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Introduction

1.1 Project Context and Motivation

Inthe pastyears, there has been arapid growth inair trafficvolume [12]. With this increase in total air transport, itisimportant
that flight safety is continuously enhanced. As flight-control-related issues are a major deterrent to flight safety and often a
source of catastrophe, significant responsibility befalls flight control engineers in addressing the impending need for enhanc-
ing flight safety.

Due to this responsibility, flight control engineers have sought more advanced control techniques than the often-used lin-
ear control techniques. Historically, in the automatic flight control of both commercial and military aircraft, a broadly applied
strategy is to rely on local linear controllers and use gain-scheduling to synthesize a global controller. This entails partitioning
the flight envelope, linearizing the plant’s dynamics about a steady-state condition in every partition, and therein designing
local linear controllers. During flight, the correct gains are used. However, gain-scheduling requires that parameters change
slowly, which may not be fulfilled in aggressive maneuvers. Additionally, whenever the state departs significantly from the
points of linearization, gain-scheduling is not always able to ensure closed-loop stability [13]. This is because linear controllers
are by construction only valid for a small range of operation, and when a larger range of operation is required, the linear con-
troller behaves poorly. Model uncertainty also presents a major setback to linear control methods.

These limitations of linear control and the ability of nonlinear control to address these problems, as discussed in [14], have
propelled an interest in nonlinear flight control. Nonlinear control methods can be tailored to handle uncertainties in model
designs, as is the case in robust controllers and adaptive controllers. Nonlinear controllers are designed to handle nonlineari-
ties which can make them suitable for large ranges of operation. Sometimes, nonlinear controllers can have a simpler design
than ones based on linear control. Moreover, nonlinear controllers can, sometimes, be more cost effective while providing
better performance than linear controllers [14].

Important nonlinear control techniques that emerged are nonlinear dynamic inversion, sliding mode control, and back-
stepping control [13,15]. While these techniques do not suffer from a limited operation range as in the case of gain-scheduling,
they do demonstrate significant dependence on the plant model. Thus, these nonlinear control techniques are not robust to
cases of model mismatch.

In order to alleviate the dependence on plant model, incremental variants of these control methods were developed, as
well as hybridizations of these methods [16-18]. The incremental forms of these controllers permit the usage of sensor infor-
mation which makes the performance moreresilientin the case of model mismatches. Indeed, incremental control techniques
have demonstrated many recent successes and have been the subject of increasing attention, due to their robustness to un-
certainties and their looser dependence on the model of the controlled plant [19]. Despite their demonstrated effectiveness,
several theoretical gaps remain regarding their robustness. Specifically, the analyses of robustness of those methods regard-
ing uncertainties, pure time-delays, as well as regarding the controller sampling frequency, need to be investigated [20].

First, the theoretical gap regarding the controller sampling frequency shall be elaborated on. Due to the assumptions
that are made in the construction of incremental controllers, these control techniques require that the controller sampling
frequency is "high enough”. Indeed, the detrimental effect of smaller controller sampling frequencies on performance of an
INDI-controlled motion control system can be seen from fig. 1.1, where a decreased sampling frequency had led to an increase
in the normalized force error.

This theoretical gap regarding the controller sampling frequency means that what comprises a "high-enough controller
sampling frequency” has not been quantified in the literature. In principle, the controller sampling frequency could simply be
made exceedingly high, had it not been for hardware limitations. A dramatic example of limitations on the controller sam-
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Figure 1.1: Influence of the sampling rate on the performance of the INDI control of a motion control system [1]

pling frequency occur in the case of spacecraft control systems where a controller sampling frequency of only a few Hz can be
attained [21].

In principle, the problem of selecting a sampling-rate is a multi-dimensional one. That is, several factors need to be ac-
counted for in this selection. This includes abiding by the sampling theorem as well as ensuring stability. In addition, there
are a number of performance-related aspects that need to be considered. These include the effect of the sampling rate on the
time response, smoothness, and arising time-delays, its influence on the effectiveness of the system in handling disturbances
and parameter variations, as well as its effect on the error that arises due to measurement noise [4]. However, in this case, only
the stability problem will be considered. In order to analyze the stability, the control system has to be represented appropri-
ately. In principle, a computer-controlled system is a sampled-data system, a subset class of the more general class of hybrid
dynamical systems. In general, there are three main ways that have been used to analyze sampled-data systems: as discrete-
time systems, as time-delay systems, or as hybrid systems [22]. With regards to the analysis in discrete-time, the information
between two sampling instances is lost. That is why, this approach is not favoured. As for the latter two, they are both consid-
ered in the analysis of sampled-data systems [22]. While the analysis as a hybrid dynamical system is expected to be a more
accurate representation as it accommodates for the discrete nature of the controller and the continuous nature of the plant,
the time-delay representation serves as a good starting point, that tackles the problem of determining the stable regions in
the delay space of the control system.

As mentioned earlier, another of the theoretical gaps regarding the robustness of incremental controllers are time-delays.
Delays are an inevitable part of control systems [23]. In aerospace computer-controlled systems, there are many sources of
delay. Besides the pure time-delays occurring due to controller sampling and hold processes, time-delays may occur due to
signal transmission delays, computation delays, sensor measurement delays, and physical transport delays [3, 4, 23—-27]. An-
other source of delay that needs to mentioned is the data bus [28].

