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‘If you love God, you can’t hate anything or anyone. If the love one offers is met with hate,
it doesn't die, rather it manifests in the form of compassion. That is universal love. It is not
just a sentiment. It cannot be manifested merely by a shift in mental disposition. It can only
come from inner cleaning, an inner awakening.”

Radhanath Swami
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Abstract

Accurate modelling, analysis and control techniques are essential to ensure the
proper operation of modern processes. System and control theory provide well-
established methods for the analysis and control problems of linear time-invariant
systems. The complexity of some physical and bio-chemical phenomena yields to
time delay into the dynamics (e.g. communication delay in robotic swarms and
vehicle platoons, data processing delays in distributed algorithms, reaction times of
chemical reaction networks, delay caused by intracellular molecular motions in bio-
logical systems). The time delay cannot be neglected in most cases, so it is necessary
to introduce new analysis and synthesis methods for such systems.

This dissertation aims to provide a refined approximation method for both con-
tinuous- and discrete-time linear time-delay systems and to apply the technique in
analysis and control scenarios.

It is shown that if a certain smallness condition holds, then the time delay sys-
tem can be approximated exponentially fast with a delay-free system of ordinary
differential equations. The state variable of the approximating system has the same
dimensions as the state variable of the original system. The state matrix of the ap-
proximating system is given as the solution of an exponential matrix equation. The
eigenvalues of the approximating system coincide with the dominant eigenvalues of
the original system.

An exponentially convergent iterative algorithm is given to compute the state
matrix from the analytical solution based on Banach’s fixed point theorem, with
error metric for comparison with the analytical solution.

The homogeneous time-delay system is extended with constant non-homoge-
neous term, and both analytical and iterative approaches are given to find the ap-
proximating non-homogeneous system without delay.

The developed approximation method is discussed and applied within the frame-
work of three system classes.

In the case of continuous-time linear systems with point-wise delay, the method
was used to study detectability and to design a classical observer system.

The discrete-time version of the approximation method was developed for the
approximation of Volterra-type difference systems containing infinite delays. The
approximation method was applied to approximate and analyse multi-agent sys-
tems with communication delay.

Furthermore, an approximation method for continuous-time linear systems with
distributed delay has been developed, and it was applied for system analysis and
control design.

In all three cases, simulation results show the applicability of the proposed ana-
lysis and synthesis methods.
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Kivonat

A korszerti folyamatok tervszer(i mi{ikodésének biztositdsa érdekében elenged-
hetetlen a folyamatok pontos elemzése, modellezése és szabdlyozdsa. A rendszer-
elmélet és iranyitdstechnika jol bevalt moédszereket biztosit a linedris idéinvaridns
rendszerek elemzésére és szabdlyozo szintézisére. A folyamatok bonyolultsdga kés-
leltetést hozhat a rendszerbe (robot rajokban vagy konvojokban felléps kommuni-
kacids késés, elosztott algoritmusokban jelenlevd adatfeldolgozasi késés, kémiai re-
akci6hélok reakcidideje vagy bioldgiai rendszerek esetén sejten beliili molekuléris
mozgas altal okozott késleltetések). A késleltetést ezen folyamatok modellezése so-
ran nem tudjuk elhanyagolni, ezért sziikség van 1j elemzési és szintézis modszerek
bevezetésére.

A dolgozatban egy olyan médszer keriil bemutatdsra, melynek segitségével egy
késleltetett homogén differencidlegyenlet-rendszer megkozelithet egy kozonséges
homogén differencidlegyenlet-rendszerrel, ha egy bizonyos kicsinységi feltétel telje-
sill. A kozelitd egyenletrendszer dllapot valtozéinak szdma megegyezik az eredeti
késleltetett egyenletrendszer allapotvéltozoinak szamaval. A kozelit6 egyenletrend-
szer sajatértékei megegyeznek az eredeti késleltetett egyenletrendszer domindns sa-
jatértékeivel. A kozelité modszer konvergenciaja exponencidlis.

A dolgozatban analitikus egyenletet nytjtottunk a kozelité rendszer allapotmat-
rixdnak meghatdrozasdra. Ezen exponencidlis matrixegyenlet megolddsdnak kony-
nyitését egy iterativ modszer teszi lehetévé a Banach-féle fixpont tétel alkalmazasa-
val. Tovébba targyalva van a késleltetett egyenletrendszerben esetlegesen szerepl6
nem-homogén tag atvitele a kozelitd rendszerbe, amire egy analitikus médszer és
numerikus megkozelités van bemutatva.

A kidolgozott kozelit6 moédszer és alkalmazasai harom rendszerosztély keretén
beliil vannak targyalva.

Pontszert késleltetést tartalmazoé folytonos idejti linearis idéinvaridns rendsze-
rek esetén az emlitett modszer a detektdlhatésag vizsgalatara és megfigyel6rendszer
tervezésére volt alkalmazva.

A kozelit6 médszer diszkrét véltozata végtelen késleltetést tartalmazo Volterra-
féle differenciaegyenlet-rendszerekre lett kidolgozva, melyet a szerz6 kommunika-
cids késleltetéssel rendelkez6 multi-dgens rendszerek approximacidjara alkalmazott.

Tovébba ki lett dolgozva a kozelité moédszer elosztott késleltetést tartalmazé
folytonos idejti linedris id6invaridns rendszerekre, melynek keretén beliil rendszer-
elemzésre, stabilizdlhat6sag vizsgélatra és szabalyoz6 tervezésre lett alkalmazva.

Mindhédrom esetben a javasolt médszerek alkalmazhatésagat a szerz6 szimulé-
cidkkal tdmasztotta ala.



Rezumat

Metodele de modelare, analiza si control a sistemelor dinamice sunt esentiale
pentru a asigura functionarea planificatd a proceselor moderne. Teoria sistemelor
si teoria regldrii automate ofera metode bine stabilite pentru analiza si sinteza re-
gulatoarelor pentru sisteme liniare. Complexitatea proceselor poate aduce intarzieri
in sistem (intarzieri de comunicare in roiurile de roboti, intarzieri de procesare a
datelor in algoritmi distribuiti, timpi de reactie ai retelelor de reactii chimice sau in-
tarzieri cauzate de miscarea moleculara intracelulara in sistemele biologice). Timpul
mort nu pot fi neglijat in majoritatea cazurilor, asa ca este necesar dezvoltarea unor
metode speciale pentru sisteme cu timp mort.

Disertatia prezintd o metodd de approximare pentru aceste sisteme prin care mo-
delul unui sistem dinamic cu intarzieri poate fi aproximat cu un sistem de ecuatii
diferentiale fdrd intarzieri dacd este indeplinitd o conditie speciala legatd de intar-
zieri. Dimensiunea vectorului de stare al sistemul de aproximare este egal cu di-
mensiunea vectorului de stare al sistemul initial cu intarzieri. Valorile proprii ale
sistemului de ecuatii aproximative coincid cu valorile proprii dominante ale siste-
mului original.

Disertatia ofera o ecuatie analitica pentru determinarea matricei de stare al siste-
mului de approximare de ecuatii. Solutia acestei ecuatii matriciale exponentiale se
poate obtine folosind o metodd numericd utilizdnd teorema punctului fix al lui Ba-
nach. Convergenta metodei de aproximare numerice este exponentiald. Mai mult,
este discutat introducerea unui termen neomogen in sistemul de ecuatii cu intarzi-
eri, pentru care este prezentat o metodd analiticd si una numerica pentru a determina
termenul neomogen pentru sistemul de aproximare.

Metoda de aproximare dezvoltatd este discutatd pentru trei clase de sisteme.

In cazul sistemelor liniare invariante in timp continuu cu intarziere, metoda
mentionatd a fost utilizatd pentru a studia detectabilitatea sistemului si pentru a
proiecta un estimator de stare.

O versiune discretd a metodei de aproximare a fost dezvoltata pentru sistemele
Volterra de ecuatii de diferentd cu intarziere infinitd, pe care autorul le-a folosit pen-
tru a analiza comportamentul dinamic al sistemelor tip multi-agent cu intarziere de
comunicare.

Mai mult, a fost dezvoltata o metoda de aproximare pentru sisteme liniare in
timp continuu cu intarziere distribuitd, si a fost aplicat pentru analiza controlabilita-
tii si proiectarea regulatoarelor tip reactie de stare.

In toate cele trei cazuri, aplicabilitatea metodelor propuse a fost demonstrata cu
simuldri.
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Chapter 1

Introduction

The analysis and control problem of general dynamic systems that contain time
delays is an interesting subject mainly because of the infinite-dimensional property
of the dynamic system models with delay. In most cases, the classical system- and
control theoretical methods cannot be successfully applied to such systems. New,
computational heavy algorithms are necessary for the analysis and the design of
delay systems. However, in some special cases, a time-delay system can be uniquely
approximated with ordinary differential equations, and in such cases, the analysis
and control design methods, developed for delay-free systems, can still be applied.

The present work deals with the approximation of three different delay system
classes with different applications, all connected through system- and control the-
ory. The first one is the approximation of a class of continuous-time linear systems
with point-wise delay and its application to observer design. The second one is the
approximation of discrete-time Volterra-type difference systems containing infinite
delays with multi-agent systems application. The final one treats the approximation
of systems with distributed delays and its application to controller design.

1.1 Background and motivation

TDSs, also known as systems with dead-time, differential-difference systems,
or hereditary systems, are a class of functional differential systems. In contrast
with ODEs, the TDSs are infinite-dimensional, they can usually be solved with the
method of steps, and the solutions are not always backwards continuable [1]. The
following points could explain the importance of these system classes:

* Expectation of models with better performance and close resemblance to real
systems. The majority of dynamic systems in biology, mechanics, physiology,
chemistry and economics include internal delays [2]. The delay also has a cru-
cial effect on the stability of networked control systems [3] or high-speed com-
munication networks [4].

* The classic control design methods cannot be applied to TDSs in most cases, in
a sense that ignoring the delay or simply replacing the DDE with ODE results
in different behavior of the approximate model [5].

¢ The delay term can have stabilising, destabilising effects or it can induce chaotic
behaviour. In some cases, the introduction of time delay in the feedback loop
of an ODE system dampens the output [6]. In contrast, a sufficiently large time
delay creates limit cycles and it can induce chaotic behaviour [7].

¢ TDSs can sometimes simplify system models with high degree [8] or systems
with partial differential (transport) equations [9].
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Based on the above mentioned points of interests, the motivation of my work
was to develop a computationally simple approximation method for delay systems
with small delay. Furthermore, the goal was to use this approximation to extend the
classical system- and control theoretical methods such as state estimation and state
feedback control to the addressed class of systems. In particular:

* to show that under specific condition there exists an ODE which is asymptot-
ically equivalent to the original TDS.

* to give explicit equations to calculate the state matrices and nonhomogeneous
terms of the approximate system based on the original TDS.

* to give iterative methods which can be used to approximate the solution of the
above mentioned explicit equations.

¢ to formulate simplified detectability and stabilisability conditions for the TDS
based on their approximate ODEs.

* to synthesize full state observers and state feedback control laws based on the
approximation method.

1.2 Theoretical background

This section provides a short theoretical background which is used as the back-
bone for the latter chapters. Both ODEs and DDE are discussed highlighting the
similarities and main differences between them. The arosen difficulties are high-
lighted in the case of DDEs in the fields of engineering.

1.2.1 Linear ordinary differencial and difference equations
Continuous-time systems

ODE:s are differential equations containing one or more functions of one inde-
pendent variable and the derrivatives of those functions [10], in contrast with partial
differential quations which may contain more than one independent variable.

A linear n'* order ODE is a differential equation of the form

wo(1)x + ay ()X + - -+ + o (£)x™ = B(1), (1.1)

with initial condition x(0) = xg, x'(0) = x{, ..., x"(0) = x{, where a(t), a1(t),
.., an(t), B(t) are arbitrary continuous functions, ¥/, ..., x(") are the successive

derivates of x : R — R, which is a function of time ¢.

If B(t) = 0, the ODE is homogeneous, otherwise it is nonhomogeneous.

If wo(t) = wo, @1 (t) = aq, ..., an(t) = @y, the ODE is time independent, otherwise
it is time dependent.

A function z(t) is called a general solution of (1.1) on some interval Z, if it is
n-times differentiable on Z and it satisfies (1.1) for all t € Z.

In engineering application, in most cases the independent variable is time, and
the systems are modelled using first ordered co-dependent linear autonomous ODEs
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J'Cl(t) = anxl(t) + lZqu(t) + -+ alnxn(t) + bl(t
Xo(t) = apix1(t) + anxa(t) + - - - + a2uxn(t) + ba(t)

~—

, (1.2)

‘J'Cn(t) = anlxl(t) + ﬂanCz(t) + -+ annxn(t) + bn(i’)

with initial condition x1(0) = x19, x2(0) = x20, ... x,(0) = X0, which can be writen
in vectorial form as
x(t) = Ax(t) +b(t), x(0) = xo, (1.3)

withx = (x1 %3 ... %) ,b= (b1 by ... b,) and A = (a;)for1<i,j<n.
The homogeneous part of (1.3) is

#(t) = Ax(t) x(0) = x,. (14)

When solving the system of ODE (1.3) on some interval 7 with a given initial
condition x(tp) = x;, the solution is always unique, the backward continuation is
always possible, and it can be written as

t
x(f) = efMxy + / eA=5)p(s)ds, teT. (1.5)
0

The characteristic equation of (1.4) is
det(Al, — A) =0, (1.6)

which is an algebraic equation of degree n, and its n roots A1, A2, ... A, € C (counting
multiplicities) can be used for the stability analysis or for the formulation of the
general solution of (1.3).

Discrete-time systems

The discrete equivalent of (1.3), is written in the form
Ax[k] = (In — Aq)x[k] + b[k],  x[0] = xo, (1.7)

with A; € R™", and it is called a system of linear ordinary difference equations,
where A is the forward difference operator. Similarly to the continuous case, a solu-
tion from the initial condition is

k=1
x[k] = Alxg + Y AT by, (1.8)
i=0

is unique.
The characteristic equation of the homogeneous part of (1.7) is

det(zl, — I, — Ag) =0, (1.9)

which has 7 roots z1, 2y, . . . z, € C counting multiplicities.
The homogeneous part of (1.7) is

Ax[K] = (I, — Ag)x[K]. (1.10)

Discretized systems
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A continuous model can be discretized, i.e. the system (1.3) can be transformed
into a discrete-time system having the form (1.7) with the substitution A; = e

and byk] = [;° & edsbk] or using one of approximate discretization methods:
e Forward Euler method, where e4Ts ~ I, + AT,
e Backward Euler method, where 4™ ~ (I, — AT;) ™!
* Bilinear transform, where eA” ~ (I, + AT,/2)(I, — AT;/2)~!

where T is the sampling time [11].

1.2.2 The introduction of state delay

If state delays are introduced in the system (1.3) the resulting TDS can be written
as

() = Aox(t) + Acx(t— T) +b(t), x(h) = p(h) for h € [-7,0), (1.11)

where 0 < T < o0 is the time delay and ¢ : [—7,0] — R" is a continuous initial
function. The homogeneous part of (1.11) is

x(t) = Aox(t) + Acx(t — 1), x(h) = ¢(h) for h € [-7,0]. (1.12)
The characteristic equation of the system is

det(AL, — Ag — Are™™) = 0. (1.13)
It can be seen that, due to the exponential term Ae~™, in the complex plain the
characteristic equation, in general, has infinitely many roots, which increases the
difficulty of system analysis.
Furthermore, a DDE requires an initial function on the interval [—7,0] for the
solution, and not every solution is backwards continuable [1].

1.2.3 The introduction of input delay

In system theory, a linear time invariant dynamic system is modelled as a non-
homogeneous system of ODE (1.3), where the nonhomogeneous term b(t) is a linear
combination of the input signal u(¢) : R — R™ with an input gain matrix B € R"*"
such that b(t) = Bu(t) [12].

If input delays are present in the model then the input the system (1.3) becomes

i(t) = Ax(t) + Bu(t — 1), x(h) = ¢(h) forh € [-7,0], (1.14)

In order for the states to converge to a given constant value, a control law is
implemented in the system by feeding back a part or the full state vector in the input
[13]. A full state static feedback can be formulated as u(t) = Kx(t), with K € R™*"
gain matrix. Using the previous feedback control, the system (1.14) becomes

x(t) = Ax(t) + BKx(t — 1), (1.15)

which is a homogeneous DDE.
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1.2.4 Discrete time difference systems with state delay

Consider the system of homogeneous ordinary difference equations with delay

Axlk] = Aox[k] + Agxlk —q], x[h] = ¢[h] forh = —q,—q+1,...,0, (1.16)

where g € IN* is the discrete delay. Similarly to the continuous case, an initial func-
tion ¢ on the discrete interval [—g, 0] is required for the solution. In contrast to the
continuous case the characteristic equation

det(zl, — I, — Ao — Az77) =0 (1.17)
has finitely many solutions.
The system
Ax[k] =Y Aljlx[k —j] x[h] = ¢[h] forh € Z_, (1.18)
j=0 B

is called a Volterra difference equation with infinite delays. Here A : Z, — R"*" is
a matrix function such that A[j] # O, forsomej € Z, and ¢ : Z_ — R"*"is an
initial function. B

The eigenvalues z € C of (1.18) are the roots of the characteristic equation

detD(z) =0, with D(z) = (z—1)I, — iA[j]z’f. (1.19)
j=0

1.2.5 The introduction of distributed delay

The use of discrete delay impicitly assumes that the system dynamics is modelled
with the use of d-Dirac distribution, in other words, each individual time instance
in the state variable is subjected to the same gain factor [14]. This technique may
seem like a rough approximation in system modelling, and sometimes it would be
more realistic to assume that the delay is distributed continuously by a continuous
distribution funcion like

0
x(t) = Aox(t) + | Ac(n)x(t+1y)dy, (1.20)
-7
where 0 < 7 < 00, Ag € R"™" and A; : [—7,0] — R"" is a continuous delay
distribution function, for which there exists # € [—7,0], such that A+(y) # O,. The
eigenvalues A € C of (1.20) are the roots of the characteristic equation

0
detR(A) =0, where R(A) = Al — Ag— / Ac(n)edy. (1.21)

T

1.3 Approximation of TDS - survey for previous works

This section provides a review of the different approximation methods for delay
systems based on [15*]. The form of the studied systems is shown by (1.12) which is
a time-invariant, homogeneous TDS with constant initial condition.

There is a multitude of algorithms presented for the purpose of approximating
TDSs. Some of these algorithms estimate only the roots of the characteristic equation
(1.13) with a polynomial characteristic equation of specified degree (Taylor series- or
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Padé-based approximations) or in a given region of interest ( e.g. QPmR). Other
methods approximate the trajectories of the delayed system with the trajectories of
a well-constructed system of ODEs (e.g the modified chain approximation or Galer-
kin’s method).

1.3.1 Algorithms for the approximation of eigenvalues
Approximation with Taylor series expansion

TDSs of given by the DDE (1.13) and their characteristic equations (1.13) are of-
ten approximated by ODEs and by their characteristic equation using Taylor series
expansion in powers of T [16].

This method involves higher-order derivatives of alternating signs, which could
lead to an approximating system with different stability. The Taylor approximation
of the characteristic equation (1.13) is written as

—1)P
det(Al, — Ao — A-(1—TtA+ %72)»2 +-+ (pl')'r’”)xp)) =0.

It has been shown that this method only works in a few cases. In other cases, it
may lead to qualitatively different systems [17].

Approximation with Padé series expansion

The Padé approximation of TDS is based on the Taylor series expansion and
the Padé model reduction. A fractional-order Padé approximation method was de-
veloped based on optimal polynomial fitting as an approximation of e~™ in (1.13)
in a given region of interest [18].

The characteristic equation (1.13) can be written as

1—TA 4 o A = SR 9 )5
2

9 72 1008 ~ 30240\ _
det(Al, — Ag — ATl A A2 . A3 thAd | A8 ) =0.
T2 =9 T 7% ~ 0 T w0

using 5" order Padé series expansion

Approximation with the Lambert W function

The Lambert W function is the multivalued inverse of the function E : C — C
defined by E(z) = ze* for z € C [19].

