295, (5.2)

admits the same Floquet multipliers of (4.45), but the matrix A(s, i) in the boundary
value problem (4.3) depends on y only by its inverse, p~!, and does not present
anymore the term p~2. In this case, if we double the number of collocation points,
from M = 20 to M = 40, the radius of the circle, out of which the Floquet multipliers
are accurately approximated by the eigenvalues of %y, is halved, from 0.12 to 0.06 as
illustrated in the Figures 5.2c and 5.2d.

This investigation could form a theoretical foundation of a heuristic method to
robustly determine the number of collocation points M, such that the dominant
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Floquet multipliers are accurately approximated by the eigenvalues of %);. Moreover,
this heuristic method could also permit to locate the rightmost characteristic roots for
autonomous time-delay systems, by the relation between the characteristic matrices
described in section 4.6.3.
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