It is well known that the human operator is also a source of delay in the closed-loop control system. This is due to the
physical limitations in the performance of humans; they require some time in order to perceive stimuli, process the sensory in-
formation, and react accordingly. Delays occurring from visual perception are usually £350 ms; whereas, the vestibular system
introduces slightly smaller delays which are usually less than 150 ms [26].

However, a well-known empirical result from cybernetics is the crossover model [29]. According to this model, humans, in
general, adapt their control strategy so that the open-loop transfer function in the crossover region is of the form shown in

w .
Yor(jw) = Yy (jo) Ye(jo) = j—;e*f“”e (1)

where w, denotes the crossover frequency | Yor(jw) |w:wc = 1.0 and 7, represents an effective time-delay that accounts
for information-processing delays of the pilot.

The presence of delays has an impact on stability and performance [30], and this makes the analysis of stability regions in
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the delay space of control systems a subject of increasing interest [31]. For aerospace control systems, the effect of time-delays
on stability and performance translates to an impact on flight safety. This is supported by the fact that it has been seen that
time-delays could lead to pilot induced oscillations as well as persistent errors [32].

In alignment with this relation to flight safety, the stability regions in the delay space of a control system are important
for the certification of aerospace control systems [33]. This is especially relevant for more advanced control techniques. The
certification gap for adaptive control, for example, has been discussed in [33]. The authors mention that while there are intu-
itive metrics for robustness and performance for classical linear control methods, these metrics cannot be used for nonlinear
systems. However, the time-delay margin has been proposed as one of the possible metrics that may be used to close the
certification gap [33, 34].

Additionally, time-delays are particularly interesting for the stability analysis of the incremental control approaches. Be-
sides that these approaches make use of state measurements and/or state estimates from previous timesteps, the effect of
control inputincrements on the output need to be seen by the controller before further control increments can be determined
and applied [35]. Furthermore, the need to account for delay in the analysis of incremental nonlinear dynamic inversion has
been previously expressed in the literature involving the use of INDI control, as is the case in the work of Sieberling et al.,
Smeur etal, aswell as Huang et al. [1, 3, 27]. Similarly, the performance degradation in the presence of time-delays of another
incremental control technique, Incremental Backstepping (IBS), has been expressed by Koschorke [36].

To the knowledge of the author, so far, the attempts to determine the stability regions in the delay space of aerospace
control systems utilizing incremental nonlinear controllers, have been limited. Towards this end, an attempt has been made
based on a discretization approach of the sampled-data system for the case of a control system employing incremental non-
linear dynamicinversion (INDI) [19]. Another attempt was made for estimating the time-delay margin for the case of a system
utilizing 1BS controller which was an analysis in continuous time [36]. For the former, this means that the inter-sample infor-
mation is lost. As for the latter, the closed-loop formulation used in this method is based on neglecting the higher-order terms
as well as the assumption of time-scale separation (thus the assumptions made in the construction of the controller were also
applied to the controlled plant as well). Additionally, the analysis did not consider the effect of uncertainties [36].

The preceding discussion indicates a clear knowledge gap and a design research problem to be addressed. It can, thus, be
seen that there is a pressing need to investigate the effects of time-delays on the stability of incremental nonlinear dynamic
inversion and to establish a reliable and versatile method to estimate the time-delay intervals for which the control system is
robustly stable.

1.2 Research Objective and Research Framework
Based onthe project contextdiscussed, the following research objective has been formulated for the research problem athand.

The research objective is to ensure the robust stability of a flight system, controlled by an incremental nonlinear con-
troller, in the presence of time-delays by designing a tool that can determine the stable regions in the delay space of
the closed-loop control system while considering uncertainties and actuator dynamics.

Based on this research objective, the research framework depicted in fig. 1.2 was constructed. The formulation of the re-
search framework is as follows: (a) A study of general theory on time-delay systems, as well as time domain techniques and
frequency domain techniques for stability analysis leads to a collection of suitable techniques to determine the stability re-
gions in the delay space, (b) by means of which the closed-loop linear time-delay system will be analyzed and the stability
regions in the delay space of the aerospace controlled system will be determined. (c) Finally, the means to make the analysis
robust are determined and implemented.

1.3 Research Questions

Subdividing the research framework shown in fig. 1.2 leads to the resulting central research questions. The first central re-
search question reads as follows:

Q1 - What are the ways to represent the nonlinear system and the incremental controller, which is implemented on a digital computer,
in order to obtain the closed-loop formulation in the form of a linear time-delay system?

The second central question is related to the confrontation occurring at the bottom left part of the research framework.

Q2 - What methods are suitable to analyze the stability of linear time-delay systems?
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Figure 1.2: Research Framework

The final central question would be related to the rightmost part of the research framework, the confrontation occurring at
the right part of the research framework.

Q3 - What are the additional steps that need to be taken to make the stability analysis robust to uncertainties in the control system?