In the scalar case the rightmost eigenvalues of (1.12) can be computed by nu-
merical evaluations of the branches of the Lambert W function. The method can be
extended to systems [20, 21].

Approximation using quasi-polynomial root finder algorithm

The quasi-polynomial root finder algorithm calculates the rightmost eigenvalues
of a TDS based on the characteristic equation (1.13), which can be expressed as

N
P(A) = ) Qi(A)e ™,
k=0

where Qy is a polynomial expression with real coefficients, and a; € IR. The objective
is to locate the eigenvalues in the complex plane region ID C C with boundaries
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Bmin < R(D) < Bumax and wyiy < (D) < wpay as intersection points of the zero
level curves of the surfaces R(P(B + jw)) = 0, S(P(B + jw)) = 0[20, 22].

1.3.2 Approximation methods for the solutions of the DDE
Approximation using the modified chain method

The modified chain approximation method introduced by Repin [23] builds an
approximating system directly from the state space representation of the TDS. The
approximating system for a TDS described by (1.12) is written as

Xo(t) = Aoko(t) +

m
T

£1(8) = A2 (1) — 224 (t

HO =A@ -t 1)

where £, € R" for p = 0,1,...,m, with initial condition £,(0) = x, and £,(0) =
(/m)xy, where 1 < p < m, and output y = x, The state £, represent the approxim-
ation for the states of (1.12), and this is a linearly convergent approximation [24].

Approximation using Galerkin’s method with tau incorporation

In numerical analysis, Galerkin’s method is used to convert a continuous oper-
ator problem in a weak formulation to a discrete problem by applying constraints
determined by a finite set of basis functions [25].

Define the state transformation x(t +s) = ®' (s)17i (t), wheres € [—7,0],and t €
R.. Here ®(s)" € R"*" is a vector containing a finite number of basis functions,
while 7 () € R"*! are the time dependent coordinates, N > p > 2 is the degree of

approximation.
The approximating equation can be writen in the descriptor form as
r o ¥
(‘PT(O)) 1) = <A0c1>T(o) + AchT(_T)) 7(t), (1.23)
where

r— L " o(5)07 (s)ds,

Y = O@(S)ECDT(s)ds
o —T dS !

the initial condition is given by

0
7(0) =T1 [ @(s)dsx,,

- -7
and the approximating states are £(t) = ® ' (0)7(t).
The system (1.23) is overdetermined, and the solution involves the application

of least-squares fitting [26]. The tau incorporation or spectral tau method creates the
descriptor system
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such that T := T, and every in'" row is replaced by the i" row of ® ' (0). Similarly,

Y := ¥, and every in'" row is replaced by the i row of Ag®"(0) + A" (-7),

wherei = 1,2,...,n. This altered form is not over-constrained, so there is no need

for a fitting algorithm, and the approximation characteristics are improved [27].
The details of this approximation method are shown in Appendix A.

Approximation using spectral and pseudospectral methods

Breda et al [28] proposed the pseudospectral collocation method. Similarly to the
previously shown Galerkin’s method, this procedure approximates the TDS using
the method of weighted residuals with Lagrange base polynomials and the bound-
ary conditions are enforced with the tau incorporation. Butcher and Bobrenkov [29]
extended this method to linear and nonlinear systems of TDS with time-periodic
coefficients.

Lehotzky [30] proposed two numerical methods for the finite dimensional ap-
proximation of TDS the pseudospectral tau and the spectral element methods. The
former is a weighted residual type method, similar to Galerkin’s approximation us-
ing Lagrange base polynomials, where the analytical integration is substituted by
the numerically feasible Lobatto-type Legendre-Gauss quadratures [31]. The latter
approximates the TDS operator equation using weighted quadrature nodes together
with the Lobatto-type Legendre-Gauss quadratures (or Clenshaw-Curtis quadrature
[32] for increased accuracy). Furthermore, the author compared the proposed meth-
ods with Galerkin’s approximation and the Pseudospectral collocation methods. It
was stated that the efficiency of the algorithm could be improved if only the critical
eigenvalues are calculated [33]. Moreover, the efficiency can be increased by using
non-uniform grids in the parameter plane [34], [35].

1.4 TDS with small delays - survey for previous works

TDSs are rigorously studied in the fields of mathematics. Ryabov [36] introduced
a family of special solutions for a class of linear differential equations with small
delays and showed that every solution is asymptotic to some special solution as
t — oo. Ryabov’s result was improved by Driver [37], Jarnik and Kurzweil [38]. A
more precise asymptotic description was given by Arino and Pituk in [39]. For other
related results on asymptotic integration and stability of linear differential equa-
tions with small delays, see the result of Arino, Gy&ri and Pituk [40], and Gy®&ri and
Pituk [41]. Faria and Huang [42] gave some improvements, and a generalisation
to functional differential equations in Banach spaces. Inertial and slow manifolds
for differential equations with small delays were studied by Chicone [43]. Results
on minimal sets of a skew-product semiflow generated by scalar differential equa-
tions with small delay can be found in the work of Alonso, Obaya and Sanz [44].
Smith and Thieme [45] showed that nonlinear autonomous differential equations
with small delay generate a monotone semiflow with respect to the exponential or-
dering, and the monotonicity has important dynamical consequences. For the effects
of small delays on stability and control, see the paper by Hale and Verduyn Lunel
[46].

The results in the above-listed papers show that if the delay is small, there are
similarities between the delay differential equation and an ordinary differential equa-
tion. The description of the associated ordinary differential equation, in general, re-
quires the knowledge of certain special solutions. Since, in most cases, the special
solutions are not known, the above results are mainly of theoretical interest.
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Illustrative example for the smallness condition domain presented in [47, Equa-
tion 1.9]: In control applications, the closed loop gain of the systems are near unity.
If we consider the maximum gains in the equation referred above to be unity, the
small delay domain yields as 0 < 7 < 0.278s. Figure 1.1 shows the delay values
that are considered "small". The maximum delay value 0.278s corresponds to real-
istic communication delay values in networked control systems, see e.g. [48], where
the communication delay was always below 120ms using the low latency Dedicated
Short Range communication Connectivity (DSRC).

1.2

0 0.05 0.1 0.15 0.2 0.25 0.3
7 - Time delay (s)

Figure 1.1 In a unit-gain system, the time delay is considered small if Te!™® < 1
holds. The figure shows the el ™7 curve for delays 0s < T < 0.278s.

1.5 Thesis summary of the contributions

The results are structured in three main parts. Chapter 2 is dedicated to the ap-
proximation of constant, point-wise delays in continuous time. A homogeneous TDS
is given and it is shown that under a certain smallness condition, it can be approxim-
ated with an ODE, which has the same number of states. The approximation error
converges to zero exponentially. An analytic equation is given to calculate the sys-
tem matrix of the ODE. Furthermore, it is shown that an iterative method can also be
used to give this state matrix. The convergence of this iteration is proven to be expo-
nential. Next, the TDS system is extended with a bounded nonhomogeneous term,
and an analytic solution and a numerical iteration is given to find the equivalent
additive term for the approximating ODE which preserves the exponential approx-
imating characteristics of our system. Finally, explicit conditions are provided for
the detectability of the TDS based on the ODE, and an observer design procedure is
devised based on the previously shown approximation method.

Chapter 3 deals with the approximation of discrete-time linear systems with
time-delays. First, the homogeneous discrete-time Volterra type difference systems
is studied with infinite delays and it is shown that the system is asymptotically equi-
valent to an ordinary difference equation under a smallness condition. An explicit
relation is given to calculate the system matrix, and it is also shown that an iterative
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method can be used to approximate the system matrix of the original system contain-
ing delay. Both the iterative matrix equations and the approximation methods are
shown to be exponentially convergent. The Volterra type difference system is set to a
finite number of delays. The Volterra system is extended with a bounded nonhomo-
geneous term and an equivalent approximating ordinary difference system is given.
Explicit and iterative relations are given to calculate the nonhomogeneous term of
the approximating ordinary difference system based on the original extended Vol-
terra system. Next, the shown methods are applied to the analysis of Multi-Agent
Systems with delay present in the communication graph.

Chapter 4 deals with the approximation of continuous-time linear systems with
distributed time delay. First, the existence of an approximating ODE is shown un-
der a smallness condition. The trajectories of the original system converge to the
trajectories of the ODE exponentially. Next, explicit and iterative methods are given
for finding the system matrix of the ODE. The convergence of the iterative method
is proven exponential. The original homogeneous delay system is extended with
a bounded nonhomogeneous term and an explicit and iterative method is given to
find the equivalent nonhomogeneous term of the approximating ODE which guar-
antees that the trajectories still converge. Finally, the provided approximation method
is used to check the stabilizability of the delayed system based on the generated
ODE. The approximation method is also used for the design of a controller for the
delayed system based on the approximating ODE.

Under appropriate smallness conditions, the provided approximation method
has the following attributes:

e ensures that the original delayed system and the delay free approximating sys-
tem are asymptotically equivalent.

* gives a numerical method to compute the dominant eigenvalues of the original
delayed system.

* provides numerical algorithms for the state and input matrices of the delay free
approximating system, which are important for system and control theoretical
applications.

¢ although the approximation method is not suitable for the numerical approx-
imation of the solutions, it can be used to describe the asymptotic behaviour of
the solutions of the original delayed system.
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Chapter 2

Approximation of continuous-time
linear time delay systems with
point-wise time delays

2.1 Abstract

In this chapter, it is shown that if a certain smallness condition between the delay
and the system gains holds, then a continuous-time Linear Time-Invariant (LTI) sys-
tem with pointwise delay can be approximated by a linear delay-free system. Fur-
thermore, it is shown that the proposed method can be explored to analyse the de-
tectability of the delay system. A simplified observer design method is proposed for
the addressed class of delay systems. This chapter is based on [49*, 15%, 50%, 51%, 52*].

2.2 Literature survey

The description of the associated ordinary differential equation, in general, re-
quires the knowledge of certain special solutions. Since, in most cases, the special
solutions are not known, the above results are mainly of theoretical interest.

For linear systems, without time delay, there are well-known observer design
methods such as the Luenberger observer, the Kalman filter, the H., observer, the
sliding-mode observer, etc. During the last few decades, TDS observers have been
widely contemplated. The observability of delay systems was analysed, e.g. by Sun
Yietal. [53], and Emilia Fridman [54]. Basin et al. [55] presented an optimal filtering
method for linear systems containing state delays.

Pakzad [56] developed a Kalman filter method for linear TDS with state, and
output delays. An observer was presented by Safarinejadian et al. [57] for discrete-
time linear systems with unit time delay. A state estimator was devised by Tan et.
al. [58] for TDS with Markov-jump parameters. Zheng et al. [59] proposed a PD
type He observer for linear systems with state delay . Huong [60] designed an ob-
server for systems with state and output delays based on state coordinate transform,
and Luenberger observer. Chou and Cheng [61] presented an optimal observer for
linear TDS with state delay based on evolutionary optimisation. Targui et al. [62]
developed a state observer for linear and Lipschitz nonlinear systems with bounded
and variable delayed outputs. Mohajerpoor [63] proposed a delay dependent func-
tional partial state observer for linear TDS with state and input delays of uncertain
value.
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2.3 Approximation of the homogeneous part

Consider the system (1.12), with Ar # O, and T > 0. The eigenvalues A € C of
(1.12) satisfy the characteristic equation (1.13), which in general has infinitely many
solutions. The n rightmost eigenvalues of the characteristic equation will be called
dominant eigenvalues . Throughout the chapter it is assumed that the relation

| A||Tel 4ol < 1 2.1)

holds, which may be viewed as a smallness condition on the delay .
It will be shown that if (2.1) holds, then the system (1.12) is asymptotically equi-
valent to the ODE
x(t) = Mx(t), (2.2)

with M € R"*" being the unique solution of the matrix equation
M= Ay+ Are™™, (2.3)

such that .
IM|| < vy, wherevy= —;ln(HATHT) > 0. (2.4)

Furthermore, the system matrix M in (2.3) can be written as a limit of successive
approximations

M = lim M, (2.5)
k—ro0
where
My=0, and M4 =Ag+Ae ™  fork=0,1,.... (2.6)

The convergence in (2.5) is exponential and an estimate is given for the approx-
imation error |M — My/||. It will be shown that those characteristic roots of (1.12)
which lie in the half-plane ®(A) > —vyp, coincide with the eigenvalues of matrix M.
As a consequence, the above dominant characteristic roots of (1.12) can be approx-
imated by the eigenvalues of Mj. An explicit estimate is given for the approximation
error, which shows that the convergence of the eigenvalues of M to the dominant
characteristic roots of (1.12) is exponentially fast.

2.3.1 Solution of the matrix equation and its approximation

First, some lemmas are needed for the proof of the existence and uniqueness of
the solution of the matrix equation (2.3) satisfying (2.4).

Lemma 2.3.1. Let P,Q € R"*", and v = max{||P||, || Q|| }. Then

|P*— QY| < ka1 P—-Q| fork=1,2,.... 2.7)

Proof. It will be shown by induction on k that

k—1
PF—Qf =Y PI(P-QQ" '/ fork=12,.... (2.8)
j=0
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Evidently, the relation (2.8) holds for k = 1. Suppose that (2.7) also holds for some
k € IN. Then

Pk-‘rl_Qk-l-l:Pk(P_Q) (Pk_Qk)Q:
k
P*P-Q)+ (ZPJP Q)Q* 1 ]>Q=2Pf(P—Q)Q"‘f-

j j=0

Thus, by induction on k, (2.7) holds.
From (2.7) we have

k-1 ) ) k=1 )
1QF =PI < Y IIPIPIIQ = PIIQIF < 1P = Qll Yo v = k" Y|P - Q]
j=0 j=0

fork=1,2,.... O

Using Lemma 2.3.1, the following result can be proven about the distance of two
matrix exponentials.

Lemma 2.3.2. Let P,Q € R"*" and v = max{||P||, ||Q||}. Then

le” — || < e”||P - Q. 2.9)

Proof. By the definition of matrix exponential, we have

].

From this, by application of Lemma 2.3.1, we find

Jls
Jer —e2 < 3 1P < p QHZ

k=0
-1
—e7||P —
which proves (2.9). O
Some properties of the scalar equation
v = Aol +[[Acfle™ (2.10)

are also needed.

Lemma 2.3.3. Suppose that the smallness condition (2.1) holds. If we let vy =
—1In(||A||T), then vy > 0, and (2.10) has a unique root vy € (0,vp). Moreover,

| Aol + ||A<]le™ < v forv e (v1,10], (2.11)

and
T||Ac]le™ <1 forv <. (2.12)

Proof. From (2.1), we have ||A||T < e 1~ 40l™ < 1 which implies that In(||A-||T) <
0. Hence vy > 0. Let
fv) =v—1lAoll = [[Ac]le",
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for v € R. We have
f(v) =1—||Acflre’™  and  f'(v) = —||Ac[T%""

for v € R. It is easily seen that f'(v) = 0 if and only if v = In(||A<[|T)/T = .
Furthermore, (2.1) is equivalent to f(vp) < 0. Since f”(v) < 0Oonv € R, f'(v) is
strictly descreasing on R. In particular, f'(v) > f'(v9) = 0 for v < vg. Therefore
(2.12) holds and f is strictly increasing on (—oo, vp]. This, together with f(0) < 0 and
f(vp) > 0, implies that f and hence (2.10) has a unique root v; € (0, vp). Since f is
strictly increasing on [v1, 1p], we have that f(v) > f(v;) = 0 for v € (v1,vp]. Thus,
(2.11) holds.

O

Now the theorem for the existence and uniqueness of the solution of the matrix
equation can be formulated and proved.

Theorem 2.3.4. Suppose (2.1) holds. Then (2.3) has a unique solution M € R™ " such
that (2.4) holds.

Proof. 1f (2.1) holds, then, by Lemma 2.3.3, the equation (2.10) has a unique solution
v1 € (0,1p), with vg given by (2.4).
Let v € [v1,1p) be fixed. Define

F(M) = Ag+ Are ™M™ for M € R"™", (2.13)
and
S={MeR" ||M]| <v} (2.14)

Clearly, S is a nonempty and closed subset of R"*". By virtue of Lemma 2.3.3, we
have for M € S,

IEM)] < [[Aoll + | AcllelIT < || Aq|| + || Aclle”™ < v. (2.15)

Thus F maps § into itself. Let My, M € S. By the application of Lemma 2.3.2, we
obtain

IF(M1) = F(M2)[| = [|A(e” ™7 — e 27| < || Ac[[|le™ 17 — e~ 27|
< [[AcllTe”™ [| My — Ma||.
—
K<l
In view of this, F : S — § is a contraction and by the Banach’s fixed point theorem

(Appendix B.1.2), there exists a unique M € S such that M = F(M). Since v €
[v1,Vp) was arbitrary, this completes the proof. O

In the next theorem, it is shown that the unique solution of the matrix equation
(2.3) with property (2.4) can be written as a limit of successive approximations M;
defined by (2.6) and we give an estimate for the approximation error.
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Theorem 2.3.5. Suppose (2.1) holds and let M € R"*" be the solution of (2.3) with prop-
erty (2.4). If { M}, is the sequence of matrices defined by (2.6), then

HMkH SV] fork:ollrzl"' 7 (216)
and
|M — M| <" fork=0,1,2,---, (2.17)
where v1 is the unique root of (2.10) in the interval (0,vy), and k = ||A¢||Te"" < 1 (see
(2.12)).

Proof. Note that M1 = F(My) for k = 0,1,2,..., where F is defined by (2.13).
Taking v = v1 in the proof of Theorem 2.3.4, we find that || M|| < v4. Also, from (2.14)
and (2.15), we obtain that ||M| < v; fork = 0,1,2,.... From this, and equations
(2.3) and (2.6), by the application of Lemma 2.3.2, we obtain for K > 0,

|M — My = ||AT(97MT - eiMkT)H < || A< ||eiMT - eiMkTH
< HATHTevlT HM — Mk”
| S— -

——
K

From the last inequality, it follows by induction on k that
1M — M| < x| M — Mo|| = || M]| < "1,

fork=0,1,2,.... O

2.3.2 Dominant eigenvalues and eigensolutions

Let us summarize some facts from the theory of linear autonomous delay differ-
ential equations (see [1], [64]). By an eigenvalue of (1.12), we mean an eigenvalue
of the generator of the solution semigroup (see [1], [64] for details). It is known
that A € C is an eigenvalue of (1.12) if and only if A is a root of the characteristic
equation (1.13). Moreover, for every B € R, Eq. (1.12) has only finite number of
eigenvalues with (1) > B. By an entire solution of (1.12), we mean a differentiable
function x : R — IR" satisfying (1.12) for all t € R. To each eigenvalue A of (1.12),
there correspond nontrivial entire solutions of the form p(t)e, t € R, where p(t)
is a R"-valued polynomial in t. Such solutions are sometimes called eigensolutions
corresponding to A.

As a preparation, three lemmas are established . First it is shown that if M is a
solution of the matrix equation (2.3), then every solution of the ODE (2.2) is an entire
solution of the DDE (1.12).

Lemma 2.3.6. Let M € R"*" be a solution of (2.3). Then for every v € R", x(t) = eM'y,
t € R, is an entire solution of (1.12).

Proof. Since efeQ = eTQ whenever P, Q € R™" commute, from (2.3), we find that
1(t) = MeMy = (Ag + Are”™)eMiy =
= ApeMy + A M-y = Aox(t) + Ax(t — 1), forallt € R.
d

In the following lemma, the uniqueness of entire solutions of the DDE (1.12) with
an appropriate exponential growth as t — —oo is proven.
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Lemma 2.3.7. Suppose (2.1) holds. If x;(t), x,(t) are entire solutions of (1.12) with
x1(0) = x,(0) and such that

sup [|x;(t)[[e" < oo, j=1,2, (2.18)
t<0

with vy as in (2.4), then x;(t) = x,(t) identically on R.