In order to fill the knowledge gap and provide the answer to the central questions, it helps to address the following sub-
questions first:

Q1.1- What are the steps involved in constructing an INDI controller?
Q1.2 - What are the possibilities for modeling a sampled-data system as a fully continuous control system?
As for the second central questions, the sub-questions are:
Q2.1- What are time-delay systems?
Q2.2 - What techniques can be used for the stability analysis of linear time-delay systems in the frequency domain?
Q2.3 - What techniques can be used for the stability analysis of linear time-delay systems in the time domain?

And finally, for the third central question, the following sub-questions emerge:
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Q3.7- What are suitable ways to characterize the uncertainties in the TDS system?
Q3.2 - Which existing robust stability analysis techniques for TDSs are applicable for the linear TDS obtained?
Q3.3-Can a new technique for the robust stability analysis of time-delay systems be developed?

Moreover, subquestion Q3.3 can be further subdivided into parts:

Q3.3.1- What are techniques, that have been used for the robust stability analysis of systems without time-delays, which can be used
to inspire a new robust stability analysis technique for the linear time-delay systems considered?

Q3.3.2-What are the steps that can be taken in order to augment the delay-dependent stability analysis techniques implemented with
those newly considered techniques, in order to make the resultant method applicable to the robust stability analysis of time-delay systems?

1.4 Report Structure

The articulated research objective and the formulated research questions define a clear scope for the research work intended
forthis thesis. The remainder of this report presents the thesis work that emerged from the research that has been done in the
pursuit of addressing these questions.

The structure of the rest of the report is as follows. The next part of the report is an article summarizing the main scientific
contribution of this thesis work. The part after that presents a literature review of the relevant building blocks in the research
framework. This includes a review of the nonlinear control technique Nonlinear Dynamic Inversion (NDI) and its incremental
counterpart, Incremental Nonlinear Dynamic Inversion (INDI). These are discussed in chapter 2. Thereafter, in chapter 3, a
brief introduction to sampled-data systems is made, and several ways to model sampled-data systems are presented.

The three chapters after that include literature on time-delay systems. The first of these chapters, chapter 4, gives an in-
troduction to time-delay systems which includes a discussion on the dual nature of the effects of delays on stability, the ways
to represent time-delays, a classification of time-delay systems, and finally, some of the spectral properties of time-delay sys-
tems. Next, chapter 5 offers a discussion on frequency domain techniques to analyze the stability of time-delay systems, and
in chapter 6 the time-domain techniques are discussed, which all mainly fall under the category of Lyapunov-based methods.

Afterthe literature review, a part on preliminary thesis results is presented. This single-chaptered part, chapter 7, demon-
strates the INDI control of a damped pendulum. It also applies a selection of techniques that were presented in the earlier
chapters. Methods from both chapter 5 and chapter 6 are implemented. The determined stability regions from the imple-
mented methods are in accord with one another. Moreover, partial verification of the results was done through simulation.

Thereafter, the part that follows is dedicated to presenting relevant additional literature that has been instrumental to the
final results presented in the article, which is mainly on the robust stability analysis of TDS. In particular, chapter 8 discusses
the topic of uncertainty characterization, and chapter 9 presents a number of concepts, tools, and principles that can be used
for the robust stability analysis of TDSs.

The part that follows, which is the one that is before the last, presents some additional results. Specifically, chapter 10
presents a derivation of new stability results in the time domain for neutral TDSs. The matrix inequalities were tested on an
example from the literature. The results have proven to be efficient in comparison to existing matrix inequalities for neutral
TDSs. However, it is suspected that the stability results as well as their implementation might need further verification and
testing.

The last part of this reportis a wrap up of this thesis work. Chapter 11 summarizes the results obtained in this thesis. It also
reflects back on the research questions formulated at the beginning of the report and checks the progress on addressing these
questions. After this assessment, recommendations for future research are made.

TNote that, chapter 2, chapter 3, chapter 4, chapter 5, chapter 6, and chapter 7 are previously graded chapters.
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Determination of Stable Time-delay Regions in
Incremental Control Systems

Isabelle El-Hajj

Abstract

Incremental control techniques such as Incremental Nonlinear Dynamic Inversion (INDI) and Incremental Backstepping (IBS)
have gained recent popularity, especially in the aerospace community, due to their versatility and effectiveness which entails
robustness to imprecise knowledge about the controlled system as well as robustness to external disturbances. Despite a control
authority that has been proven, in several applications, to exceed that of classical control techniques, there is yet much to be
studied about these control techniques. Theoretical gaps include the effectiveness of these techniques in handling time-delays as
well as their robustness to sampling rates. Addressing this theoretical gap has been the focus of the research that is presented in
this note. To meet this research aim, the control system has been analyzed through the lens of the Time-Delay System (TDS)
framework. In particular, the analytic curve frequency sweeping approach as well as a set of suitable matrix inequalities that are
based on the discretized Lyapunov functional method have been applied to perform this analysis in the frequency domain and
the time domain, respectively. Moreover, a new robust stability analysis technique is presented which is based on combining the
analytic curve frequency sweeping approach with the edge theorem. The effectiveness of these methods has been shown through
their application to an INDI-controlled damped pendulum and to the INDI-controlled short period dynamics of a fixed-wing
aircraft. Finally, a number of recommendations for future research are made.

Index Terms

Time-delay systems, incremental control, robust stability analysis, analytic curve frequency sweeping approach, edge
theorem, linear matrix inequality, Bessel-Legendre inequality, Legendre polynomials, discretized Lyapunov functional method,
commensurate delays, parametric uncertainty.

NOMENCLATURE
Ag Matrix associated with the delay-free state vec- Li(s) Legendre polynomial.
tor. N Discretization variable.
Ay Matrix associated with the delayed state vector. P Symmetric matrix.
a Coefficient vector of a quasipolynomial. Py Positive-definite matrix.
b Dampling coefficient of the pendulum (kg'—smz)_ Q Uncertainty bounding set, Matrix that is part of
C Matrix associated with the derivative of the stability result.
delayed state vector. q Pitch rate (rad/s).
Ly, Edge of a polytope. r Exponent coefficient vector of a quasipolyno-
F Family of uncertain quasipolynomials. mial.
f System dynamics. R Symmetric positive-definite matrix.
fa Derivative of f with respect to A. R Real part of complex variable.
fr Derivative of f with respect to 7. Ry Symmetric positive-definite matrix.
g Gravitational acceleration of an object in a S Symmetric positive-definite matrix.
vacuum near the surface of the Earth (Iz). St Set of symmetric positive-definite matrices.
G Control effectiveness matrix. Ip(t) Solution operator of a time-delay system.
Gn Matrix to transform from &y (¢) to Zn (t). In(t) Solution operator of a time-delay system.
Hy Matrix to transform from &y (¢) to iN(t). t Time (s).
1 Moment of inertia of the pendulum (kg - m?). u Control input vector.
I, Identity matrix of dimensions n by n. Ve Value set of family of quasipolynomials.
J Imaginary part of a complex variable. X Symmetric matrix.
JIN Matrix to transform from ¢y (t) to &n(¢). x State vector.
kq Derivative gain. TN (t) Augmented state vector.
kp Proportional gain. Y Symmetric positive-definite matrix.
l Length of the pendulum (m). y Output vector.

1. El-Hajj is a graduate student at the Control and Simulation Group at the Faculty of Aerospace Engineering at Delft University of Technology Kluyverweg
1, 2629HS Delft, the Netherlands.
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Variable to denote e 7%,

z v Virtual control input vector.
z Augmented state vector. En() Augmented state vector.
@ Angle of attack (rad). o Spectrum of the delay-difference equation.
5 Part of the matrix I'y. Oe Essential spectrum of the delay-difference
'y Matrix that is part of the matrix H . equation.
A Increment in one time-step. T Time-delay (s).
¢ Initial condition for the input of the time-delay 0] Initial condition for the state of the time-delay
system. system.
0 Time-delay (s), Angular deflection of the pen- Py (t) Augmented state vector.
dulum (rad). w Imaginary part of the characteristic root (rad/s).
A Characteristic root (rad/s). \% Gradient operator.
I Portion of an edge of a polytope.

I. INTRODUCTION

Processes in real systems do not occur instantaneously. This makes delays an inevitable part of control systems [1]. The
presence of delays has an impact on stability and performance [2], and this makes the analysis of stability regions in the
delay space of control systems an important aspect [3]. This issue, alongside other reasons, has led to an increased interest in
Time-delay Systems (TDS)s (which are also known as hereditary systems or systems with aftereffects [4]), and this is reflected
in the tremendous amount of research that has been performed on the subject.

In the field of aerospace, notwithstandingly, the importance of taking the presence of delays into account in the stability
analyses is great. In aerospace computer-controlled systems, there are many sources of delay. Besides the pure time-delays
occurring due to controller sampling and hold processes, time-delays may occur due to signal transmission delays, computation
delays, sensor measurement delays, and physical transport delays [1], [4]-[9]. Another source of delay that needs to be
mentioned is the data bus [10]. Furthermore, if the vehicle is piloted, the human operator introduces another source of delay
in the closed-loop control system. This is due to the physical limitations in the performance of humans; they require some
time in order to perceive stimuli, process the sensory information, and react accordingly [8].

Furthermore, for aerospace control systems, the effect of time-delays on stability and performance translates to an impact
on flight safety. This is supported by the fact that it has been seen that time-delays could lead to pilot induced oscillations as
well as persistent errors [11]. In alignment with this relation to flight safety, the stability regions in the delay space of a control
system are important for the certification of aerospace control systems [12]. This is especially relevant for more advanced
control techniques. The certification gap for adaptive control, for example, has been discussed in [12]. The authors mention
that while there are intuitive metrics for robustness and performance for classical linear control methods, these metrics cannot
be used for other classes of control systems, such as nonlinear systems. However, the time-delay margin has been proposed
as one of the possible metrics that may be used to close the certification gap [12], [13].