Proof. Define
¢ = sup [[x(£) — x(¢) ]| e™".
t<0

By virtue of (2.18), we have that 0 < ¢ < co. From (1.12), we find for ¢ <0,

(1) = x;(0) — Ao/ xi(s A/ (s—7)ds, j=1,2.

From this, taking into account that x;(0) = x,(0), we obtain for t <0,

I (6) = 220l < Aol [ a(5) — xa(5) s+ Al [ a5 =)~ xals — ) s <

0 0
< HAOHC/ e 105 ds + ||ATHc/ e (-7 gs —
t t

— C(HAUH + ||AT||eVOT) /0 e_VOSdS < CHAOH + HATHevoTe_Vot'
t B Vo
The last inequality implies for ¢t <0,
Aol + [|Ac|le™T
t Vot || 0 ]
[21() — x5(t)le "

x () = ) for t < 0. The uniqueness theorem [1, Chap.2, Theorem 2.3] implies

Hence ¢ < sc. By virtue of (2.11), we have that » < 1. Hence ¢ = 0, and
X (t
that x; (¢ ) = x,(t), Vt € R. O

Now it is shown that those entire solutions of (1.12) which satisfy the growth
condition

sup [|x(t)[[e"" < oo (2.19)
t<0

with vy as in (2.4) coincide with the solutions of the ODE (2.2).

Lemma 2.3.8. Suppose (2.1) holds. Then, for every v € R", (1.12) has exactly one entire
solution x(t) with x(0) = v and satisfying (2.19) given by

x(t) =eMv fort € R, (2.20)

where M € R"*" is the solution of (2.3) with property (2.4).

Proof. By Lemma 2.3.6, x(t) defined by (2.20) is an entire solution of (1.12). Moreover,
from (2.4) and (2.20), we find for t < 0,

Ix(8)]| < elMp) < el = |9
Hence

sup [|x(t) [[e"" < [[o]| < co.
t<0
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Thus, x(t) given by (2.20) is an entire solution of (1.12) with x(0) = v and satisfying
(2.19). The uniqueness follows from Lemma 2.3.7. O

The following theorem shows that under the smallness condition (2.1) the ei-
genvalues of (1.12) with R(A) > —vy coincide with eigenvalues of matrix M from
Theorem 2.3.4 and the corresponding eigensolutions satisfy the ordinary differential
equation (2.2).

Theorem 2.3.9. Suppose (2.1) holds so that vo = —In(||A+||T)/T > 0, and define
A={AeC|detD(A) =0,R(A) > —wp}.

Let M € R"*" be the unique solution of (2.3) satisfying (2.4). Then A = o(M). Moreover,
for every A € A, Equations (1.12) and (2.2) have the same eigensolutions corresponding to
A

Proof. Suppose that A € A. Since detD(A) = 0, there exists a nonzero vector v € R”
such that D(A)v = 0 and hence x(t) = eMv, t € R, is an entire solution of (1.12).
R(A) > —wp, so for t < 0 we have

()] = [eM]l2]l = "™ [lol| < e*|J2]

which implies (2.19). Thus, x(t) = eMp is an entire solution of (1.12) with x(0) = v
and satisfying (2.19). By Lemma 2.3.8 , we have that eMv = eM'v for t € R. Hence

/\t_l eMt_I
t

e
U= ; v forte R

Letting t — 0, we obtain Av = Muv. This proves that A C o(M).

Now suppose A € o(M). Then there exists a nonzero vector v € R" such that
Mv = Av. According to Lemma 2.3.6, x(t) = eMy = eMty is an entire solution of
(1.12). Hence D(A)v = 0 which implies that detD(A) = 0. In order to prove that
A € A, it remains to show that ®(A) > —vp. It is well-known that p(M) < ||M]].
This, together with (2.4), yields

[RA)[ < [A] < p(M) < [M]| < wo.

Therefore R(A) > —vp, which proves that o(M) C A.

Let A € A = 0(M). By Lemma 2.3.6, every eigensolution of the ordinary differ-
ential equation (2.2) corresponding to A is an eigensolution of the delay differential
equation (1.12). Now suppose that x(t) is an eigensolution of the delay differential
equation (1.12) corresponding to A. Then x(t) = p(t)e’, where p(t) is a R" -valued
polynomial in t. If m is the degree of the polynomial p, then there exists k > 0 such
that

lp(®)]| < k(1+[t™) forteRR.

Since R(A) > —vp, we have that e = R(A) 4+ vp > 0. From this, we find for t <0,
=B = llp()1[e¥] = Ip(t) ™™ < k(14 [¢™)e™ M = k(1 + [¢™)ee ",

Hence
Hg(t)HeVOt <k(1+ ]t\m)eet —0 ast— —oo.

Thus, x(t) is an entire solution of (1.12) satisfying the growth condition (2.19). By
Lemma 2.3.8, x(t) is a solution of the ODE (2.2). O
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Remark 2.3.10. Theorem 2.3.9 has an interesting consequence. If a delayed system
in the form of (1.12) with n state variables satisfies the smallness condition (2.1),
then the n rightmost eigenvalues of the delayed system counting multiplicities are
situated in the half plane (1) > —vp and they coincide with the eigenvalues of the
delay free approximating system (2.2).

2.3.3 Asymptotic equivalence

The following result from the monograph by Diekmann et al. [64] gives an
asymptotic description of the solutions of (1.12) in terms of the eigensolutions.

Proposition 2.3.11. [64, Chap. I, Theorem 5.4] Let x : [—T,00) — R”" be a solution of
(1.12) corresponding to some continuous initial function 6 : [—7,0] — R". Forany v € R
such that det(D(A)) = 0 has no roots on the vertical line R(A) = -y, we have the asymptotic
expansion

1
x(t) = Z yelit +0(e") ast— oo, (2.21)

where A1, Ay, ..., Aj are the ﬁmtely many roots of the characteristic equation (1.13) with
real part greater than vy and Bj(t) are R"-valued polynomials in t of order less than the

multiplicity of A; as a zero of det(D(A)).
Now the main result can be formulated about the asymptotic equivalence of

(1.12) and (2.2).

Theorem 2.3.12. Suppose (2.1) holds so that vg = —In(||A<||Tt)/T > 0. Let M € R"™*"
be the solution of the matrix equation (2.3) satisfying (2.4). Then the following statements
are valid:

1. Every solution of the ODE (2.2) is an entire solution of the DDE (1.12).

2. For every solution x : [—7,00) — RR" the DDE (1.12) corresponding to some con-
tinuous initial function § : [—7,0] — R”", there exists a solution X(t) of the ODE
(2.2) such that

x(t) = 2(t) +o(e™™") ast — oo, (2.22)

Proof. Conclusion 1 follows from Lemma 2.3.1. Conclusion 2 shall be proved by
applying Proposition 2.3.11 with v = —vp. It must be veried that the characteristic
equation (1.13) has no root on the vertical line #(A) = vy. Suppose for contradition
that there exists A € C such that det(D(A)) = 0 and R(A) = vp. Then there exists a
nonzero vector v € R" such that D(A)v = 0 and hence Av = Agv + Are *7v. From
this, we find that

AMll2ll < [lAolllz]l + [|A<]l e 2|l = HAollll I+ [ A<llle™[[lo]] =
= ([l Ao]l + | Aclle™™M)|oll = (| Aoll + | Aclle®)]l2]|  (223)

Hence |A| < || Aol + || A<||e*T, which together with (2.11), yields

vo = [R(A)[ < [A] < [|Ao]l + [[Ac][eT < vy,
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a contradiction. Thus, Proposition 2.3.11 can be applied with v = —vp, which im-
plies that the asymptotic relation (2.22) holds with
l
2(t) =Y p (t)eV, (2.24)

where Ay, Ay, ..., A; are thoise eigenvalues of (1.12) which have real part greater
than —vy and E],(t) are R"-valued polynomials in ¢. According to Theorem 2.3.9, the

eigensolutions of (1.12) corresponding to the eigenvalues with real part greater than
—1yp are solution of the ODE (2.2). Hence £(t) given by (2.24) is a solution of (2.2). [

2.3.4 Approximation of dominant eigenvalues

The following result will be needed about the distance of the eigenvalues of two
matrices in terms of the norm of their difference due to Bhatia, Elsner and Krause
[65].

Proposition 2.3.13. [65, Theorem 3] Let P,Q € R"*" and v = max{||P||, ||Q||}. Then
the eigenvalues of P and Q can be enumerated as Ay, ..., Ay and yy, ..., uy in such a way
that
1 1 1 1
max |A; — | <4-27wnn(29) 7 |P = Q. (2.25)
Recall that the dominant eigenvalues of (1.12) are those roots of the characteristic
equation (1.13) which have real part greater than —vy. According to Theorem 2.3.9,
if (2.1) holds, then the dominant eigenvalues of (1.12) coincide with the eigenvalues
of M, the unique solution of the matrix equation (2.3) satisfying (2.4). By Theorem
2.3.5, M can be approximated by the sequence of matrices { M}, defined by (2.6).
As a consequence, the dominant eigenvalues of the delay differential equation (1.12)
can be approximated by the eigenvalues of M. The explicit estimate (2.17) for the
distance ||M — M||, combined with Proposition 2.3.13, yields the following result.

Theorem 2.3.14. Suppose (2.1) holds so that the dominant eigenvalues of (1.12) coincide
with the eigenvalues Ay, ..., Ay of matrix M from Theorem 2.3.4 (see Theorem 2.3.9). If
{Mi}2, is the sequence of matrices defined by (2.6), then the eigenvalues A[lk}, ceey ALH of
M. can be renumbered such that

1 1 k

max [A; — AJ| <847 nivyen, (2.26)

1<j<n

where vy and x have the meaning from Theorem 2.3.5.

Since k¥ < 1, the explicit error estimate (2.26) in Theorem 2.3.14 shows that un-
der the smallness condition (2.1) the eigenvalues of My converge to the dominant
eigenvalues of the DDE (1.12) at an exponential rate as k — oo.

Theorem 2.3.14 can be illustrated by the following simple two-dimensional ex-
ample.

Example 2.3.1. Consider the DDE in the form of (1.12), withn = 2, T = 1 and system

matrices
014 0 0 014
Ao = ( 0 —0.14> A= (0.14 0 )

If|| - || = |- |1, then ||Ao|| = ||Az|| = 0.14 and hence the assumption (2.1) is sat-
isfied with T||A|[e!*7I40ll = 0.14e' ~ 0.43775 < 1. The characteristic equation
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from (1.13) has the form detD(A) = A% 4 0.28) + 0.0196 — 0.0196e 2. It follows by
easy numerical calculations that the values of the quantities v; and x from Theorem
2.3.14 are v; ~ 0.33588 and x ~ 0.19588. By the application of Theorems 2.3.9 and
2.3.14, it can be concluded that in the region (1) > —vj the characteristic equation

(K]
1

detD(A) = 0 has exactly two roots A; and A,. Furthermore, the eigenvalues A" and

)L[Zk} of the successive approximations My given by (2.6) can be renumbered such that

m%MfﬂﬁHg% where € ~ 1.90002 - 0.19588"/2. (2.27)
=L

The roots of the characteristic equation detD(A) = 0 satisfying R(A) > —vp are
A = 0and A, = —0.3358849196. The approximations Agk] and )\g{] of A1 and A, were
computed in MATLAB (see Table 4.1). The numerical results are in full agreement

with the error estimate (3.40).

Table 2.1 Approximation of the characteristic roots in Example 2.3.1

kAT A - -l el

1 0 0 0 0.3359 0.8409

5 0 —0.3355 0 0.4059¢ —3 0.3227e — 1
10 0 —0.3359 0 0.1170e — 6 0.5479¢ — 3
15 0 —0.3359 0 0 0.9304e — 5
20 0 —0.3359 0 0 0.1580e — 6
25 0 —0.3359 0 0 0.2600e — 8

The following example shows the properties of the scalar function from the proof
of Lemma 2.3.3 applied to Example 2.3.1.

Example 2.3.2. Consider a system in the form (1.12), with Ag = <

A — —0.7429 0.3947
T 0.2815 0.5485
written as

—0.6082 0.3159
0.0887 —0.8846 )’

>. The appropriate scalar function and its derivative are

f(v) =v—1-0.8413e"*"
f'(v) =1—0.2272e"%",

Solving f’(vp) = 0 in the region R’ gives vy = 5.4886. Solving f(v;) = 0 in the
interval v; € (0,vp) gives v; = 2.7841.

Figure 2.1 shows the properties and the zero points of the scalar function and its
derivative together with the maximum point of f.

Remark 2.3.15. If the original TDS has a constant initial function x(t) = xp, Vt €
[—7,0], the solutions of the approximating system of ODEs coincide with Pituk’s
special solutions [66] that corresponds to the initial value x. If the initial function of
the the original TDS is not constant, then the initial condition of the approximating
system of ODEs can be given using the adjoint equation of the original TDS as shown
in [47].
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L"‘ﬁ-o.s - —f(v) H
= —f'(v)
1+ f(v,) -
15+ * ()]
o f(vy)
20 I 2 3 4 5 6
1%

Figure 2.1 The function f(v) and its derivative.

2.4 Extension to non-homogeneous systems
In this section, it is shown that the previously presented approximation method
for homogeneous systems can be extended to TDS with non-homogeneous terms.

Theorem 2.4.1. Consider the system
x(t) = Aox(t) + Acx(t — 7) + b(t), (228)

where the coefficients Ag and A satisfy (2.1), and b : R — R" is continuous. Consider also
the ODE
x(t) = M2(t) +b(t), (2:29)

where M is the solution of (2.3) with property (2.4), and b: R — R" is continuous. If
b: R — R" fulfills

~ t ~
b(t)+A. | eMETT9h(s)ds = b(t) VieR, (2.30)
-1
then the following statements are valid:

1. Ewvery solution of the ODE (2.29) is a solution of the DDE (2.28).

2. For every solution x : [—T,00) — R" of DDE (2.28) corresponding to some continu-
ous initial function 6 : [—7,0] — R", there exists a solution £ of ODE (2.29) such
that

x(t) —X2(t) =0  ast — oo (2.31)

Proof. First we show that if (2.30) holds, then
t ~
£p(t) = / MI=9p(s)ds,  tER, (2.32)
0

is a common particular solution of equations (2.28) and (2.29).
According to the variation-of-constants formula, £p is a particular solution of
ODE (2.29), that is,
£p(t) = M2p(t) +Db(t), teR
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From this and the relation
t—T n
£p(t—T) = / eM(=T-9)p () ds —
0

t R t ~
— e—MT/ eM(t—s)b(S)ds _ e—MT/ eM(t—s)b(S)ds —
0

t—T

.t "
— e Mg (1) — e MT / eM(=9)p(5)ds,

t—1 a

we find that

£p(t) — Aokp(t) — Ackp(t — T) = (M — Ao — Are™™7) £p(1)+

On
t

Fh(E) + Are M7 / eM(=3)p(5)ds =

t—1 o

t
=b(t) + AT/t eM(t’T’S)E(s)ds.
—T

Therefore £p is a solution of (2.28) if and only if (2.30) holds.

It is known that every solution £ of ODE (2.29) has the form £ = £y + £p, where
Xp is the particular solution from (2.32). By Theorem 2.3.12, £, is a solution of DDE
(1.14) and, as shown before, £p is a solution of DDE (2.28). This implies that £ =
Xy + Xp is a solution of DDE (2.28). Now let x be an arbitrary solution of DDE
(2.28). Since both x and £p are solutions of DDE (2.28), we have that x;; = x — £p
is a solution of the homogeneous equation (1.14). Theorem 2.3.12 guarantees the
existence of a solution £; of equation (2.2) such that xp () — £ (t) — 0as t — oo. If
we define £(t) = £5(t) + £p(f), then £ is a solution of (2.29) such that

x(t) — 2(t) = xp(t) + 2p(t) — (2 (t) + 2p(t)) = xp(t) — 2y(t) >0
ast — 0. O

In general, the integral equation (2.30) cannot be solved explicitly. Next it is
shown that if the non-homogeneous term b(t) is bounded, then b(t) can be com-
puted using an iterative algorithm.

Theorem 2.4.2. Suppose that (2.1) holds. Let b : [—7,00) — R" be a continuous and
bounded function. The equation (2.30) has a unique bounded solution b : R — IR" which
can be computed by the method of successive approximations

b(t) = I}erloﬁk(t), Vt € R, (2.33)

where by(t) = b(t), V¥t € R, and by (t) is given by
~ t ~
beoi(t) = —Ac [ METS)h(s)ds +b(t), teR, k=0,1,.... (234)
t—7

Furthermore, the convergence in (2.33) is exponential.

Proof. Let B = BC(R,R") denote the Banach space of continuous and bounded
functions on R with the supremum norm,

|bllg =sup||b(t)]|, beB.
teR
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On B define an operator T by

(TD)(t) = b(1) ~ Ac [ MC=b(s)ds

t—1 -

forbe B, t € R.
For by, b; € B,and t € R, we have

I(Th) (1) = (Th,) ()]
< JAdl [ eIy (s) — By (s) s

t ~ ~
<Al [ elMIEt sy - by s

< [|A<]le" T [|by — by |-

K

This shows that X X X X
|(Tby) — (Thy) || < x||by — by |5,

for El,ﬁz € B. Wehave 0 < k < 1, see (2.12). Hence, T : B — B is a contraction and
T has a unique fixed point b in B, which is a solution of (2.30) (Appendix B.1.2). The
exponential convergence also follows from the Banach’s theorem. O

Remark 2.4.3. The convergence of the iteration can also be directly analysed:
~ ~ t ~ ~
16() = Ben () < Al [ M0 )b(s) ~ by ()lds,  tERK=0,1,...,
t—T

from which we have
b= beyalls < xllb—bills,  k=0,1,...,
similarly as before. Now the convergence rate can be given by as
||E_Ek||BSKk_1HE_QHB/ k:1/2/~"/

which shows that the values b, (t) converge to b(t) uniformly on R as k — oo at an
exponential rate.

Remark 2.4.4. In the case of a constant non-homogeneous term b(t) = b the unique
bounded solution of is the constant vector (2.30) is the constant vector

-1
b= (H—AT / eSMds> b. (2.35)
0

2.5 Application to observer design

In this section, results of the previous sections are used to give a simple observer
for a continuous-time linear TDS with discrete delay.
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2.5.1 Observability and detectability

In system theory, the observability of a system is a characteristic, which shows
whether the internal states can be inferred from the external outputs.
Consider the TDS extended with linear output mapping

{x(t) = Aox(t) + Awx(t - 7) +b(t) (2.36)

y(t) = Cx(t)

with a constant initial function x(t) = ¢ € R" for t € [—7,0], y(t) € R” output
vector and C € RP*" output matrix.

Definition 2.5.1. [54] Let tp,t; € R, such that tg < t; < co. The system (2.36) is
observable on [fy, ;] if for all initial functions, the initial vector x(fo) can be uniquely
determined from the initial function and from the output function y(t) on [fo, t1].

Theorem 2.5.1. [54] The system (2.36) is observable on [0, t], ¥Vt > nt if rank(P) = n,
where
P=I[P,...P",P%...,Py,. .. PICT,

with

Pl =1, (2.37)
P = AgPE+ AP, j=1,...k+1, k=1,..n-1, (2.38)

and Pf = O, if j = 0,0r j > k.

Example 2.5.1. In case of a system with states x € IR? and appropriate matrices, the
observability matrix is P = [P}, P?, P?]C", where P} = I, P> = AJP{ + AP} = A]
and P = AJ P} + Al Pl = A]. Finally the observability matrix can be written as

P=[IA,AllCT.

In case of a system with states x € R® and appropriate matrices, the observability
matrix is written in the form
P =[P}, P?, P3Pz P3,P3|CT.
Pl =1,
P2 =AJPl+AlP} =A],
PY— ALPE 1 ATPE — (A3)T,
Pz =A P +AlP = Al
P} = AjP;+ Al,
P2 = AfAl + AT A] and
P3= APl + AlP2= (A2)T.
The observability matrix is written as

P=[LAg, (A)", A, Ag P + Ag, (A)T]CT

Theorem 2.5.1 shows that the delay value does not influence the observability of
a system.

If the rank condition rank(P) = n is not satisfied, then there are unobservable
entries in the state vector x(#).



Chapter 2. Approximation of continuous-time linear time delay systems with

point-wise time delays 25

Definition 2.5.2. [67] The system (2.36) is called detectable if all unobservable state
vector entries are stable.

Theorem 2.5.2. [68, Theorem 4.2] The system (2.36) is detectable if and only if

rank (c,)un —Ayg— ATe“> =n, YAEC:R(A)>0. (2.39)

Detectability conditions are essential, e.g. as shown by Li et al. [69] in the case of
sensor networks. In large-scale sensor networks, the communication delay can not
be neglected. It is why it is essential to treat the detectability in the presence of delay.
Next, a simplified detectability condition is given for TDSs, which is a consequence
of Theorems 2.3.9 and 2.5.2.

Theorem 2.5.3. Consider the system (2.36) which satisfies (2.1). The system is detectable if

rank (C,/\In — M) =n, VAeC:R(A) >0, (2.40)
where M is the solution of (2.3) with property (2.4).

2.5.2 Observer design

Now the implementation steps of an observer are presented for a continuous-
time linear TDS which satisfy (2.1) and compare it to two different existing methods:
observer design based on Galerkin’s approximation with tau incorporation shown
by Chakraborty et al. [70], and the continuous pole placement method developed
by Michiels et al. [71].

Consider a TDS in the form of (2.36), which is observable and it satisfies (2.1).
The following algorithm will create a delay-free observer system, where the states
converge exponentially to the states of the original, delayed system:

Algorithm1

e Compute M given by (2.3) satisfying (2.4).
e Compute b(t) given by (2.30).

¢ Give an observer gain matrix K such that the homogeneous part of the observer

system
(1) = Mx(t) +b(t) + K(y(t) — Cx(1)), (2.41)

is asymptotically stable i.e. M — KC is Hurwitz. Here y is the output of the
observed system (2.36). B

Proposition 2.5.4. Consider an observable TDS given by (2.36) such that (2.1) holds, and
b : R — R" is continuous and bounded. Then the state observer (2.41) designed using
Algorithm 1 assures that

lim [[x(t) — £(8)| =0,

where x and X are arbitrary solutions of (2.36) and (2.41), respectively.

Proof. Let x and X arbitrary solutions of (2.36) and (2.41), respectively. By Theorem
2.4.1, there exists a solution £ of (2.29) such that (2.31) holds. Define

e(t) =%(t) —%(t) fortelR.
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From (2.29), (2.36) and (2.41), we obtain for t > 0,

é(t) = (M —KC)e(t) + f(t),

where
f(t) = KC(2(t) —x(t)) fort>0.

Note that M — KC is Hurwitz and (2.31) implies that f(t) — 0 as t — co. By the
application of [72, Chap. III, Theorem 8], we conclude that

e(t)=2(t)—%(t) >0 ast— oo.
This, together with (2.31), implies that
x(t) = %(t) = (x(t) —2(t)) + (2(t) — X(t)) = 0 ast — oo.
O

In Garlekin’s approximation based design, the state vector must be extended,
and the observer gain can be obtained using symbolic computation. The continuous
pole placement method is an iterative algorithm, which requires eigenvalue com-
putation in each iteration step. In smallness condition-based observer design, the
observer gain can be obtained using standard linear observer design methods, such
as the pole placement method or linear quadratic estimator design.

2.6 Case studies

In this section, examples are provided for the proposed observer design. The
method was compared with the observer design based on Galerkin’s approxima-
tion method with tau incorporation using 5 order Legendre polynomials (for the
complete application, see Appendix A).

Examplel:

. . _[(—0.6082 0.3159 _ (—0.7429 0.3947

Consider a system with Ao = ( 0.0887 —0.8846)’ Ar ( 02815 0.5485)’
C = (O 1). Let the non-homogeneous term be b(t) = Bu(t), with B = <(1)) The
time delay is T = 0.27s, and the initial function is x(¢) = 1, Vt € [—T,0].

First the smallness condition (2.1) is checked, which is 0.8089 < 1, so that M
and b can be computed. Next the observability of the system is checked based on

0 0.0887 0.2815
Example25.1: P= {1 08846 0.5485
is observable for all t > 27 = 0.54s.

), rank(P) = 2, which means the system

—-196 1.0567

The approximate system matrix is M = ( 04762 —0.3761

> after the 10" itera-

tion using the recursive formula (2.6).
b = Bu (t) is calculated, presuming that u(t) is piecewise linear, using relation

(2.35) as B = (1'4(1)15) The observer gain is chosen such that the eigenvalues of
M — KCare Ay = —2.5, A, = —20, which yields K = 1189.4:75 :

On Figure 2.2 the state strajectories are shown, while Figure 2.3 shows the relative

error calculated as e(t) = 100%.
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Figure 2.2 Trajectories of the TDS and the approximating systems.
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Figure 2.3 The relative approximation error of the observer for the example system
2.6.

Example2:
Consider an unstable system with Ay = O,, A; = <003 Od3>, C=(0 1). Let
1

the non-homogeneous term be b(t) = Bu(t), with B = 0

>. The time delay is

T = 1s, and the initial function is x(¢) = 1, Vt € [—7,0].
First the smallness condition (2.1) is checked, which is 0.8155 < 1, so that M and b
can be computed. Next the observability of the system is checked based on Example

1 0 O
251: P = <O 0 03
2T = 2s.

The approximate system matrix is M =

), rank(P) = 2, which means the system is observable V¢ >

—0.1236  0.3631

th igo
0.3631 —0.1263> after the 10" iter

ation using the recursive formula (2.6).
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= Bu(t) is calculated, presuming that u(t) is piecewise linear, using relation

(2.35) as B = (01?;;7). The observer gain is chosen such that the eigenvalues of
M — KC are Ay = —0.12, A, = —12, which yields K = (101'57>.
Figure 2.4 shows the relative error.
25 T
—Galerkin's method
20 .
§15 .
i
E 10+ 1
2
51 i
0 10 20 3‘0 4‘0 510 6[0 7‘0 8‘0 9‘0 100

Time (s)

Figure2.4 The relative approximation error of the observer for the example system
2.6.

Example3:
Consider the system (2.36) with
—0.386 0 0
Ap = 0 —0.193 0 ,
0 0 —0.386
0 0 0
Ar=10125 0 0.125],
0 025 0

100
C‘(o 1 1>'

Let the non-homogeneous term be b(t) = Bu(t), with

B=11
1

The time delay is set T = 1s, and the initial function is

0
x(t) = ( 1 ) Vi e [—1,0]
-1
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First the smallness condition (2.1) is checked, which is 0.9997 < 1, so M and b
can be computed.
Next the observability of the system is checked based on Example 2.5.1:

0.005 0.0063 0.0055
P = 10.0063 0.0084 0.072 |,
0.0055 0.0072 0.0062

rank(P) = 3, which means the system is observable Vt > 37 = 3s.
The state matrix of the approximate system is

—0.3860 0 0
M= 02043 —0.2534 0.2043
—0.0739 0.3340 —0.4599

after the 10" iteration using the recursive formula (2.6).
b = Bu(t) is calculated, presuming that u(t) is piecewise linear as it is shown in
Figure 2.5, using relation (2.35) as

0.4504
B = 105207
0.4737

The observer gain was computed using the Matlab place function such that the ei-
genvalues of M — KC are Ay = —0.6, A, = —3.5, A\3 = —13.5.

12.3 1.18
K= 1063 1.56
571 2.59

In Figure 2.5 the state strajectories are shown, while Figure 2.6 shows the relative

error calculated as e(t) = Wlom%). The average relative error in the case of

Garlekin’s method is 5.12%, while the proposed method is 3.96%.

2.7 Summary

The presence of time delay makes the analysis of dynamic systems difficult, even
in the linear case. In this chapter, a constructive approximation procedure is pro-
posed for a class of continuous linear TDS with additive non-homogeneous terms.
An iterative method was given to compute the delay-free approximate system. The
resulting approximate system has the same state dimension as the original delay
system, and the trajectories converge exponentially to the trajectories of the original
TDS.

Based on the proposed approximation, it was shown that the observer design for
the addressed class of TDSs could be traced back to the observer design for delay-
free systems. A delay-free detectability condition was also developed for small gain
TDSs.

The numerical evaluation of the proposed algorithm shows that the proposed
observer can estimate the states of the time delay systems with small gains efficiently.
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Figure 2.5 Trajectories of the TDS and the approximating systems.
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Chapter 3

Approximation of discrete time
Volterra type linear systems with
infinite delays

3.1 Abstract

In this chapter, linear Volterra difference equations with infinite delays are con-
sidered. It is shown that if the coefficient matrices are sufficiently small, then the Vol-
terra difference equation is asymptotically equivalent to a linear ordinary difference
equation at infinity. An efficient new method is obtained to compute the character-
istic roots and the system matrix of the ordinary difference equation with explicit
error estimates. Furthermore, it is shown that the approximation method can be
used to analyse multi-agent systems in the presence of communication delays. Sim-
ulation results are given to support the applicability of the presented method. This
chapter is based on [73%, 74*].

3.2 Literaure survey

The system (1.18) arises as a model for evolutionary processes which takes his-
tory into account. Volterra difference equations may be viewed as numerical approx-
imations of Volterra integral and integrodifferential equations, which have critical
applications in population dynamics as shown by Brunner et al. [75], Cushing [76],
and Lubich [77]. Discrete population models described by Volterra difference equa-
tions can be found in Chap. 5 of the recent monograph by Raffoul [78]. It should be
noted that Volterra difference equations contain as a special case ordinary difference
equations and difference equations with finite delay. For applications of difference
equations in biology, economics and engineering, refer to the monograph by Elaydi
[79] and the references therein.

A MAS is a system composed of multiple interacting agents, which can be used
to solve complex tasks that can not be accomplished by an individual or monolithic
agent [80]. Such systems are widely used to model interconnected power systems
[81], sensor networks [82, 83], and robotic swarms [84, 85].

In MAS, the consensus is a process by which multiple agents reach an agree-
ment on the value of a variable using locally available information [86]. Besides the
steady-state consensus value, the analysis of transient behaviour is also crucial in
many applications. Mosebach et al. developed a consensus algorithm for asymp-
totic synchronisation for both continuous and discrete-time MAS which fulfilled
prescribed transient performances as synchronisation time and minimum damping
criteria [87].
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By increasing the number of agents, the inter-agent distance, or the complexity
of the task in a MAS, the effects of the delays cannot be ignored, as shown in [88].
Such delays are the input delay [89] which is caused by the processing time of the
individual agent, and the communication delay [90].

The effect of the time-delay in MAS was studied in multiple articles. Wang et
al. [91] gave sufficient conditions for the consensus of the first-order MAS with
unstable agents over an undirected network in the presence of constant and time-
varying communication delay. Zheng et al. [92] found a condition on the delay,
packet drop-out rates, the communication topology and agent dynamics, in case of
a discrete MAS with packet drop-out and communication delay, under which there
exists a control such that the MAS is mean-square consensusable. Liang et al. [93]
studied the convergence problem of the first-order MAS in the presence of multiple
communication, and input delays based on the generalised Nyquist criterion and
frequency-domain analysis. Zhao et al. [94] showed that the average consensus
of discrete MAS is robust in the presence of uniform, constant time-delay, but the
steady-state drifts compared to the system, which does not contain delays. Explicit
expression was given for this drift in.

The analysis of linear discrete-time delay system is usually done by creating the
augmented state matrix [54]. In case of a system with n states and a discrete-time,
constant delay g this results in an augmented system with n x g states.

3.3 Approximation of the homogeneous Volterra difference
equation
Consider the Volterra difference equation (1.18). Throughouth the chapter, it is

assumed that

Y | Alllvy! <1—w forsome vp € (0,1). (3.1)
j=0

Equation (1.18) may be viewed as a special case of a linear functional difference
equation with phase space

By ={¢:Z —R"| sup |[¢p[j]lv,’ < oo} (3.2)
jeZ.-
equipped with the norm
¢, = sup p[illlvy’,  for¢ € By, (3.3)
jez_

(see [95]). If the infinite series in (3.1) is convergent, then for every ¢ € B,,, equation
(1.18) has a unique solution x : Z — R" satisfying (1.18) for all k € Z with initial
data

x[j] = ¢lj] forjez_. (G4)

Assumption (3.1) implies that the z-transform A*(z) = ¥ Alj]z7/ converges at
z = vg and hence r < vy < 1, where r is the radius of convergence of A* given by

r = limsup /]| ALj]]. (35)

]—00
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This shows that if (3.1) holds, then [|A[j]|| — 0 exponentially as j — oco. Since
each vy € (0,1) can be written in the form vy = u(x + 1) ! for some u > 0, condition
(3.1) is equivalent to

[ j+1
y HA[]']HW <1 forsome y > 0. (3.6)
j=0

Thus, assumption (3.1)may be viewed as a smallness condition on the coefficients A[j],
j€N.

In this chapter, it will be shown that under the smallness condition (3.1) the Vol-
terra difference equation (1.18) is asymptotically equivalent to the ordinary differ-
ence equation

2lk+1) = M2[K], (3.7)

where M € R"*" is an appropriate (invertible) solution of the matrix equation
M=1I,+Y AljjM. (3.8)

As corollary, an asymptotic description of the solutions of the Volterra difference
equation (1.18) is obtained in terms of the eigensolutions of the ordinary difference
equation (3.7). In addition, it will be shown that the eigenvalues of M coincide with
the roots of the characteristic equation (1.19). Moreover, M can be written as a limit
of successive approximations

M = lim M; (3.9)

|—c0

with -
Mo=1, and My =1L+ A[j]M,’ forl=0,1,..., (3.10)

j=0

where the convergence in (3.9) is exponential. As a consequence, it is shown that
the eigenvalues of the successive approximations M; converge to the roots of the
characteristic equation (1.19) at an exponential rate as | — oo. This yields an efficient
new method for the approximation of the characteristic roots of (1.18).

3.3.1 Solution of the associated matrix equation

First some properties of the roots of the scalar equation
Y lAflvi=1-v (3.11)
j=0

are proven.

Lemma 3.3.1. If (3.1) holds, then (3.11) has a unique root v; € (v, 1). Moreover,
d . . —i—1
k=) jlA[lIv' <1 (3.12)
=1

Proof. The roots of (3.11) coincide with the roots of the function

fw)=1—v— Y [AL]v (3.13)
j=0
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defined for v > vy. For v > 1, we have
F0) =1+ LA v 619
i=
and .
f1) = =L+ Dl <0 (3.15)
i=

and hence f’(v) is strictly decreasing on (v, o). Two cases may occur: either f’(v)
has no root in (vp, o), or f'(v2) = 0 for some v, € (v, 00).

In the first case, f'(c0) = —1 implies that f'(v) < 0 on (vp, o) and hence f(v)
is stricly decreasing on [vp, o). By virtue of (3.1) and (3.13), we have that f(vy) > 0
and f(1) < 0 which implies the existence of v; € (vp, 1) such that f(v1) = 0. Since
f'(v) < 0on (vp,0), we have that f'(v;) < 0 which implies (3.12). The uniqueness
of v1 follows from the strict monotonicity of f(v) on [vp, o).

In the second case, since f'(v) is strictly decreasing on (v, o), we have that
f'(v) > 0on (vy,12) and f'(v) < 0 on (12,0). As a consequence, f(v) is strictly
increasing on [vp, 12| and f(v) is strictly decreasing on [vp,00). We claim that v, €
(vo,1). Otherwise, the strictly increasing property of f(v) on [vp, 1»], together with
(3.1), would imply that 0 < f(vp) < f(1) contradicting the fact that f(1) < 0. Thus,
we have that 1, € (1p,1), 0 < f(v) < f(r2) and f(1) < 0 which implies the ex-
istence of v; € (12,1) such that f(v1) = 0. Since f'(v) < 0 on (v2,00), we have
that f'(v1) < 0 and hence (3.12) holds. The uniqueness of v; follows from the fact
f(v) > 0on [vy, v2] and f(v) is strictly decreasing on [vy, o). O

The following lemmas regarding the distances of the powers of inverse matrices
are also needed.

Lemma 3.3.2. Suppose that P, Q € R™*" are invertible and let v = max{||P~!||, ||Q~!| }.
Then for every j € IN¥, , ‘ .
1P~ — Q|| < jo/*M|P — QlI. (3-16)

Proof. By Lemma 2.3.1, we have for j > 1,

IP7 = QT = [I(P7Y —(Q V[ < jo Pt = Q7M. (3.17)
From the identity

Q=P (Q-P)Q!
we find that
1P~ = QI < PTHHIQ - PIIQTHI < 2*IP—Ql.

The last inequality together with (3.17), implies (3.16). O
Lemma 3.3.3. [96, Example 4.5] Let P € R™ " If |P|| < 1, then I,, — P is invertible and
its inverse is given by the Neumann series

(I, — P)~ Z Pl (3.18)

Moreover,
1
(L, = P) 7| € —. (3.19)
! 1P
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In the following theorem, the existence and uniqueness of the solution of the
matrix equation (3.8) is proven.

Theorem 3.3.4. Suppose (3.1) holds. Then the matrix equation (3.8) has a unique solution
M € R™" such that
I — M| <1—1y, (3.20)

where vy is the unique root of (3.11) in the interval (vp,1). Moreover,

_ 1
MY < — (3.21)
4]
and
Al > v > vy whenever A € o(M). (3.22)
Proof. By Lemma 3.3.1, Equation (3.11) has a unique root v; € (vp,1). Let
S={MeR”""||L,-M|| <1-1} (3.23)
Evidently, S is a nonempty and closed subset of R**". If M € S then
[ = M| <1-1 <1 (3.24)
and therefore Lemma 3.3.3 implies that M = I, — (I, — M) is invertible and
MY < S S < 1 whenever M € S. (3.25)
1—||Li —M| — wn
Define o
F(M)=1,+Y A[jlM~/ forMeS. (3.26)
j=0
By virtue of (3.25) and (3.26), we have for M € S,
11 — F(M Z UM ]H<ZHA fiinZ. 1H]<ZHA v/ =1—w.

j=0 j=0

Thus, F maps S into itself.
Let M1, M; € S. From relation (3.25), we have that

1

7 = max{ || My, [| My ]|} < 0

From this and (3.24), by the application of Lemma 3.3.2, we find that

00 ) . . 00 i
IF(My) — F(Ma) || < Y- IIAGTINIMY = M| < Y AL lljvy " ([My — M|
j=1 =1

K

with x as in (3.12). Sincex < 1, F : § — S is a contraction. By Banach’s theorem
(Appendix B.1.2), F has a unique fixed point M € S which is the unique solution
of the matrix equation (3.8) satisfying (3.20). Note that (3.21) is a consequence of
(3.25). It remains to prove (3.22). If A € o(M) is an eigenvalue of M and u is a
corresponding eigenvector, then M~'u = A~!u which implies that A~! € o(M™1!)
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and hence

AT =T < oM < IMTT < vy,
where the last inequality is a consequence of (3.21). This implies (3.22). O

Next it is shown that the unique solution of the matrix equation (3.8) satisfying
(3.20) can be written as a limit of successive approximations M; defined by (3.10)
and an estimate is given for the approximation error.

Theorem 3.3.5. Suppose (3.1) holds and let M € RR™*" be the solution of (3.8) satisfying
(3.20). If {M;}72, is the sequence of matrices defined by (3.10), then

L = M| <1—vy forl=0,1,..., (3.27)

and
IM—M| <(—-v)x forl=0,1,..., (3.28)

where vy is the unique root of (3.11) in (v, 1) and x < 1 is given by (3.12).