Additionally, time-delays are particularly interesting for the stability analysis of the incremental control approaches, a group
of techniques that has demonstrated many recent successes and has been the subject of increasing attention, due to its robustness
to uncertainties and its looser dependence on the model of the controlled plant [14]. Besides that these approaches make use
of state measurements and/or state estimates from previous time-steps, the effect of the control input increments on the output
needs to be seen by the controller before further control increments can be determined and applied [15]. The need to account
for time-delays in the analysis of INDI has been expressed by Sieberling et al., Smeur et al, as well as Huang et al. [6], [9],
[16]. Similarly, another incremental control technique, Incremental Backstepping (IBS), has shown performance degradation in
the presence of time-delays [17]. An analysis of the robustness regarding time-delays presents one of the theoretical knowledge
gaps regarding incremental control techniques.

Another related theoretical gap is the robustness of an incremental control system to the sampling rate. Due to the assumptions
that are made in the construction of incremental controllers, these control techniques require that the controller sampling
frequency is "high”. Indeed, the detrimental effect of smaller controller sampling frequencies on the performance of an INDI-
controlled motion control system can be seen in the work of Huang et al. [16]. The theoretical gap regarding the controller
sampling frequency means that what comprises a "high-enough” controller sampling frequency has not been quantified in the
literature. Despite being a complex and multifaceted problem, the selection of a suitable sampling rate, in relation to its effect
on stability, is connected to the problem of determination of the stable time-delay regions in the delay space of the control
system. Therefore, the two aforementioned knowledge gaps can be tackled though determining the stability regions in the
time-delay space of incremental control systems.

To the knowledge of the author, so far, there have been two main attempts to determine the stability regions in the delay
space of aerospace control systems utilizing incremental nonlinear controllers. One has been based on a discretization approach
of the sampled-data system for the case of a control system employing incremental non-linear dynamic inversion (INDI) [14].
The other attempt was made for estimating the time-delay margin for the case of a system utilizing Incremental Backstepping
(IBS) controller which was an analysis in continuous time [17]. In the case of the discretization approach, this means that the
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inter-sample information is lost. As for the latter attempt, the closed-loop formulation used in this method is based on neglecting
the higher-order terms as well as the assumption of time-scale separation (thus the assumptions made in the construction of
the controller were also applied to the controlled plant). Additionally, the analysis did not consider the effect of uncertainties
[17].

In this article, this knowledge gap is addressed through the implementations of techniques in both the frequency domain
and the time domain that can determine the time-delay intervals for which the control system is robustly stable. Specifically,
this article implements the analytic curve frequency sweeping approach. It also applies a set of matrix inequalities that are
based on the discretized Lyapunov functional method. The analysis in the frequency domain is made robust through the edge
theorem. As for the time domain analysis, vertex results can be leveraged in the case of subpolytopic uncertainty, and the
results obtained corroborate those from the frequency domain analysis.

The organization of the article is as follows. First, a brief review of INDI is presented in section II. Thereafter, a primer
on TDSs is discussed in section III. This is followed by section IV, which represents a select number of stability methods
that will be applied to the stability analysis of the system. After that, a discussion on a number of concepts and theorems
that are relevant for the robust stability analysis of TDSs is presented in section V. The proposed methods are applied on an
INDI-controlled pendulum in section VI and on the INDI control of short period dynamics in section VII. The final section,
section VIII, summarizes the contribution of this article and presents a number of recommendations for future research.

II. INCREMENTAL NONLINEAR DYNAMIC INVERSION (INDI)

The INDI control approach emerged as a more robust variant of NDI by alleviating the dependency control approach on
the plant model. This is realized by linearizing the system about the current state and control input. The incremental form that
arises allows to feed back sensor measurements. As will be seen in the following, for INDI, only the knowledge of the value
of the control effectiveness matrix is needed.

In the following, the continuous-time formulation for INDI will be presented. It should be noted that for INDI, a system
which is affine in the control should be considered. A general example of such a system is shown in eq. (1). This equation is
the starting point for the discussion on the continuous-time formulation of INDI.

x = f(x) + G(x)u

v =hx) .
Linearizing the dynamics in this equation leads to eq. (2).
X%XQ—FG(XQ)(u—uo)—FW (x = x0) + O [ (x = x0)°] @)
0
Neglecting the higher order terms in the linearized system dynamics shown in eq. (2) leads to the following:
X%X0+G(x0)(u—uo)+w (x - %q) 3)
0

As mentioned in the introduction, this simplification holds for cases where the control sampling frequency is “high”, but
for which a specific requirement has not been previously quantified in the literature [16], [18].

Furthermore, following the usual derivation pipeline of INDI, time-scale separation is assumed. This means that the actuator
dynamics are assumed to be fast and that the evolution of the state variables is quite slow in comparison. This assumption
allows to neglect the term involving the change in state, which leaves eq. (4).

).(%X()—FG(X())(U—UQ):X%Xo—FG(Xo)Au (4)

After the linearization, the virtual control v can replace x and the inversion of the dynamics is performed. Thereafter, the
incremental control is obtained.