Proof. Referring to the proof of Theorem 3.3.4, we have that My = I, € S and
therefore F(S) C S implies by easy induction on ! that M;,; = F(M;) € S for all
1 =0,1,2,.... Thus, (3.27) holds. Moreover, by virtue of (3.25), we have

1
IM{Y| < = forl=0,1,2,.... (3.29)
1
From this and (3.25), we find for each [ > 1,
_ _ 1
max{|[M~, || M} < = (3.30)

From this, by the application of Lemma 3.3.2, we obtain for [ € IN,
IM = My || = [[F(M) = F(Mp) || < Y AGNHIIMTT = M| <
j=1

< Y IA[v, MM — My
j=1

From the last inequality, we obtain by induction on [,
M — M| <«|M— M| =« ||M~—1,]| forl=0,1,....

This, together with (3.20), implies (3.28). O

3.3.2 Approximation of characteristic roots

In this section, it will be shown that the characteristic roots of Equation (1.18) can
be approximated by the eigenvalues of the successive approximations M; given by
(3.10). First it is shown that the roots of the characteristic equation (1.19) coincide
with the eigenvalues of matrix M from Theorem 3.3.4.

As a preparation, two lemmas are established about the existence and unique-
ness of entire solutions of Equation (1.18) with certain exponential growth as k — co.
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Lemma 3.3.6. Suppose (3.1) holds. Assume that x;[k] and x, k] are entire solutions of
(1.18) such that x,[0] = x,[0] and

sup ||x;[K][lvg* <o, i=1,2. (3.31)
keZ_

Then x,[k] = x[k] forall k € Z.

Proof. Let
¢ = sup |l [K] — x5 [K][[vy - (3:32)
keZ_
By virtue of (3.31) , we have that 0 < ¢ < oo. From (1.18), we find for k € Z_ and
i=1,2,

-1 -1 oo
x[0] —x;[k] = Y Axi[m] =) Y Afjla;[m — j].
m=k m=k j=0
From this, (3.1) and (3.32), we obtain for k € Z._,
_1 ad o o o
21 (K] — 2o (K] < ) Y ATy [m = ] = xo[m — jlI| <
m=k j=0
-1 o i -1 ) .
<c ) Y Al 7 =c ) v YAl =
m=k j=0 m=k  j=0
-1
=cx(1—w) Y v = csevf(1 — vy ") < csaf,
m=k
where .
= (1—v0)" Y [IA[ v .
j=0
Hence

|21 k] — 2, [K][|vg ¥ < 3¢ forallk € Z_

which yields ¢ < scc. By virtue of (3.1), we have that » < 1. Hence ¢ = 0 and
x;1[k] = x,]k] for all k € Z_. From this, by the uniqueness of the solutions of the
initial value problem (1.18) and (3.4), we obtain that x; [k] = x, k] identically for all
keZ. O]

Lemma 3.3.7. Suppose (3.1) holds. Then for every v € R", Equation (1.18) has a unique
entire solution £ : Z — R" such that £[0] = v and

sup [|£[K][|vy* < o0 (333)
keZ_
given by
2k =Mv forkez, (3.34)

where M € R™ " is the unique solution of the matrix equation (3.8) satisfying (3.20).

Proof. The uniqueness of £[k] follows from Lemma 3.3.6. In order to prove the ex-
istence, it is enough to show that the function £[k] defined by (3.7) has the desired
properties.
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Let £[k] defined by (3.7). It follows from (3.8) that £[k| satisfies (1.18) forall k € Z.
Furthermore, £[0] = M% = v. By virtue of (3.21), we have fork € Z_,

MM = (MY 7F < IMTH 7 <o < g (3.35)
Hence
12kl = [M*o|| < | M*[l[lo]l < vgllo]| fork e Z-.
Thus, (3.33) also holds. O

Now the theorem for the approximation of the characteristic roots can be stated
and proven.

Theorem 3.3.8. Suppose (3.1) holds, and define
A={AeC|detD(A)=0,|A| >}, (3.36)
where D(A) is the characteristic fucntion of (1.18) defined by (1.19). Then
A=0c(M), (3.37)
where M is the unique solution of the matrix equation (3.8) satisfying (3.20).

Proof. Let A € A. Since detD(A) = 0, there exists a nonzero vector v € R” such that
D(A)v = 0. This implies that £ : Z — R”" defined by £[k] = AMv for k € Z is an
entire solution of (1.18) with £][0] = v. Furthermore, |A| > vy implies for t € Z_,

I2[K]1l = [AFll2ll < vgllol.

Thus, condition (3.33) of Lemma 3.3.7 is also satisfied. By the application of Lemma
3.3.7, we conclude that

Moy = k] = My forallk € Z.

In particular, Mv = Av which implies that A € o(M). Thus A C o(M).

Next, let A € ¢(M). Then there exists a nonzero vector v € R" such that Mv =
Av. By Lemma 3.3.7, £[k] = Mry = Ak for k € Z, is an entire solution of (1.18)
which implies that D(A)v = 0 and so detD(A) = 0. By virtue of (3.22), we have that
|A| > vpand hence A € A, ie. (M) C A. O

According to Theorem 3.3.8, if (3.1) holds, then the roots of the characteristic
equation (1.19) satisfying |A| > vy coincide with the eigenvalues of M, the unique
solution of (3.8) satisfying (3.20). Furthermore, by Theorem 3.3.5, M can be approx-
imated by the sequence of matrices { M, }{° ; defined by (3.10). This, combined with
Proposition 2.3.13, yields the following approximation theorem.

Theorem 3.3.9. Suppose (3.1) holds so that the roots of the characteristic equation (1.19)
satisfying |A| > vy coincide with the eigenvalues A, Ay, ..., Ay of M, the unique solution
of the matrix equation (3.8) satisfying (3.20). If {M;}5°, is the sequence defined by (3.10),

then the eigenvalues /\gl], )\g ], ees, /\,[f] of M can be renumbered such that the error estimate

max |A; — A < 8-47mn (1 vy)xr (3.38)

1<j<n

converges to 0 exponentially fast as | — oo, where v1 and x have the meaning from Theorem
3.3.5.
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Proof. Proposition 2.3.13 is applied with P = M — I,, and Q = M; — I,,. The eigen-
values of Pand Qare Ay —1, Aa —1,..., A, —Tand Al =1, ALl =1, . Al — 1,
respectively. By virtue of (3.20) and (3. 27) we have that

v = max{|[P[|, [Q[I} <1 —wvi.

Proposition 2.3.13 implies that after renumbering the eigenvalues of M; we have for
allj=1,2,...,n

! ! 11 1
A=A =10 =1 = (A =) <427 mm 21— )| M - Myl <
<427 nnn(2(1—vy)) o H (1= vy)xh )
the last inequality being the consequence of (3.28). Thus, (3.38) holds. O

Theorem 3.3.9 can be illustrated by the following simple two-dimensional ex-
ample.

Example 3.3.1. Consider the delay difference equation

6
Ax[k] = Ajx[k —1], where Ay = <(6) 205> . (3.39)
25

Equation (3.39) is a special case of (1.18), when n = 2, A[1] = A; and A[j] = O
forj # 1. If |- || = || - ||1, then ||A1|| = 6/25 < 1/4 and hence the assumption
(3.1) is satisfied with 19 = 1/2. The characteristic matrix from (1.19) has the form
D(z) = (z—1)I, — A;z~1. 1t follows by easy calculations that the values of the
quantities v; and x from Theorem 3.3.9 are v; = 3/5 and « = 2/3. By the application
of Theorems 3.3.8 and 3.3.9, it can be concluded that in the region |z| > 1/2 the
characteristic equation detD(z) = 0 has exactly two roots A1 and A,. Furthermore,

the eigenvalues /\gl] and /\g ! of the successive approximations M; given by
My=L and M;=DL+AM" forl=0,1,...

can be renumbered such that

=1, 3

sv2 (2)"
max [A; — ]m] <€, whereeg = 5() . (3.40)

Since
detD(z) = z7%(z + %)(z — g)(z - %)(z — g),

the roots of the characteristic equation detD(z) = 0 satisfying |z| > 1/2are A; = 3/5
and A, = 6/5. The approximations /\5” and )\[2” of A1 and A, were computed in
MATLAB (see Table ). The numerical results are in full agreement with the error

estimate (3.40).

The following example shows the properties of the scalar function (3.13) applied
to Example 3.3.1.
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Table 3.1 Approximation of the characteristic roots in Example 3.3.1

A A AT A €

1 076 1.24 0.16 0.04 1.8475
5 06192 12 0.1925¢e—1 0.3001e —4 0.8211
10 0.6023 1.2 0.2339¢—-2 0.39 —8 0.2980

15 0.6003 1.2 0.3050e —3 0 0.1081
20 0.6 1.2 0.4011e — 4 0 0.3924e — 1
25 0.6 1.2 0.5280e — 5 0 0.1424e — 1

Example 3.3.2. Consider the system from Example 3.6, which satisfies (3.1) with
vp = 0.8544. The apropriate scalar function and its derivative are written as

f(v) =1—v—0.025—0.0250"1°
f'(v) = -1+0250 11

The solution of f'(v2) = 0 in the interval v, > vy is v, = 0.8816. The solutions of
f(v1) = 0 are 0.85543 and 0.9126 out of which only the latter satisfies 11 > v2.

Figure 3.1 shows the properties and the zero points of the scalar function and its
derivative together with the maximum point of f. For better readability, the values
of f are increased tenfold.

w ')

7085 0.9 0.95 |
1%

Figure 3.1 The function f(v) and its derivative.

3.3.3 Asymptotic equivalence

In the following theorem, it is proven that under the smallness condition (3.1)
the Volterra difference equation (1.18) is asymptotically equivalent to the ordinary
difference equation (3.7).
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Theorem 3.3.10. Suppose (3.1) holds and let M be the unique solution of (3.8) satisfying
(3.20). Then the following statements are valid:
(i) For every v € R", the function

k] = Mro, fork € Z, (3.41)

HR)

is a common entire solution for (1.18) and (3.7).
(ii) For every solution x[k] of (1.18) corresponding to some initial function ¢ € By,, there
exists a unique v € R" such that

sup || x[k] — £, [K]||v§ < oo (3.42)
keZ

with £,[k] as in (3.41). In particular

lim [ x[k] — £,[k]|| = 0. (3.43)

k— o0

Proof. Conclusion (i) is a consequence of Lemma 3.3.7. Now we prove conclusion
(ii). First we show the existence of v € R”" such that (3.42) holds. Let x[k] be a
solution of (1.18) corresponding to some initial function ¢ € B,,. Denote by )V the
set of those functions y : Z — IR" which satisfy

lylly = sup [ly[k][lvy* < oo. (3.44)
keZ

(Y, I lly) is a Banach space. For y[k] € ), define the operator

ZZA m—j] ifk>0,

(Ty)lkl = w=kj= . (3.45)
x[k] — Mk(x[O] —(Ty)[0]) ifk<0

We will show that 7 maps Y into itself. Let y € V. By virtue of (3.1) and (3.44), we
have for k > 0, B

= Z Z Uyl =511 < llylly Z ZHA v ™ =

m=k j=0

= [lylly Z it Y ALy < Hlylly (X —vo) 35 v = llyllyve.
m=k j=0 m=k

Hence

sup [|(Ty) [k [lvg* < Ilylly- (346)
k>0

In particular, ||(7y)[0]]| < |ly[ly- From this, (3.3), (3.4) and (3.35), we find for k < 0,

1Ty = llplk] — M*(p[0] — (TN < ikl + 1Ml lIpL0]ll + | (T ) [0]])
< ullglls, +vi(lels, + Iyly) = @lels, + lylly)vs

Hence

sup 1Ty Klvg* < 2l¢lls, + llylly- (347)
<
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From (3.46) and (3.47), we obtain that

sup [[(Ty) [K][vg* < 2ll¢lls,, + llylly < co. (3.48)
S

Thus, 7(Y) C V.
Next it is shown that 7" : ) — ) is a contraction. Let y_ [k], y, [k] € Y. Fork > 0,
we have

|(Ty,) K — (Ty,) Ik ii [y, I — 11—y, s — 11|

< lly, =y, lly Z Z lAGIvg = Hyl Y,y Z Vo Z Ay,

m=k j=0

= lly, - yzHy1 Z |AllIve” = Blly, — v, I8,

where

niis

Hence

sup Ty = (Ty ) Klve ™ < Blly, = y,lly- (3.49)

In particular, ||(7y,)[0] — (Ty,)[0]l| < Blly, — y,lly- From this and (3.35), we find
fork <0,

1(Ty,) K — (Ty, )k = IME((Ty,)[0] — (Ty,)[0])]
< MM (Ty,)[0] - (Ty )01l < Il (Ty,)[0] — (Ty,) (0]l < vEBlly, — v, ly-

Hence

sup 1Ty K = (Ty)Klve ™ < Blly, —y,lly- (3.50)

From (3.49) and (3.50), we find that

Since (3.1) implies that § < 1, 7 : Y — Y is a contraction. By Banach’s theorem
(Appendix B.1.2), there exists y € Y such that Ty = y. By virtue of (3.45), the fixed
point y of T satisfies

[e e}

Aylk] = Z(:)A[j]y[k —j] forkeZ,.
j=

Hence y is a solution of (1.18) with initial condition

ylk] = ¢p[k] — Mo fork € Z_,

=

where v = ¢[0] — y[0]. Evidently, z[k] = x[k] — M*v, k € Z, is a solution of (1.18)
with the same initial condition as y[k]. Given the uniqueness of the solution of (1.18),
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we have that
ylk] = z[k] = z[k] — Mry  forallk € Z.

This, together with (3.44), implies conclusion (3.42).
Finally, the uniqueness of v € R" satisfying (3.42) is proven. Suppose for some
Ql/ QZ S Rn/

sup [[x[k] — £, [K][[vo* = sup ||x[k] - Mol * < oo i=1,2. (3.51)
kez, kez,

By the triangle inequality, we have for k € IN*,
IM* (21 —21) | = [ M*2; — M*0,) || < [M*o; — x[K]|| + [|x[K] — M*Dy]].
This, together with (3.51), implies that

¢ = sup | M"(v; — 0,) ||y ¥ < c0.
keZ

From this and (3.21), we find for k € Z,

o1 — o1 = [|M*M*(v; —0) || < |M || |M* (o) — o) |

k
< [|M ek < () .
41

Since 11 > vy, by letting k — oo in the last inequality, we find that ||v; — v,|| = 0 and
hence v; = v,. O

Recall some facts from the theory of ordinary difference equations [79]. If A €
o(M) is an eigenvalue of M € R"*", then its algebraic multiplicity m,(A) is the mul-
tiplicity of z = A as a root of the characteristic polynomial det(zI, — M). For every
A € ¢(M), (3.7) has exactly m,(A) linearly independent solutions of the form p[k]A*
k € Z, where p[k] is a R"-valued polynomial in k of degree less than m,(A). It is
known that every solution of (3.7) is a sum of eigensolutions.

As shown in Theorem 3.3.4, if (3.1) holds and M is the solution of the matrix
equation (3.8) satisfying (3.20), then, for every A € o(M), we have that [A| > 11 > v.
This, combined with Theorem 3.3.10, yields the following result about the asymp-
totic representation of the solutions of the Volterra difference equation (1.18).

Corollary 3.3.11. Suppose (3.1) holds. Let A1, A, ..., A; be the distinct eigenvalues of M,
the unique solution of the matrix equation (3.8) satisfying (3.20), so that |A;| > v1 > v,
1 <j <L If x[k] is a solution of (1.18) corresponding to some initial function ¢ € By,

then l

=Y pl P, [KIAf +O(vp) ask — oo, (3.52)
j=1

where P k] is a R"-valued polynomial in k of degree less than the order of z = A; as a root
ofdet(zln -M),1<j<L

3.4 Extension to non-homogeneous equations

This section shows that the proposed approximation method can be extended to
input affine non-homogeneous difference systems with finite delays.
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Theorem 3.4.1. Consider the system
q
Axlk] = ) Aljlx[k = j] + blK], (3.53)
j=0
withg € N and b : Z — R", which satisfies the smallness condition
q i
Y AGlvg! <1—wvo forsome vy € (0,1) (3.54)
j=0
and let R
2[k +1] = M£[k] + b[K], (3.55)

where M is the unique solution of (3.8) with property (3.20) and b : Z. — R". If b satisfies

R q k+q .
bk + Y Al Y, MR — g —1] = blk], forallk € Z, (3.56)
j=0 I=k+q+1—j

then the following statements are valid:
1. Every solution of (3.55) is a solution of (3.53).
2. For every solution x of (3.53) there exists a solution £ of (3.55) such that
x[k] —2[k] -0  ask — oo.

Proof. First we show that if (3.56) holds, then

k+q
2plk] = Y MMHIp — g — 1] (3.57)
1=0

is a common solution of (3.53) and (3.55). It is easy to verify that £p given by (3.57)
satisfies (3.55). From (3.8) and (3.56), we find for k € Z,

q
Agplk] =Y Alj)Zplk — j]
j=0

k+q k+q

=D+ MY M1 —g—1] = Y MBI — g — 1]
1=0 1=0
q k—j+q R
=Y A[MT Y MR — g 1]
j=0 1=0
~ 1 : k+q ~
= blk] + (M -1-Y A[j]M‘]> Y Mg — g —1]
j=0 1=0
=0,
q k+q , R
+Y A Y, MR- g-1).
j=0 I=k—j+q+1

Thus, £p given by (3.56) is a solution of (3.53) if and only if (3.56) holds. Since every
solution x of (3.55) has the form £ = £ + £p, where £ is a solution of (3.7) and
hence, by Theorem 3.3.10, of (1.18), it follows that x is a solution of (3.53).
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Now suppose that x is an arbitrary solution of (3.53). Then xy = x — £p is a
solution of (1.18). By Theorem 3.3.10, there exists a solution £;; of (3.7) such that

limy o ||xg k] — £4[k]|| = 0. Evidently, £ = £y + £p is a solution of (3.7) such that
limy o [|x[K] — 2[K][| = limy oo [| x5 [K] — 2g[K]|| = O.

O

If the non-homogeneous term in (3.53) is constant i.e. b[k] = b, then Equation

(3.56) admits a constant solution given by

-1
B:(I—iA[j] i qu’> b. (3.58)

j=0 I=q—j+1

3.5 Approximation of MAS with delay

In this section, it will be shown that the modelling of MAS with communication
delays and apply the analysis method shown in the previous sections.

3.5.1 Model of MAS

Consider a MAS consisting of agents with unique identifiers Z = {1,2,...,n},
n € IN*. The interconnection among the agents are described by an undirected graph
G(V,€). Each vertex of the set V = 7 represents an agent. The elements of the edge
set £ C V x V show the interconnections among the agents (i, j) € £ if the vertices i,
and j are connected. It is assumed that (i,i) ¢ £. The neighbour set of the i vertex
isNi={jeV|(ij) e}

The dynamics of an agent is described by the linear difference equations
AxK =uwlk, 1<i<n, (3.59)

where x;[k] : Z — R denotes the state of the i" agent, and the input u;[k] will be
specified later.
The MAS reaches consensus if limy_, (x;[k] — xj[k]) =0 foralli,j=1,...,n.
According to the consensus protocol, the input u;[k] : Z — R of the agent is
formulated as

uilk] = ) <xj[k —q] - xi[k]>/ 1<i<n, (3.60)

jeN;

Z| o

where 0 < € < 1, N = max; ||, and g € IN* is the communication delay.
The communication graph must be connected to achieve consensus. For more
details about the consensus theory of discrete-time MAS with delay, see [94], [92].
The overall model of the MAS with communication delay is given by

Ax[k] = —Dx[k] + Ax[k — q], (3.61)
with state vector x[k] = (x1[k] -+ x, [k])T and initial data x[h] = (6; --- Gn)T,
for h = —q,...,0. The adjacency matrix A € R"*" is defined by 4;; = €/N if

(i,j) € & (otherwise, a;; = 0). The degree matrix of the graph is given by D =
(e/N)diag(| M| ... |Na]).
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In many applications, such as robot platooning, it is essential to bias the steady-
state consensus value. For example, in robotic systems, the bias term can represent
an external command for the leader robot.

The input with bias term can be formulated as

uilk] = % ZA:/ (xj[k —q] - xi[k]> +bilk], 1<i<mn, (3.62)
JENI

where b; : Ry — R.
In this case the global model has the form

Ax[k] = —Dx[k] + Ax[k — q] + b[k], (3.63)

where b : R, — R" is defined by the entries b[k] = (b1[k] - - - by [k])T.

3.5.2 Application to MAS with communication delay

In Section 3.3 we have developed an approximation method for homogeneous
Volterra difference systems with infinite delays. Equation (1.18) includes as a special
case the delay difference equation

Ax[k] = —Dx[k] + Ax[k — q], (3.64)

where g € N*, D € R™", A € R"", with A; # O,,. In this case the condition (3.1)
has the form

D[+ [|Allvy T < 1—vp forsomerg € (0,1). (3.65)
It is a simple exercise in calculus to show that condition (3.65) holds if and only
if
4 g ppt
ID[| <1 and [[A]l < G+ D) (1 —DIHT. (3.66)

Thus, the results from Section 3.3 apply to (3.64) under the explicit smallness condi-
tion (3.66).

3.5.3 Approximation of MAS with communication delay

Problem statement:

Consider the MAS with the dynamics (3.63). Determine an ordinary difference
equation of the form (3.55), such that equations (3.55) and (3.63) are asymptotically
equivalent and the dominant eigenvalues of (3.64) are the eigenvalues of (3.55).

Approximation without non-homogeneous term

Corollary 3.5.1. If

qq _ ~\gt1
TG (1—e) €>0, (3.67)
then system (3.64) is asymptotically equivalent to (3.7) in the sense of Theorem 3.3.10.
Proof. Let|| || =| - |l1. Then ||D| = ||A|| = € and (3.66) reduces to (3.67). The result
follows from Theorem 3.3.10. O

Figure 3.2 shows the feasible € and discrete delay value pairs for which the ap-
proximation remains valid. Note that the communication topology of MAS does not
influence the smallness condition (3.67).
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Figure 3.2 Feasible values of discrete delay and gain pairs based on the smallness
condition (3.66).

State matrix computation
The matrix equation (3.8) in the case of (3.64) becomes

M=1,-D+AM, (3.68)
which can be computed as a limit the iterations
My=1I, My1=I,—D+AM,", forl=0,1,.... (3.69)

Dominant eigenvalues
The characteristic equation of (3.64) is given by

det(AL, — I, + D — AA™7) = 0. (3.70)

If I, — D + A is row stochastic, then A = 1 is an eigenvalue of (3.64).

According to Theorem 3.3.8, the dominant eigenvalues of (3.64) satisfy |A| > vo.
Since vp < 1, A = 1 is a dominant eigenvalue, and hence it is also an eigenvalue of
M.

It is easy to see that in this case the system matrix obtained by (3.68) is also a row
stochastic matrix.

Approximation with non-homogeneous term

If the consensus protocol contains a bias, the approximation can be extended us-
ing the results developed in Section 3.4. By using (3.58) and (3.68) with the notation
A[0] = —D, A[g] = Aand A[j] = O, forj = 1,2,...,9 — 1 the approximated bias
term yields

-1
b= <1n +A f M—’) b. (3.71)

=1
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3.6 Case studies

Homogeneous MAS:
Figure 3.3 presents an example of MAS consisting of 5 agents with connection
topology given by an undirected, complete graph. The discrete-time communication

G’AG

Figure 3.3 The communication topology of the MAS.

delay is g = 10 samples and € = 0.025, and each agent implements the consensus
protocol (3.60). In the global model of the MAS the degree matrix is D = €I, the
adjacency matrix is A = (a;j), with a;; = €/4 if i # j, 0 otherwise.

The smallness condition is satisfied with 19 = 0.855. The system matrix M
was computed using the iteration (3.69), with an iteration accuracy ||[M — M;|| <
6.5036e — 06.

To evaluate the numerical results, the eigenvalues of the delayed MAS are also
calculated by applying the Matlab Symbolic Toolbox to the relation (3.70).

Figure 3.4 shows that the eigenvalues of M;, 1 and 0.9662 with a multiplicity of 4
match the dominant eigenvalues of the delayed MAS.

08/

* &elayed MAS ‘
* O approximate MAS
0.6 " * smallness boundary]|]|
0.4 *
X *
021 *
N
~— 0f * * 1
&
-0.2F *
* *
-0.4 03
*
06 * O
*
-0.8] 1 B I
-1 -0.5 0 0.5 1
R(z)

Figure 3.4 The eigenvalues of the delayed MAS and the approximate MAS.

Furthermore, Figure 3.5 shows that the trajectories of the approximated MAS
converge asymptotically to the trajectories of the MAS with delay. The relative tra-
jectory error between the delayed and approximate MAS, calculated in each discrete
step as e[k] = 7“&6(5(%““
Non-homogeneous MAS:

Figure 3.7 presents an example of MAS consisting of 6 agents in an undirected

graph.

- 100, is always below 0.6%, as shown in Figure 3.6.
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Figure 3.5 The trajectories of the delayed MAS and the approximate MAS.
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Figure 3.6 The relative trajectory error between the delayed MAS and the approx-
imate MAS.

The discrete-time communication delay is g = 5, the gain is € = 0.048, and the

offsetisb = (1 0 0 0 0 0) T ie the agent in node 1 has a unit bias term in
its input. The global system dynamics is described by the relation (3.63), where the
degree matrix is D = €I, the adjacency matrix is A = (ai]-), where a1, = a13 = a4 =
A = 6/2, Ap1 — 053 — Ap4 — €, 031 — O34 — 035 — 6/3 and Lli]' = 0 otherwise .

The smallness condition is satisfied with vy = 0.751. The system matrix M
was computed using the iteration (3.69), with an iteration accuracy |M — M;|| <
2.9826e — 06.

Figure 3.8 shows that the eigenvalues of M;, 0.8305, 0.8918, 0.9227, 0.9743, 0.9880
and 1, match the dominant eigenvalues of the delayed MAS.

The offset of the approximate system can be calculated using the relation (3.71),

which yieldsﬁ = (1.159 —-0.387 —0.172 0.074 0.105 —0.055) T Figure 3.9 shows
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Figure 3.7 The communication topology of the MAS with 6 agents and a single
leader.
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0.6/ Oapproximate MAS ]
¥ smallness boundary
0.4 * F
0.2 %%K
N
~ 0 KRk * ¥k ¥
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0
R (2)
Figure 3.8 The eigenvalues of the delayed MAS and the approximate MAS.

that the trajectories of the approximated MAS converge asymptotically to the traject-
ories of the MAS with delay. The relative error between the delayed and approxim-
ate MAS is always below 8.4%, as shown in Figure 3.10.

3.7 Summary

The communication delay influences both the transient and steady-state beha-
viour of MASs. In this chapter, it was shown that for discrete-time MASs with small
gains, not just the delay-induced steady-state bias can be computed, but such an ap-
proximate system can be determined whose trajectories asymptotically converge to
the trajectories of the original delay system.

The proposed procedure is based on a general approximation method initially
developed for infinite-dimensional Volterra difference equations. The approximate
system has the same state dimension (number of equations) as the original delay
system. It preserves the dominant eigenvalues of the delay system, and its state
matrix can be computed using an iterative numerical method.

The approximation method was extended to systems with non-homogeneous
terms. It was also shown that the non-homogeneous approximation can be applied
as an approximation of MASs with agents that inputs contain bias terms.
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Figure 3.9 The trajectories of the delayed MAS and the approximate MAS.
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Figure 3.10 The relative trajectory error between the delayed MAS and the approx-
imate MAS.

The numerical evaluation of the developed method shows that the delay-free

system can well approximate the trajectories and dominant eigenvalues of the delay
system.
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Chapter 4

Approximation of linear systems
with distributed delays

4.1 Abstract

This chapter shows that a linear delay-free system can approximate a linear sys-
tem with distributed state delay with the same state dimension as the original system
if a so-called smallness condition holds. The eigenvalues of the approximate sys-
tem correspond to the dominant eigenvalues of the original system with distributed
delay. A numerically stable, iterative algorithm is provided to compute the state
matrix of the approximate system. Furthermore, it is shown that, based on the pro-
posed approximation, the stabilisation, pole placement, and setpoint tracking con-
trol problems of the addressed class of distributed delay systems can be performed
using methods developed for delay-free systems. Simulation results are provided to
show the applicability of the proposed approximation and control design method.

This chapter is based on [97%].

4.2 Literature survey

Many physical phenomena can efficiently be modelled using differential equa-
tions that contain distributed delay, i.e. Delay Integro-Differential Equation (DIDE).
Such models can be used to describe population growth [98], chemical reaction net-
works in the presence of the spacially distributed convection [99], epidemiology
processes [100, 101], cell maturation under multiple growth-factor effects [102, 103],
traffic flow dynamics [104], human driver behavior [105] or mechanical engineering
systems [106].

It is known that DIDESs are special cases of infinite-dimensional systems. In the
case of linear DIDEs, the eigenvalues form an infinite spectrum, and there exist in-
finitely many eigensolutions [107]. There are are several methods for the numer-
ical approximation of DIDEs, e.g. Taylor polynomial based continuous collocation
method [108], spline approximation [109], rational approximation [110], Chebyshev
polynomial based Galerkin’s method [111] or Legendre polynomial based Galerkin’s
method with tau incorporation [112].

The rightmost eigenvalues of DIDEs determine the dominant dynamic beha-
viour of these systems. If these eigenvalues are properly manipulated using feed-
back control, desired dynamic behaviour can be achieved. However, during the
control design for systems with distributed delay, several problems can arise, such
as a computationally expensive design procedure or lack of numerical convergence
[113]. The stabilisation problem of systems with distributed delay was traced back to
an LMI (Linear Matrix Inequality) problem by Feng, and Nguang [114]. Zhong [115]
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proposed frequency domain approaches for efficient approximation and implement-
ation of controlled distributed delay systems. Vidyasagar and Anderson [116] gave
sufficient and necessary conditions for a system containing countable delay distri-
butions terms to be approximated by a lumped system.

In this chapter, a constructive approximation method is proposed for a class of
distributed delay systems. The approximation model has the same number of equa-
tions as the original system, and its eigenvalues are the same as the dominant eigen-
values of the original delay system. The approximation can also be applied to sys-
tems having additive non-homogeneous terms. It is also shown that the stabilisation
and setpoint tracking control of the addressed class of distributed delay system can
be solved using design methods developed for delay-free systems.

The sophisticated spline-based approximation method presented in [117] uses
high dimensional systems of ODE for the approximation. It should be noted that the
Galerkin’s [111] and spline-based approximation methods have the advantage that
there is no restriction for the size of the delays. However, the dimensions of the state
space of the approximation model in these cases are larger than the dimension of the
state space of the original delay system. The approximation proposed in this study
preserves the dimension of the state space.

4.3 Approximation of the homogeneous equation

Consider the homogeneous system (1.20). Throughout the chapter it is assumed
that the relation

0
lall+ [ llActnle™dn <v, (@1)

holds for some v > 0, which may be viewed as a smallness condition on the maximum
delay 7.
It will be shown that if (4.1) holds, then (1.20) is asymptotically equivalent to the
ODE
x(t) = Ml(t)/ 4.2)

where M € R"*" is the unique solution of the matrix equation

0
M= Ao+ | A(y)eMidy (4.3)
—T
such that
M| < o, (4.4)

where 19 > 0 is the unique solution of the scalar equation

0
| EmlAcilierdy =1 (@5)

Furthermore, the system matrix M in (4.2) can be written as a limit of successive
approximations
M = lim My, (4.6)

k—o0
where

0
My=0, and M, =Ao+ [ A(n)eMidy, fork=0,1,.... (47)

T
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The convergence in (4.6) is exponential and an estimate is given for the approx-
imation error |M — My/||. It will be shown that those characteristic roots of (1.20)
which lie in the half plane $(A) > —vy, coincide with the eigenvalues of matrix M.
As a consequence, the above dominant characteristic roots of (1.20) can be approx-
imated by the eigenvalues of M. An explicit estimate is given for the approximation
error, which shows that the convergence of the eigenvalues of M to the dominant
characteristic roots of (1.20) is exponentially fast.

4.3.1 Solution of the associated matrix equation

First some properties of the scalar equation

0
v= Al = [ lAcp)]edy =0 @8)

are needed.
Lemma 4.3.1. Let f : Ry — R be given by

0
fv) =v—1lAoll - /_T [ A7) l[e™""dy. (4.9)

and suppose that (4.1) holds. Then there exists a unique vy > 0 for which f'(vp) = 0
and there exists a unique v; € (0,vp) such that f(v;) = 0. Moreover, f(v) > 0 for all
v € (v, v, and f'(v) > 0 forall v € [v1,w), or equivalently,

0
14|l +/_ lA(n)lle™dy <v  forv e (] (4.10)

and o
/_T(—iy)HAT(;y)He*"”diy <1 forv € [y, vp). (4.11)

Proof. From the definition of f(v), we find that

£ =1 [ Calad ey,

Fr) = [ lAdle a,

It can be seen that f’(v) < 0 on R?, so f/(v) is strictly decreasing and
limy e f/(v) = —o0.
If f/(0) < 0would hold, then f'(v) <0 Vv > 0,so f(v) is decreasing and

0
f(0) = =[[Aoll —/4 |A1(7)lldy = f(v) forv > 0.

Since f(0) < 0 we have f(v) < 0 for all v > 0, which together with (4.1) leads to a
contradiction. Accordingly f/(0) > 0.

Since f'(v) is strictly decreasing, f'(0) > 0, f'(c0) = —oo, it follows from the
properties of the continuous functions that there exists a unique vp > 0 such that
f'(v) = 0.

Since f'(v) > 0on [0,1p), and f'(v) < 0 on (vp,c0) it can be stated that f(v) is
strictly increasing on [0,1p], and f(v) is strictly decreasing on [vp, c0). Hence f(v)
has a global maximum at vy.
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We have that f(0) < 0 and, by (4.1),

0
Fl) = vo =l Aol = [ Ac(m)lle™"dy > 0.

Since f(v) is strictly increasing on [0,1p], f(0) < 0, and f(v9) > 0, there exists a
unique v; € (0,1p) such that f(v;) = 0. Furthermore, f(v) > 0 on (v, 1], and
f'(v) > 0on [v1,1p). O

Now the theorem regarding the existence and uniqueness of the solution of the
exponential matrix equation (4.3) can be stated.

Theorem 4.3.2. Suppose that (4.1) holds. Then the equation (4.3) has a unique solution
M € R™" such that (4.4) holds, with vy as in Lemma 4.3.1.

Proof. Letv € [v1,19) be fixed, where v is defined in Lemma 4.3.1, and define
S§=8 ={MeR”™||M| <v}.

Define F : § — R"*" by
0
F(M)= Ao+ | Ac(y)eMidy.

—T

Clearly S # @.
Forall M € S we have

0 0
IEGDI < Aol + [ At eMdy < [[Aoll + [ [ Ac(n)ljel 11y

0
<JAoll+ [ Ac(n)lledn.

By virtue of (4.10), we have that |[F(M)|| < v, i.e. F is a self-mapping of S.
Let My, M, € S. We can write the difference
0
F(M1) = E(M2) = [ Acly)(e™ —eM7)dy.

-7

From this, we get
0
|F(M1) — F(M2)|| < [TI\AT(W)\IlleMl” — M| dy.

It is known that
|eMT — M2l || < &7 || My — Ma|||5],

where v = max{||Mi||, ||Mz]|}|n] < v|y|. So the norm of the difference can be
estimated by

[E(M1) = F(Mp)|| < /O (=) | Az () [le”"dy [| My — M2,

K

By virtue of (4.11), we have that x < 1, which means that F : S — S is a contrac-
tion. Hence there exists a unique M € S such that M = F(M) according to Banach’s
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fixed point theorem (Appendix B.1.2). Since v € [v1,1p) was arbitrary, this proves
the theorem. 0

In the following theorem, it is shown that the unique solution of the matrix equa-
tion (4.3) with property (4.4) can be written as a limit of successive approximations
M defined by (4.7) and an estimate is given for the approximation error.

Theorem 4.3.3. Suppose (4.1) holds. Let M € IR"*" be the unique solution of (4.3) satis-
fying (4.4). If { My} 2 is the sequence of matrices defined by (4.7), then

|Mk|| <vi forallk € N,
and the approximation error in the k' step is given by

IM— Mi|| < &f1y  fork €N, (4.12)

where o
o= [ (=mllamle "y <1, (@19)
—T
with vy as in Lemma 4.3.1.

Proof. As a consequence of Theorem 4.3.2 the iteration My, = F(My) with My € S,
converges to the fixed point M = F(M) for k — oco. Moreover, |M| < vy, and
|| Mk|| <1y, for all k € IN.

The norm ||M — Mj.1|| can be estimated by applying (4.3), (4.7), and Lemma
2.3.2 as follows:

M= Ml < [ sl — ey < [ (<)l eyl - My,
Tis, together with (4.13), yields
IM— M| < x||M— M|, forkeN
from which it follows by induction on k that
IM — Myl < &5 M — Mol < x*nq

for k € IN. O

4.3.2 Dominant eigenvalues and eigensolutions

Next, the asymptotic, delay-free approximation of homogeneous eigensolutions
is dealt using some notions from the theory of linear autonomous delay differential
equations [64].

The eigenvalues of (1.20) are the roots of (1.21). It is known that, for every « € R,
(1.20) has a finite number of eigenvalues such that ®(A) > a ( see Hale et. al. [1,
Lemma 4.1 ]).

Let vp have the meaning from Lemma 4.3.1. It will be shown that under (4.1) the
eigenvalues of (1.20) with #(A) > —vp coincide with the eigenvalues of M, given by
(4.3) and (4.4), and the corresponding eigensolutions of (4.3) satisfy the ODE (4.2).

Proposition 4.3.4. Let M € R"*" be a solution of (4.3) with propery (4.4). Then Vv € R",
x(t) = eMtv is an entire solution of (1.20).
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Proof. We have %(t) = MeM!v. Since M is the solution of (4.3), this implies
0 0

i(t) = AgeMo+ [ Ac(n)eMFNody = Apx(t) + [ Ac(n)x(t+7)dy fort € R.
-7 -7

O]

In addition, the following lemmas are needed regarding the uniqueness of the
solution with certain exponential growth at —

Lemma 4.3.5. Suppose (4.1) holds. If x; and x, are entire solutions of (1.20) with x;(0) =
X, (0) such that

sup [|x; () [ < oo, 1=1,2,
t<0

then x; = x, on R.

Proof. Let
¢ = sup |2, (£) — xp (1) " (414)

t<0

By (4.14), we have 0 < ¢ < co.
Fort <0and! = 1,2 we have

x(t) = x,(0) — Ao/ x(s ds—/ /4 1)x;(s + n)dsdy,

from (1.20). Since x;(0) = x,(0), this yields for t € R,

0
Jx1(8) = 22() | < ol [ lx1(5) = x2(s) s
-0 -0
# [C1ADI [ w15+ m) = xas + ) sy

< ||A0HC/ e vosds+c/ | Ac()|le” vmydq/ —105 4g

—wOMM+/HA Hewm>/ “ds
1 0 —V =1t
e ol + [ Acmllerdy | el
1/0 —T

X

From the last inequality we get
|21 (£) — x5 (t)[[e"" < cx, fort <0,

which yields ¢ < xc, where x < 1by (4.1). Hence ¢ = 0 and x;(t) = x,(t), Vt <0. It
also implies that x;(t) = x,(t), Vt € R, according to [1, Theorem 2.3]. O

Lemma 4.3.6. Suppose (4.1) holds. Then for all v € R", (1.20) has exactly one entire
solution x with x(0) = v and satisfying (4.14) given by

x(t) =eMo teR, (4.15)

where M € R"*" is the solution of (4.3) which satisfies (4.4).
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Proof. By Proposition 4.3.4 x(t) defined by (4.15) is an entire solution of (1.20). From
(4.4) and (4.15) we get for t <0

lx()]| < eMjjo]| < e[|,

Hence sup,_ [|x(t)[[e"" < [lof| < co. In other words x given by (4.15) is an entire
solution of (1.20) with x(0) = v, and satisfying (4.14). The uniqueness follows from
Lemma 4.3.4. ]

Now the main theorem of this section can be stated and proven.