Au = G71 (I/ — XO) (5)

Thus, the control law is of the form shown in eq. (6).

u:ll()‘i‘GA_l (V*).(()) (6)
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III. TIME-DELAY SYSTEMS
A. Representation of Time-delay Systems

Time delay systems are usually described by functional differential equations. Equation (7) shows a functional differential
equation that represents a generic TDS [19].

a(t) = f(t,x(t), ze, ur)
Ty, = (25(0), Vo € [to - T, to] (7)
Uto:C( )7 Vo € [to—T7t0}

In this equation, ¢ and £ denote the initial conditions for the state and the input, respectively. Moreover, 7 denotes a
time-delay, and as such 7 > 0. As for x4, it is defined according to eq. (8):

[0 5 R"
o { 0 — z4(0) = x(t +0) ®

and w, is defined according to eq. (9):

| [-7,0] > R"
“t'{ 0 uy(0) = ult +0) ®

The notation x; and wu; corresponding to the definitions in eq. (8) and eq. (9) is referred to as the Shimanov notation.
Moreover, it is clear that eq. (7) shows the dependence of the functional differential equation on current as well as past states
and inputs.

B. Classification of Time-delay Systems

TDSs are described and categorized based on a number of aspects including the model of the delay, the number of delays
in the systems, and the type of delays in the system. Each of these categories will be discussed in the following.

1) Model of Delay: Discrete or Distributed

There are two main ways to model delays: either as discrete (also referred to as point-wise delays) or as distributed delays.
States with discrete delays in their arguments such as z(t — 7) can be understood as values from a specific moment in the past
which is in this case ¢t — 7. Furthermore, a discrete delay may either be constant or may vary with time. This again means that
the dynamics depend on a precise moment in the past, but this pointwise moment varies with time.

The choice of whether to model a time-delay as fixed or as time-varying is important for the validity of the results.
Furthermore, when the systems with discrete delays are compared with the systems with time-varying delays, the phenomenon
of quenching is witnessed. That is, quenching happens at certain time-delays at which the system with discrete time-delays is
stable but for which when the time-delays are assumed to be time-varying, stability is lost (or vice versa, i.e. having stable
delay intervals for the case of time-varying delays for which the TDS with discrete delays is no longer stable) [20].

As for distributed delays, the states from an interval of time occurring in the past [—71, —72|, where 71 > 72 > 0, are used.
This interval is then weighed with a kernel. It is this information that is incorporated into the dynamics [21]. An example of
a system with distributed delay is shown in eq. (10) [22].

0
() = / c(0)(t + 0)do (10)
-r

It should be remarked that the information captured by modeling the dependence on past information through distributed
delays is a more complex but richer representation. Distributed delays are able to incorporate "memory” of a sequence occurring
in the past which is more insightful than just looking at discrete points in the past. An example of using distributed delays in
the representation of a system is in the case of describing the delay response of human drivers. Physically, the interpretation
for the use of distributed delays rather than discrete delays is that drivers make use of a cumulative continuous stream of past
information they have perceived to take a control action [23].

Besides their use in the system representation, distributed time-delays are also important in the derivation of delay-dependent
stability criteria in the time-domain, for TDSs with point-wise delays.

2) Type of Delay: Retarded or Neutral

Another important classifying aspect for TDSs is how the delay influences the states or the derivatives of the states in the
system [21]. There are three main ways in which delays influence the states or the derivatives of the states in the system.
Those are the retarded type TDSs, the neutral type TDSs, and the advanced type TDSs. It is important to make this distinction
between the types because the type has important implications on the properties of the system, on the necessary conditions for
their stability, and consequently, on the approaches for stability analysis. In the following, it is explained how to differentiate
between those three types.
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In the case of retarded TDSs, the highest order derivative in the system is not affected by time-delays. The general form of
the retarded type TDS is given by the functional differential equation given in eq. (11) [24].

@(t) = f(t,z) (11)
A generic example of a retarded TDS is eq. (12).
B(t) = Aox(t) + Y _ Aix (t — 7:) (12)
i=1

However, for neutral TDSs, there are two terms with the highest-order derivative, one that does depend on the time-delay
and another that does not. The general form of the neutral type TDS is given by the functional differential equation in eq. (13)
[24].

&(t) = f(t, 2, 34) (13)

A generic example of neutral TDS is eq. (14), where the term indicated with the underbrace is commonly referred to as the
delay-difference operator.

d

=0+ Y Ca(t—m) | =Ax(t)+ Y Aw(t—m) (14)
k=1 i=1

Delay-difference operator

Moreover, the equation based on the delay-difference operator (also known as the discrete kernel operator [24]), shown in
eq. (15), is that of associated delay-difference equation. The stability of this equation is tied to that of the neutral TDS as will
be discussed later.

m
z(t)+ > Ca(t—m)=0 (15)
k=1

As for the case where there is only one term for the highest-order derivative and this term depends on the time-delay, this
case characterizes an advanced type TDS [21], [24], [25].

The distinction between the three types is further clarified with the examples of the scalar systems shown in eq. (16), eq. (17)
(as taken from [26]), and eq. (18). From eq. (16), it can be seen that the highest order derivative which is a second order
derivative does not depend on the state, but the first order derivative does. Thus, although there are state derivatives that depend
on the delays in the system, this is a retarded type TDS.

#(t) = ai(t — 1) + ba(t), =z(t) €R (16)

As for eq. (17), it can be seen that the highest-order derivative does also depend on the time-delay: #(¢ — 7). Therefore, this
system is of neutral type.

Z(t) = aZ(t — 1) + bx(t), z(t)eR (17)

Moreover, if the case where the Z(t) of eq. (17) is no longer part of the equation is encountered, as in the case shown
in eq. (18), this becomes an advanced type TDS since the term with the highest order derivative, aZ (¢t — 7), depends on the
time-delay.

ai(t — 1)+ bx(t) +(t) =0, z(t)eR (18)

It should be noted however that, for the sake of engineering applications, the advanced type is not as relevant [24]. The
reason for this is that, in an advanced type TDS, the quantity described by the dynamics depends on its future values [27].
Since the dependence of a state on future values is not physically possible, only the retarded and the neutral types will be
discussed in the parts to follow.

One main difference between retarded TDSs and neutral TDSs is the smoothness of solutions of the system. While for the
case retarded TDSs, the solutions become smoother with the passing of time, such a smoothing effect does not always occur
in the case of neutral TDS.

Another difference occurs in the spectral properties of the TDSs. In the case of retarded TDSs, it is guaranteed that there
will be a finite number of roots to the right side of any vertical line drawn in the complex plane. However, in the case of
neutral TDSs, there may be an infinite number of unstable roots. The stability of the delay-difference operator however induces
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the number of unstable roots for the neutral TDS to become finite. The discussion on the spectral properties will be further
developed in section III-C.

3) Number of Delays: Single or Multiple Delays

The final aspect to consider in the classification of TDSs relates to the number of delays in the system. The two categories
here are the case of single delay in the system or multiple delays. If there are multiple delays in the system, it may either be
the case of commensurate delays (when the delays are multiple of a certain baseline delay) or incommensurate delays [21].

It should be noted that a slightly confusing terminology has been adopted in the literature to describe systems with
commensurate delays. Despite there being multiple delays in such a system, the system is referred to as a single delay
system. In order to determine what multiple of the baseline delay occur in the system, the commensurate degree (denoted by
L) is introduced. Therefore, when the terms x1(t — 7), z2(t — 27) and x3(¢t — 37) are present in the system, the commensurate
degree is 3, i.e. L = 3. As for the case of a system with a single delay, the commensurate degree is 1, i.e. L = 1.

Dealing with TDSs with incomensurate delays is often much more complicated than dealing with TDSs with commensurate
delays. One key challenge is the computational complexity which in the case of the stability analysis of multiple-delay systems
is N'P-hard. Here, NP stands for non-deterministic polynomial time. However, it should be noted that AP-hard problems
constitute a completely different set of problems than that of A/P problems. For both classes of problems, it is not possible
to obtain a solution that is tractable and scalable with the size of the problem. Here, tractable means that the problem can be
solved in polynomial time even in worst-case scenarios. The key difference between AP and N'P-hard problems is that for
NP problems verifying a postulated solution is possible using a polynomial-time algorithm while for A/P-hard problems, it
isn’t. This makes N P-hard problems the toughest class of problems to deal with.

To give an intuition of why the problem of analyzing the stability of TDSs with incommensurate delays is N/P-hard, consider
the stability analysis of a system with two distinct delays. This problem may be considered as the stability analysis of a system
with commensurate delays but whereby all possible ratios between the two delays are attempted. Clearly, this makes it an
intractable problem [21]. A formal proof of the NP-hardness of the stability analysis in the case of incommensurate delays
is provided by Gu et al. in [22].

C. Spectral Properties of Time-delay Systems

It is important to discuss the spectral properties of TDSs, as the spectral properties provide useful insights for the stability
analysis techniques that will be explained later. Some of the spectral properties of retarded TDSs and of neutral TDSs will be
individually discussed. However, before this discussion ensues, there are main properties that are applicable to the spectra of
both retarded and neutral TDSs that need to be mentioned.

First and foremost, TDSs have infinitely many roots, and this is one of the aspects that reflect the infinite dimensional nature
of TDSs. This property is easily seen from examining the characteristic quasipolynomial of any TDS. The Laplace transform
of delayed terms such as z(t — 7) leads to exponential terms in the characteristic equation. Since the exponential function is
a transcendental function, its presence in the characteristic equation leads to an infinite number of zeros [28], [29].

Another important property of the spectrum of both retarded and neutral type TDSs is that when the coefficients of the
quasipolynomial are real, the spectrum is symmetric with respect to the x-axis. This is applicable in the case of both retarded
and neutral TDSs.

1) Spectral Properties of Retarded Time-delay Systems

Despite there being infinitely many characteristic roots, usually there is a finite number of unstable roots. For retarded
systems, this is always applicable. As for neutral systems, this is guaranteed when the delay-difference operator is stable [29].
Conversely, when the delay-difference operator is unstable, there can appear infinitely many unstable roots for the neutral TDS
[3].

For retarded TDSs, if there is a sequence of roots whose magnitude tends to 400, then the real part of those roots tends to
—o0. [29]. This is in alignment with the property that retarded systems have a finite number of unstable roots. That is, if the
magnitude is getting increasingly large and it is known that the number of unstable roots has to be finite, then it must be that
those roots are tending towards the extremes of the other half-plane. If there exists a sequence {\} of characteristic roots of
the retarded system such that limg_,o R (M) = —o0 [29].