Theorem 4.3.7. Suppose (4.1) holds, and define
Ay ={A € C|detR(A) =0,R(A) > —wp},

where R(A) is given by (1.21).
Let M € R"™" be the unique solution of (4.3) with propery (4.4). Then A,, = o(M).
Moreover, VA € Ay, (1.20) and (4.2) have the same eigensolutions corresponding to A.

Proof. Let A € Ay,. Since detR(A) = 0, Jv € R", v # 0, such that R(A)v = 0, which
implies that x(t) = e*wv is an entire solution of (1.20). From R(A) > —v, we have

lx(t)]l = leM[l[o]l = "™ |lo]| < e™||o]| fort <0,

A

which implies (4.14), i.e. x(t) = e*v is an entire solution of (1.20) with x(0) = g,

satisfying (4.14).

From Lemma 4.3.6 we have e*v = eMty, for all + € R. Furthermore,
eMy—v=eMp—o
(eM—1)v = (M — L)v
At 1 Mt I
€ ; Qze ; v fort e R,

we obtain Av = Mu by letting ¢+ — 0, which proves that A € ¢(M) and hence
Ny, C o(M).

Let A € (M) and v € R", v # 0, such that Mv = Av. According to Proposi-
tion 4.3.4, x(t) = eM'v = eMp is an entire solution of (1.20). Thus R(A)v = 0 and
detR(A) = 0. It is known that p(M) < |M||, which together with (4.4) gives

[RA)] < Al < p(M) < |[M]] < vo.

Therefore R(A) > —vp, which proves that c(M) C Ay,.

Let A € A,, = 0(M). Every eigensolution corresponding to A of (4.2) is an
eigensolution of (1.20) according to Proposition 4.3.4. If x is an eigensolution of (4.2)
corresponding to A, then x(t) = p(t)eM, where p(t) € R" is a polynomial in t with
Ord(p(t)) = m € IN*. There exists k > 0 such that

[p(O)l < k(1+[t]™), forallteR.
Since R(A) > —vp, we havee = R(A) + 19 > 0,s0 fort <0

lx()) ] = [lp(D)[l]e] < k(L + [¢]")elH,
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In other words
x(t)[[e” < k(1+ [t™)e" -0 ast— —co.

Thus x is an entire solution of (1.20) which satisfies (4.14). Moreover, by Lemma
4.3.6, x(t) = eMtv is also a solution of (4.2). O

According to Theorem 4.3.7, the number of eigenvalues (counting multiplicities)
in Ay, is n, and it contains the rightmost eigenvalues of the DIDE (1.20). All the other
eigenvalues of the DIDE satisfy R(A) < —vp.

Proposition 4.3.8. Suppose (4.1) holds. Then every A € Ay, = c(M) is situated in the
open disk |A] < vp.

Proof. By Theorem 4.3.7, we have that A,, = o(M). Therefore if A € A, = c(M),
then [A| < p(M) < ||M|| < vy, where the last inequality follows from (4.4). O

Remark 4.3.9. We can give verifiable sufficient conditions for assumption (4.1) to
hold. Taking v = 1/7 condition (4.1) reduces to

1
T

0 y
4ol + [ llActnlle*ay <

which is a generalisation of the explicit smallness condition

(ol + [ Ictn)lidnyre <1

used by Driver [37].

Remark 4.3.10. To evaluate the smallness condition (4.1), an integral term has to be
computed. In the case where ||A-(#)]| is an elementary function, such as a polyno-
mial function, the integral term can be computed analytically using standard calcu-
lus. In other cases, one can use the supremum of the matrix norm induced by the
infinity norm, in which case the upper bound of ||A-(7)|| can be applied to check
the inequality.

Example 4.3.1. (Smallness chart)

Let an equivalent system with (1.20) such that the maximum lag is T = 1 and
Ag = TAg, A7 : [-1,0) = R™", AL(n) = A(ty) /T2

Let the matrix norm be induced by the infinity norm.

As such we get the smallness condition (4.1) as the inequality with two variables

v = Aol = [[Acl[(e" = 1)/v >0, (4.16)

where [[A]| = sup, ¢y, [ A1)l

Figure 4.1 shows the feasible parameters (Ag, A;) for which the smallness condi-
tion holds. The investigated parameter region was Ay € [0,1], A; € [0.01,1] with a
step size of 0.01.

4.3.3 Asymptotic equivalence

In this section a theorem is given which shows the asymptotic equivalence of
(1.20) and (4.2).
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Figure 4.1 Smallness chart example for unit lag case.

Theorem 4.3.11. Suppose (4.1) holds. Let M € R"*" be the solution of the matrix equation
(4.3) with property (4.4). Then the following statments are true:

1. Every solution of the ODE (4.2) is an entire solution of the DIDE (1.20).

2. For every solution x : [—T,00) — R" of the DIDE (1.20) corresponding to some
continuous initial function 0 : [—1,0] — R", there exists a solution £(t) of the ODE
(4.2) such that

x(t) = 2(t) +o(e ™" ast — oco. (4.17)

Proof. Conclusion 1 follows from Proposition 4.3.4. Conclusion 2 will be proven by
applying Proposition 2.3.11 with oy = —wvp. It needs to be verified that the char-
acteristic equation (1.21) has no root on the vertical line R(A) = vp. Suppose for
contradition that there exists A € C such that det(R(A)) = 0 and R(A) = vp. Then
there exists a nonzero vector v € R" such that R(A)v = 0 and hence

0
Av = Agv + Ac(n)eMdno.
-7

From this, we find that
0 A
Azl < [[Aollll2| +/_T [ A<(m)[le™|dy[v]| =

0 0
= (HAOH [ HAT(ﬂ)He“(””dnlo ol = (HAOH + [ \|AT<n>uevo"dnu) ol
(4.18)

Hence |A| < || Ao|| + fi)r |A<(n)|le""dy, which together with Lemma 4.3.1, yields

0
vo = [R(A)] < [A] < [| Ao +/ [Az () [le”""dy < vo,
-7



Chapter 4. Approximation of linear systems with distributed delays 61

a contradiction. Thus, Proposition 2.3.11 can be applied with v = —vp, which im-
plies that the asymptotic relation (4.17) holds with

/
2(t) =} p.(Het, (4.19)

where Aj, Ay, ..., A; are those eigenvalues of (1.20) which have real part greater
than —vy and E],(t) are R"-valued polynomials in ¢. According to Theorem 4.3.7, the

eigensolutions of (1.20) corresponding to the eigenvalues with real part greater than
—1vjp are solution of the ODE (4.2). Hence £(t) given by (4.19) is a solution of (4.2). [

4.3.4 Approximation of characteristic roots

According to Theorem 4.3.7, if (4.1) holds, then the dominant eigenvalues with
R(A) > —vp of (1.20) coincide with the eigenvalues of M, the unique solution of the
matrix equation (4.3) satisfying (4.4). By Theorem 4.3.3, M can be approximated by
the sequence of matrices { My }{* , defined by (4.7). As a consequence, the dominant
eigenvalues of the DIDE (1.20) can be approximated by the eigenvalues of M. The
explicit estimate (4.12) for ||M — M|, combined with Proposition 2.3.13, yields the
following result.

Theorem 4.3.12. Suppose (4.1) holds so that the dominant eigenvalues of (1.20) coincide
with the eigenvalues Ay, . .., A, of matrix M from Theorem 4.3.2. If { My } 2., is the sequence
of matrices defined by (4.7), then the eigenvalues )\gk}, ey )\Lk} of My can be renumbered such
that L

max [A; — AJ| < 847 vy, (4.20)

1<j<n
where v, and x have the meaning from Theorem 4.3.3.

Since k¥ < 1, the explicit error estimate (4.20) in Theorem 4.3.12 shows that un-
der the smallness condition (4.1) the eigenvalues of M converge to the dominant
eigenvalues of the DIDE (1.20) at an exponential rate as k — oo.

Example 4.3.2. Consider the DDE in the form of (1.20), with n = 2, T = 1 and system

matrices
~05 0 0 11
Ao = ( 0 0.1) Al = <0.5 0 > O +1).

The characteristic equation from (1.21) has the form detR(A) = %(0.55 — 11X +
0.55A% 4 0.05A* — 0.4A5 — A6 + 1.1(—1 + A)e~* + 0.55e~2"). The values of the quant-
ities v; and « from Theorem 4.3.12, found using fsolve, are v; ~ 1.44767 and x ~
0.398277. Assumption (4.1) is satisfied for any v € (1.44767,2.96602]. By the ap-
plication of Theorems 4.3.7 and 4.3.12, it is concluded that in the region R(A) >
—vp = —2.96602 the characteristic equation detR(A) = 0 has exactly two roots Aq
and A,. Furthermore, the eigenvalues Agk] and /\g{] of the successive approximations
M given by (2.6) can be renumbered such that

max A — A][kH < e, where e, = 1.97064 - 0.398277%/2. (4.21)
=1
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The roots of the characteristic equation detR(A) = 0 satisfying ®(A) > —vp, found
using fsolve, are Ay = —0.772895996050269 and A, = 0.254383898408625. The ap-

proximations /\gk] and Ag{] of A; and A, were computed in MATLAB (see Table 4.1).
The numerical results are in full agreement with the error estimate (4.21).

Table 4.1 Approximation of the characteristic roots in Example 4.3.2

kAT AT A e Al el

1 —-0.6768 0.2770 0.9593¢ —1 0.2259¢ —1 1.9706

5 —=0.7726 0.2544 0.1019¢—3 0.3038¢ — 5 0.3126
10 —0.7727 0.2544 0.2034e —7 0.1418¢ — 10 0.3129¢ —1
15 —0.7727 0.2544 0.3794e — 11 0.1305¢ — 13 0.3133e — 2
20 —0.7727 0.2544 0.2998e — 14 0.1105¢ — 13 0.3136e — 3
25 —0.7727 0.2544 0.1998e — 14 0.1105¢ — 13 0.1981e — 4

The following example shows the properties of the scalar function from 4.9 ap-
plied to Example 4.3.2.

Example 4.3.3. Consider the system from Example 4.3.2. The apropriate scalar func-
tion and its derivative are written as

v—e'+1
fv) =v =054+ 11—

v+2+ (v—2)e"
v3 '

fllv)=1-11

Solving f'(vp) = 0 in the region vy € R*. gives vy = 2.966. Solving f(v;) = 0 in the
interval 11 € (0,v0) gives v; = 1.4477.

Figure 4.2 shows the properties and the zero points of the scalar function and its
derivative together with the maximum point of f.

Figure 42 The function f(v) and its derivative.
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4.4 Extension to non-homogeneous systems
This section shows that the proposed approximation method can be extended to
input affine non-homogeneous systems with distributed delay.

Theorem 4.4.1. Consider

£(t) = Agx(t) + [ A(p)x(t+)dy + b(t) (@2)

—T

which satisfies the smallness condition (4.1), and the corresponding system

(t) = M2(t) + b(t), (4.23)

[&=>.

where M is the solution of (4.3) with property (4.4) and b, b : R — R" are continuous. If b
satisfies

T

b+ [ Adn) [ MO Ihs)dsdy = b(t), tER, (4.24)
t+y
then the following statements are valid:

1. Every solution of ODE (4.23) is a solution of DIDE (4.22).

2. For every solution x : [—7,00) — R" of DIDE (4.22) corresponding to some initial
function 6 : [—7,0] — R", there exists a solution £ of ODE (4.23) such that

x(t) —2(t) =0 ast — oo.
Proof. It is known that £p(t) given by

t ~
£p(t) = /0 eM=9j(s)ds, te R (4.25)

is a particular solution of the ordinary differential equation (4.23). It will be shown
that if (4.24) holds, then £p(t) defined by (4.25) is also a particular solution of the
delay equation (4.22). Indeed, by substituting (4.25) into (4.22) and using (4.23) with
X = Xp, we obtain

t A A
M / eM=9p(s)ds + b(t) =
0

L M(t—s)f 0 T M(t—9)7
:AO/O e b(s)ds + Ar(ry)/o eUH1=9)p(s)dsdn + b(t)
T

fort ¢ R.

By rearranging the terms and by applying (4.3), we get

0 £ ~ ~
(M—AO— / AT(U)eM”diy) / eM=9p(s)ds + b(1)
—T 0

O‘Vl

0 ot R
=~ [ Acln) [ MO Ib(s)asdy + o)

—T

which is equivalent to (4.24). Thus, £p(f) given by (4.25) is a common particular
solution of equations (4.22) and (4.23).
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Now the conclusion follows from the fact that, according to Theorem 4.3.7, the
corresponding homogeneous equations (1.20) and (4.2) are asymptotically equival-
ent.

t

Nex it will be shown that if b : R — IR" is bounded, then (4.24) can be solved
with respect to b using an iterative method.

Theorem 4.4.2. Let b : R — R" be a continuous and bounded function and suppose that
(4.1) holds. Then (4.24) has a unique bounded solution b : R — R" which can be written as

b(t) = lim b, (t), t€R,

k—o00

where by(t) = b(t) forall t € R, and
A 0 t A
b () =b(t) — [ A(n) / eMU+t=9)p (s)dsdy, teR,k=0,1,...
-7 t+n

Proof. Let B = BC(R,IR") denote the Banach space of bounded and continuous
functions on R with the supremum norm,

16]l5 = sup [lB(t)], b€ B.

teR
On B, define an operator T by

0

(TB) () = b(t) — [

—T

t ~
A | e IbGs)dsdy

forbe Bandt € R.
For by,b; € Band t € R, we have

I(Te)(8) — (TR) ()] < [ OT 1A ()] / " elMIG—t1) 5, () — by (s) | dsdyy =
< Iy — bolls / 1Al / e~ IMlgsdy <

< |lby ~ byl /_T 1A<() [ (=m)e™*"dy = ]|y — by 5.

K

This shows that
|(Thy) = (T6y) |5 < xllBy — bl for by, by € B,
with ¥ < 1 asin (4.13).
By Lemma 4.3.1 we have
K_/ )| Ac(n)|le¥"dy < 1.

Hence T : B — B is a contraction. The unique fixed point bof Tin B, is a
solution of (4.24). Moreover, the successive approximations b, converge to b as k —
oo uniformly on R at an exponential rate. O
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A simplified equivalence relation is also provided in a particular case which is
essential for control applications.

Proposition 4.4.3. Suppose (4.1) holds and b(t) = b € R" in equation (4.22) is a constant
vector. Assume aslo that A = 0 is not an eigenvalue of (1.20), i.e.

det(Ao—l- ' AT(n)dn> # 0.

—T

Ifb(t) = b € R" in (4.23) is the constant vector given by

N 0 71
b=M (Ao [ Afw)dn) b, (4.26)

then Equations (4.22) and (4.23) are asymptotically equivalent, i.e. Coclusions 1 and 2 of
Theorem 4.4.1 hold.

Proof. 1t is easy to verify that under condition (4.26) the vector v, given by

—1
0 ~
v, = — (Ao + Ar(’?)dﬂ> b=-M"b

is a common steady state of Equations (4.22) and (4.23). Now the conclusion follows
by the same argument as in the proof of Theorem 4.4.1. O

4.5 Control of distributed delay systems

To design a controller, one must know that the system in question is control-
lable/stabilisable. The following part deals with the notions of stability and stabil-
izability of DIDE with small delays.

4.5.1 Stabilisability

Suppose that in the system (4.22) the term b(t) has the form b(t) = Bu(t), where
B € R™™ is the input matrix and u(f) € R™ is the control input, i.e.

5(6) = Agx()) + [ Ac(p)x(t +n)dy + Bu(t), @27)

-T
Its homogeneous part is given by (1.20).

Definition 4.5.1. [118, Definition 1.1] The equilibrium solution x, = 0 of (1.20) is
stable if for any € > 0 36 = d(€) > 0, such that ||x(¢)|| < € for any continuous initial
function 6 such that ||0|| < J,and t € RY.

Definition 4.5.2. System (1.20) is said to be asymptotically stable if it is stable and
attractive, i.e. for every solution x of (1.20), lim;_,« || x(¢)|| = 0.

Theorem 4.5.1. [119] The DIDE (1.20) is asymptotically stable if and only if every charac-
teristic root A of (1.21) satisfies R(A) < 0.

Definition 4.5.3. A DIDE in the form of (4.27) is asymptotically stabilisable if there
exists a continuous control input u : Ry — R” such that the unique solution of
(4.27) satisfies lim; . ||x(#)|| = 0, for any continuous initial function 6.
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The following theorem is a corollary of [68, Theorem 4.2].

Theorem 4.5.2. The DIDE (4.27) is asymptotically stabilisable if

rank

0
AL = Ag— / AT(q)equ,B] —n (4.28)

is fulfilled for all A € C, with ®(A) > 0.
The following theorem is a corollary of Theorems 4.3.7 and 4.5.2.

Theorem 4.5.3. Suppose that (4.1) holds. System (1.20) is asymptotically stable if and only
if for every eigenvalue A € (M), R(A) < 0. Furthermore, System (4.27) is stabilisable if

rank [)\In - M, B] =n VYAeC, withR(A) >0, (4.29)

where M is the solution of (4.3) satisfying (4.4).

4.5.2 Stabilisation with linear state feedback

In this section, a state feedback design method is presented for the stabilisation
of the addressed class of DIDEs.
Control problem 1: Consider a system in the form of (4.27) satisfying (4.1) and the
reference system
i(t) = M*x(t), (4.30)

where R(A) < 0forall A € o(M*) and
M| < [ M|, (4.31)

with M as in Theorem 4.3.2. Design a state feedback controller u(t) = Kx(t), K €
R™ ™ such that its rightmost eigenvalues match the eigenvalues of the reference
system (4.30).

Theorem 4.5.4. Consider (4.27) satisfying (4.1). Let M* be the state matrix of the reference
system (4.30) such that (4.31) holds. If

rank[B, Aj — Ao] = rank(B), (4.32)
where .
AL = M — / Ac()eMidy € R (4.33)
—T
holds and (4.27) is stabilisable, then the control input
K = BT (A§ — Ap), K € R™*" (4.34)
u(t) = Kx(t).

solves Control problem 1.

Proof. Let A given by (4.32). Since the control influences only the delay-free part of
the system (4.27), the system

i) = Agx(t) + [ Ac(n)x(t+n)dn,

—T
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is asymptotically equivalent to the reference system (4.30).
The controlled DIDE has the form

£(1) = (Ao + BR)X(D) + [ Aclp)x(t +)dy.

-7

The control gain can be computed if the matrix equation
Ay — Ap = BK,

admits a solution, i.e. the rank condition (4.32) is fulfilled. In this case, K can be
computed as K = BT (A§ — Ap) and the controlled system becomes asymptotically
equivalent to the reference system.

O

4.5.3 Setpoint tracking

Control problem 2: Consider a system given by (4.27) satisfying (4.1). Let a con-
troller u(t) = Kx(t) + uy(t), where K is given by (4.34) be the stabilising state feed-
back designed using a stable reference system as it is described in the previous sec-
tion. Design the feedforward term u;(t) : [-7,00) — R" to ensure that the solution
x(t) of (4.27) converges asymptotically to a given constant setpoint x, € R", i.e.
lim; e [|x, — x(£)[] = 0.

Proposition 4.5.5. Consider the reference system

() = M*x(t) + b, (4.35)
where
b* = —M*x,. (4.36)
If
0
rank | B, (AO + AT(ﬂ)dﬂ> (M*)_1] = rank(B), (4.37)
—T
then the controller
0
Kyp=B" (Ao + TAr(n)d17> (M)~ (4.38)
u(t) = Kx(t) + Kgb* (4.39)

solves Control problem 2.

Proof. 1f the control (4.39) is substituted into (4.27) we get

0
x(t) = Aox(t) + | Ac(n)x(t+n)dy + BKx(t) + BKysb".
—T
From Theorem 4.5.4 it is known that Ag + BK = A}, which ensures the homogeneous
part is asymptotically equivalent to the reference ODE (4.30). Since the reference
system is asymptotically stable, it has a bounded constant steady state x,; which is
matched by using Proposition 4.4.3:

0
BKyf = <A0+/T Al(’?)dﬂ> (M*)7,
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from which Ky yields if the rank condition (4.37) is fulfilled. O
The summary of the control design:
¢ Consider the controlled system (4.27)
¢ Consider the reference system given by (4.35) and (4.36)
¢ Check the approximation condition (4.1)
¢ Compute M using the iteration (4.7)
¢ Check the control design condition (4.37)
¢ Compute the control gain K using (4.33) and (4.34)
* Compute the control gain K¢ using (4.38)

¢ Implement the control (4.39)

4.6 Case studies

In this section the presented theoretical result are applied to a second-order sys-
tem with non-constant delay distribution.

First the ODE approximation of the DIDE system is studied and the results are
compared with the existing ones in the literature. Next, the proposed approximation
is applied to state feedback control design.

Let the DIDE system from Example 4.3.2 with x(t), u(t) € R?, and initial function
0(h) = —1,forh € [-1,0].

The scalar function f(v) given by (4.3.1) in this case has the form

0
F)=v—05-11 [ -+ Ve 7y, (4.40)

Let |- = |- |

By solving f(v1) = 0, and f'(vp) = 0 we get v; = 1.44767, vy = 2.96602 so the
smallness condition (4.1) is fulfilled for every v € (1.44767,2.96602].

The asymptotically equivalent autonomous ODE has a state matrix norm || M|| <
2.96602, so the two rightmost eigenvalues satisfy |A| < 2.96602, see Proposition 4.3.8.

Comparison with other approximation and root-finding methods:

First, the QPmR root finder algorithm [22] was applied to get the dominant roots
of the system. This method uses the characteristic Quasi-Polynomial equation of the
system which in our case is:

1
17(055 = L1A + 0.55A% 4+ 0.05A* — 0.4A° — A® +1.1(—1+ A)e * 4 0.55¢}) = 0.

This approach has found the eigenvalues 0.2544, —0.7729, —5.2863, —6.6693 +
5.1378j, —7.6709 £ 8.863; in the region —10 < R(A) < 10and —10 < F(A) < 10.

Second, the Galerkin’s method [112] is also applied using fifth-order Legendre
polynomials shifted to the interval [—1,0], with tau incorporation (Appendix A),
which produced the eigenvalues 0.2544, —0.7729, —4.6362 £ 7.2360;j, —4.6568 =7.0351},
—5.2504, —6.3196 + 4.0822j, —7.5025 £ 3.1877j, —8.4011. The Galerkin method also
provides a linear ODE approximation system for the homogeneous part with state
dimension 12.
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Third, the approximation method proposed in this paper was tested. By apply-
ing the iterative method (4.7) with My = O, after 15 iteration the state matrix

M, — —0.5655 0.5501
"\ 03091 0.047 )’

with a maximal iteration error |[M — M;|| < 2.9851 - 10~ is found, which was com-
puted using (4.12). The eigenvalues of M; are 0.2544 and —0.7729, which coincide
with the rightmost eigenvalues from the QPmR algorithm, and Galerkin’s method,
See Fig 4.3.

¥ : y :
6 * 5" order approx.
- -Smallness boundary
oposed .
4 % prop approx. ||
2t / 5
VamnY // \\\
6 0 * * ' ® & |
& \ ;
2r e ,
* S ="
4 *
6
| * | |
-10 -5 0 5
R(N)

Figure 4.3 The dominant eigenvalues of the system

In Fig 4.4, the system trajectories of the 5'th order Garlekin approximation and
the system trajectories of our proposed method are compared. Fig 4.5 shows the
relative state error between the output of the Galerkin’s approximation (yg) and the
L'—yg’-

Yy

has a maximum value of 1.2% in the transient region and converges to 0.25% in the
steady-state region.

From these results, it can be seen that the downside of the QPmR root finder
algorithm compared to the proposed method is that the region of interest is un-
known apriori and must be iteratively resized to find the required number of eigen-
values. Moreover, it only gives information about the eigenvalues in contrast to our
algorithm, which also provides the eigensolutions and an approximate ODE system.

The downside of the Galerkin’s method is that it uses approximation systems
with many state variables as an approximation of the delay system. In contrast, the
proposed method gives an approximation system that preserves the number of state
variables of the original system.

Control design: Let a stable reference system be

() = (_01 _8-5> x(t) + <0%5> '

states of the approximate system X = M;x, i.e. ¢; = -100, i = 1,2. This error
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Figure 4.4 The trajectories of the approximation models
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Figure 4.5 The relative state error
-1 —0.6544
¥ __
From (4.32) we get Aj = (_0.3591 05 ), and we can compute the state
—-0.5 —0.6544

feedback gain as K = (_ 03591  —06 ) according to Theorem 4.5.4. The feed-

forward gain was computed according to Proposition 4.5.5 and the overall control
(4.39) is

05 —0.6544 0.5456
u(t) = (—0.3591 06 )x(t) + (0.1409)'

Fig 4.6 shows that the controlled system is stable and the solution converges to
the given setpoint (prescribed equilibrium point) x, = 1 with the prescribed dynam-
ics.
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Figure 4.6 Controlled trajectories

4.7 Summary

This chapter proposes a novel approximation method for a class of linear sys-
tems with distributed delay. It has been shown that distributed delay systems can
be approximated with a delay-free ODE system, which preserves the dimension of
state variables if a smallness condition on the system gain holds. An exponentially
convergent numerical method has been developed to compute the state matrix and
implicitly the eigenvalues of the approximation system. Based on numerical com-
putations, it was shown that the proposed approximation is in close agreement with
the well-known approximation methods developed for delay systems available in
the literature (QPmR, Galerkin’s or spline-based methods).

The approximation method was extended to systems with a non-homogeneous
term.

The approximation allows the extension of control design methods developed
for delay-free systems to systems containing distributed delays. The controlled sys-
tem with distributed delay will be asymptotically equivalent to the controlled delay-
free approximate system used for control design. The simulation results show that
the proposed control design approach can effectively be applied to unstable distrib-
uted delay systems.
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Chapter 5

Conclusions and further works

This chapter aims to summarise the results of the previous chapters. Section 5.1
gives a brief review of the thesis, Section 5.2 collects the new results from the three
thesis points, while Section 5.3 discusses the possible directions for future work.

5.1 Conclusions

A constructive approximation method was developed in this thesis for linear
time-delay systems, which satisfy a particular smallness condition regarding the sys-
tem gain and the time delay.

The algorithm finds a unique system of ordinary differential equations or ordin-
ary difference equations for any given delay differential or delay difference system
that satisfies the smallness condition. The approximating system has the same num-
ber of states as the original system containing delay.

Explicit relations were given to find the state matrices and the nonhomogeneous
terms of the approximating system based on the time-delay system. Iterative rela-
tions were given with the explicit error estimates to find the solutions of the explicit
relations. It has been shown that the convergence of the iterative relations is expo-
nential. Furthermore, it has been shown that the trajectories of the approximating
equations converge exponentially fast to the trajectories of the original delayed sys-
tems. Explicit estimates were given for the error between the explicit eigenvalues
and the eigenvalues of the iterative solutions.

The developed approximation method was applied to continuous-time linear
systems with point-wise delays, discrete Volterra-type difference equations with in-
finite delays and continuous-time linear systems with distributed delays.

It was shown that the proposed approximation method can be used to study
the transient behaviour, the detectability and the stabilisability of systems with time
delays. It was also shown that the classic observer and controller design methods,
developed for classical delay free systems, are still applicable for time-delay systems
using the given approximation method.

The applicability of the methods were shown through simulation use cases.
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5.2 New scientific results

The new scientific results presented in this thesis are summarised in this section.
They are arranged in three thesis points as follows.

Thesis 1. The asymptotic approximation of continuous-time linear homogeneous
systems with point-wise delay satisfying a smallness condition was formu-
lated. The smallness condition is represented by an inequality between the
delay value and system matrix bounds. The approximation method was ex-
tended to systems with bounded, nonhomogeneous terms. The approximation
method can be applied to study the detectability and to the observer design for
continuous-time linear systems with point-wise delay based on classical con-
trol theoretical approaches used for linear systems without time delay.

1.1 It was shown that the addressed delay system and the approximate delay-

free system are asymptotically equivalent. An iterative solution was given
to find the system matrix and the nonhomogeneous term of the approx-
imating system based on the original delayed system, and it was shown
that the iteration error decreases exponentially fast.
It was shown that the eigenvalues of the approximating delay-free system
coincide with the dominant eigenvalues of the original delay system, and
that the eigenvalues of the approximate system converge to the eigenval-
ues of the original system exponentially fast.

1.2 The homogeneous system with time delay was extended with additive and
bounded nonhomogeneous terms and an extended iterative approxima-
tion method was given to obtain the nonhomogeneous term of the ap-
proximate system.

1.3 It has been shown that the detectability of the addressed class of delayed
system can be analysed with the help of the approximating ordinary dif-
ferential equation. Furthermore, it was shown that the classical observer
design methods are still valid when used in conjunction with the approx-
imating system.

The corresponding publications are [49%], [15*], [50*], [51%], [52*] .

Thesis 2. The asymptotic approximation of discrete-time, homogeneous
Volterra type difference system with infinite delays was formulated with sys-
tems of ordinary difference equations. The approximation method was exten-
ded to systems with bounded nonhomogeneous terms. The approximation
method was used to study the discrete-time multi-agent systems with com-
munication delays.

2.1 It was shown that the addressed delay system and the approximate delay-

free system are asymptotically equivalent. An iterative solution was given
to find the system matrix of the approximating system, and it has been
shown that the iteration error decreases exponentially fast.
It was shown that the eigenvalues of the approximating delay-free system
coincide with the dominant eigenvalues of the original delayed system,
and that the eigenvalues of the system based on iterations converge to
the dominant eigenvalues of the original system exponentially fast.

2.2 An extended approximation method was given for nonhomogeneous sys-
tems, with finite discrete delay and bounded nonhomogeneous term.
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2.3 It was shown that the model of multi-agent systems that have commu-
nication delays is a particular case of the studied discrete-time Volterra
type difference system. Explicit conditions were given based on the gains
and the delay of the system under which the original multi-agent system
with communication delay is asymptotically equivalent to a multi-agent
system without delay consisting of the same number of agents.

The corresponding publications are [73%], [74*].

Thesis 3. The asymptotic approximation of continuous-time linear homogeneous
systems with distributed delays that satisfy a smallness condition was formu-
lated. The approximation method was extended to systems with bounded
nonhomogeneous terms. The approximation method was used to study the
stabilizability and control law design for continuous-time linear systems with
distributed delay based on classical control theoretical approaches used for
linear systems without delay.

3.1 It was shown that the addressed delay system and the approximate delay-
free system are asymptotically equivalent. An iterative solution was given
to find the system matrix and the nonhomogeneous term of the approx-
imating system based on the original delayed system, and it was shown
that the iteration error decreases exponentially fast.

It was shown that the eigenvalues of the approximating delay-free system
coincide with the dominant eigenvalues of the original delay system, and
that the dominant eigenvalues of the approximate system converge to the
eigenvalues of the distributed delay system exponentially fast during the
iterations.

3.2 An extended approximation method was given for distributed delay sys-
tems with nonhomogeneous terms.

3.3 It has been shown that the stabilizability of the original delayed system
can be analysed with the help of the approximating ordinary differential
equation. Furthermore, the classical control design methods are still valid
when used in conjunction with the approximating system.

The corresponding publication is [97%].

5.3 Further works

Based on the presented results, the aimed future directions and applications are
the following:

The basis of all three thesis points is the approximation of time-delay systems; as
such, a logical next step would be to unify the approximation results using a single
dynamic functional system. A possible approach to perform this is the usage of
Riemann-Stieltjes or Lebesgue-Stieltjes integrals.

The observer design method was developed for the case of continuous-time sys-
tems with pointwise delays. The controller method was developed for continuous-
time systems with distributed delays while the analysis of Multi-Agent Systems was
done in discrete case. As a next logical step would be to extend these three methods
to the other discussed system classes.

Another future direction is the extension of the studied models. In every chapter,
the applicability of the proposed methods was shown in simulations using simple
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theoretical examples. A suitable application for the discrete-time results are the tran-
sient analysis and control of vehicle platoons or dynamically switched communica-
tion networks.

The continuous-time results for systems with distributed delays are suitable for
system models in cellular biology, epidemiology and biochemistry (often time sys-
tems with small delays and small gains). This fact can be explored to implement
observer and controller design framework for such systems.

Yet another application is the application of modern control methods (such as
model predictive control) for delayed systems based on this approximating model.

Although the shown methods were developed for explicit computations of the
dominant eigenvalues of the delayed systems and to have an asymptotic approx-
imation of the solutions, the development of computationally efficient numerical
method with explicit error estimates for solving the systems of delayed differential
equations would also be a possible future work.
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Appendix A

Galerkin’s approximation with tau
incorporation

A.1 Application to TDS with a point-wise delay
Consider the scalar system
x(t) = apx(t) +arx(t —T)+b(t) withx(s) =0(s),foralls € [-7,0], (A1)

where ag,a1 € R, b(t) : R — R is continuous and 60 : [—7,0] — R is a continuous
initial function.

A new state variable z(t,s) = x(t + s) is introduced, which yields the partial
differential equation

0z 0z ox
3% 5 a1y fors € [—7,0],t > 0. (A2)

The boundary conditions are found by substituting the new variable into (A.1),
2(t,0) = apz(t,0) + arz(t, —7) + b(t) withz(0,s) = 60(s),foralls € [—7,0], (A.3)

where z(t,0) = £(t,0).
Since there is no analytical solution for the partial differential equation (A.2) with
the boundary condition (A.3), the following approximation is introduced

z(t,s) = QT(s)z(t), (A.4)

where ¢ € IR? is the basis function (such as Legendre, Fourier or Chebyshev func-
tions) and 7 (t) € IR” is the generalised coordinate vector.

The Legendre polinomials, shiftend to the interval [—7,0], were chosen as basis
functions

4)1(5) =1,
) =1+2,

(2p = 3)2(s)pp-1(s) — (p — 2)Ppp—2(s)
p—1

Pp(s) = , forp=34,....
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Next, (A.4) is substituted into (A.2), multiply by ¢ (s) and integrate over the do-
main s € [—7,0], so

is obtained for t > 0.
Similarly, the boundary condition

QT(O)Q(t) = (aofT (0) + aTgT(—T))g(t) +b(t), fort>0,

and the initial value

97 (s)1(0) = 6(s)
9(5)9" (5)n(0) = 9(s)6(s)
[ oo a0 = [ atpioas
7(0) =T~ /9()()

is found.
In summary, the problem of solving the TDS (A.1) is transformed into the prob-
lem of solving the ODE

(‘PTF(O)) 1) = ((aocpT(O) :ZT(pT(_T))) 1(t) + <b%;)> , (A.5)

with initial condition 7(0) = I'! f $(s)8(s)ds. The system (A.5) provides p + 1
independent equations for p Var1ables, 1t 1s an over determined system. The least-
squares solution can be computed using

i(t) = <4JF(O>>+ ( <<a04>T<o> +‘I;T¢T<—r>>> ne) + <b%£)> )

It was found that using the spectral tau or spectral least-squares method gives a
better performance when computing the approximate solution of (A.1) [27]. The
newly created ODE has the form

1) = <¢Tr<o>)_1 ( (aog70) +ec07() 160+ (355 )

which is system with p independent equations for p variables. Here I is the I matrix
with the last row removed, and ¥ is the ¥ matrix with the last row removed.
For TDS with more than one state variable, a similar method applies.
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A.2 Extension to TDS with distributed delay

Consider the scalar system

x(t) = aox(t) + ! ar(r)x(t+r)dr+b(t) withx(s) =6(s),foralls € [—7,0],

—T

(A.6)
where a9 € R, ar : [—7,0] — R is continuous and not identically zero, b(t) : Ry —
R and 6 : [-7,0] — R are continuous. The results from Section A.1 hold for the

approximating system

T\ ¥ 0,
10 = (470)) < (aosvT(m " f°faf<r>¢T<r>dr> v+ (i) )

with initial condition #(0) = I'! fET¢(s)9(s)ds.

When the Galerkin’s method is used, some symbolic computations are needed.
MATLABs Symbolic Toolbox provides a complete environment for symbolic com-
putations and manipulations. The sym expression creates the variables, diff and int
can be used to compute symbolic differentiation and integration respectively. Ex-
pressions can be simplified and factored out using simplify. Substituting variables
with other symbolic expression is done with the help of subs. The double function
was used to convert symbolic variables into numerical ones.
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Appendix B

Applied methods

B.1 Theoretical methods

In order to study the properties of some functions, methods from mathematical
analysis were used [120]. The norm-based inequalities were proposed and proven
using basic notions from metric spaces [121].

For every explicit equation regarding the state matrix and the nonhomogeneous
term of the approximate system, Banach’s fixed-point theorem was used combined
with the notion of contraction mapping.

B.1.1 Contraction mapping

Let (M,dr), (N,dy) be metric spacesand f : M — N. f: M — N isa
contractive mapping if

dn (f(x), f(y)) < cdm(x,y)
holds Vx,y € M, with a Lipschitz constant ¢ € [0, 1).

B.1.2 Banach’s fixed point theorem

Let (X,d) be a non-empty, complete metric space with a contraction mapping
f: X — X. Then f admits a unique fixed point x* € X such that f(x*) = x*.
Furthermore, the fixed point x* can be written as a limit of the iterations x; = f(xx_1)
for k > 1 starting from an arbitrary element xo € X

B.2 System theoretical and control methods

The applications of this thesis were driven by the following system theoretical
and control methods: The stability of linear systems was analysed based on the loc-
ation of their poles in the s-Plane [12].

The design of an asymptotically stable state observer and stabilising state feed-
back control was proposed using the well-known pole placement method [122].

B.3 Numerical methods for solving ODE and DDE:

Many differential equations cannot be solved analytically. For practical purposes
numerical approximations of the solution are often time sufficient. Stiff differen-
tial equations are differential equations for which certain numerical methods res-
ult in numerically unstable solutions unless the integration step size is taken to be
extremly small. These numerical methods fall into two major categories: Runge-
Kutta methods and linear multistep methods [123]. Furthermore, there are implicit
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methods, for example, Adams-Moulton methods, backwards differentiation meth-
ods, diagonally implicit Runge-Kutta methods, Gauss-Radau methods, and explicit
methods, for example the Adams-Bashforth methods and the Runge-Kutta methods
with lower diagonal Butcher tableau [124].

A numerical method starts the solution from an initial point and tries to ap-
proximate the solution by taking short steps to find the next solution point. Single
step methods (i.e. Euler’s method) use only one previous point and its derivative.
Runge-Kutta methods take intermediate steps to have a higher order, but all previ-
ous information is discarded before the next step. Multistep methods gain efficiency
by keeping and using information from several previous steps.

In this work, the numerical solution of systems of ODEs was found with the help
of the ode23 MATLAB function, which is an implementation of the explicit Runge-
Kutta (2,3) pair of Bogacki and Shampine for nonstiff differential equations [125,
126].

The method of steps is a well-known technique for the study of DDE which re-
duces them to a sequence of ODE. The numerical solution of DDE require more
elaborate algorithms, which take into account the initial function, the discontinu-
ity that propagates throughout the interval of interest. Because of this propagation,
multiple delays cause special difficulties in the solution. Moreover, delays can van-
ish, the solution of such a DDE may or may not extend beyond the singular point,
the solution may not be unique [127].

In this thesis the MATLAB function dde23 was used to numerically solve the
systems of DDEs with constant delays. dde23 tracks discontinuities, uses the explicit
Runge-Kutta (2,3) pair algorithm for integration and the interpolant of ode23. It also
uses iterations for steps longer that the lags [128].

The eigenvalues of ODEs were found using the eig function of MATLAB, while
in the case of DDEs the QPmR algorithm was used in a given region of interest.
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