Additionally, there is a finite number of roots within any vertical strip in the complex plane. The vertical strip is formally
expressed in eq. (19) where o, 5 € R and o < .

{AeC:a<R() < B} (19)

A special case of this property occurs when this vertical strip is narrowed down to an infinitesimally thin strip about the
imaginary axis. Thus, it can be said that the number of eigenvalues on the imaginary axis is always finite.

Another property is that there is a vertical line to the left-side of which will be all the roots of the retarded TDS. Let this
vertical line be represented with x = ~. Formally, this is described with eq. (20).

AeC: RO <~} (20)
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Fig. 1: Example curve envelope of the spectrum of a TDS [29].

An even stronger case of the latter is the proposition that yields the envelope curve of the spectrum. For the retarded TDS
described by eq. (12), the envelope is described by eq. (21). The proof for this proposition is provided by Michiels et al. in
[29]. An example of such an envelope is shown in fig. 1.

A< [Aolly + D | Ailly e V™ @1

i=1

The envelope curve provides very nice information regarding the location of the Critical Imaginary Root (CIR)s which are
the roots of the characteristic equation that occur on the imaginary axis of the complex plane. Knowing about the presence
and location of the CIRs is important because, for retarded systems, the gain or loss of stability is related to the crossing of
the imaginary axis. Being imaginary roots, A in eq. (21) can be replaced with jw. Moreover, the real part of the characteristic
root is zero i.e. 9(jw) = 0. This leads to eq. (22) [29].

m
el < [l Aolly + ) llAill

i=1

= |wl < [|Aolly + D IIAill,

i=1

= Jwl <> A, (22)

=0

From eq. (22), it is known that there is an interval over the imaginary axis of finite width that is guaranteed to contain the
CIRs. It can also be noted, based on this inequality, that this interval is independent of the delay values [29].

The spectra of retarded TDSs also possess nice continuity properties. That is, the characteristic roots behave continuously
with respect to the variations of system matrices and delays. Additionally, the spectral abscissa, which is the largest real part
available from the roots in the spectrum i.e. max; {Re ();)}, is also continuous with respect to these variations.

2) Spectral Properties of Neutral Time-delay Systems

The properties of the spectrum of the associated delay-difference equation, shown in eq. (15), heavily dictate those of the
spectrum of the neutral type TDS. It is also this aspect that leads to the additionaly necessary stability condition for the
exponential stability of the null solution of the neutral type TDS, which is the exponential stability of the null solution of the
delay-difference equation [29].

An important aspect of the relation between the spectrum of the neutral type TDS and that of the associated delay difference
equation is that the real part of the sequence of characteristic roots {\,,},.~; of the neutral type TDS (eq. (14)) tends to the
limit of that of the delay-difference equation, denoted by (. Moreover, the imaginary part of the sequence of characteristic
roots tends to infinity; thus, the neutral TDS is said to have vertical asymptotic chains [30]. Both of these characteristics are
expressed in eq. (23).

lim R(\,) =¢,  lim =S (\,) = oo (23)

n—o0 n—oo
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(b) Spectrum of the corresponding delay-difference equation

(a) Spectrum of the neutral type TDS [29]. [29]

Fig. 2: Spectrum of a neutral type TDS and that of the corresponding delay-difference equation.

An example spectrum demonstrating these properties is shown in fig. 2. Examining the spectrum of the neutral TDS shown
in fig. 2a, it can be seen that the sequence of eigenvalues tends to the vertical line at around -0.35, which happens to be the
location of where all the roots of the delay-difference equation are located, as seen in fig. 2b.

Another property is that neutral type time-delay equation has a finite number of roots that are in the right-half plane and
that are to the right of the spectral abscissa of the delay-difference equation, which is denoted by cp. This again can be seen
from fig. 2a where it can be seen that there is only one root in the right half-plane, which also happens to be on the right-hand
side of the spectral abscissa of the characteristic roots of the delay-difference operator which occurs at about -0.35.

Small perturbations can remove the stability of the delay-difference equation, which is known as the delay sensitivity problem
of the delay-difference equation. This susceptibility to small perturbations is eliminated when the delay-difference equation is
strongly stable, which is ensured when condition eq. (24) is satisfied. In this case, it can also be said that the delay-difference
operator is strongly stable.

m

dollcl<t (24)
k=1

When the strong stability of the delay-difference operator is ensured, the loss or gain of stability, as in the case of retarded
TDSs, is related to crossing the imaginary axis in the complex plane. This ties to the fact that, as mentioned earlier, the strong
stability of the delay-difference operator induces a finite number of unstable roots.

IV. METHODOLOGY FOR STABILITY ANALYSIS

In the following, two approaches for the stability analysis of TDSs, which will be applied later on, are discussed: the
analytic curve frequency sweeping approach and the stability results in the form of matrix inequalities based on the discretized
Lyapunov functional method. The former method involves an analysis in the frequency-domain, while the latter results are
constructed for an analysis in the time domain. The reason to consider methods that pertain to each of the frequency domain
and the time domain is that each presents its own set of advantages. Particularly, the main advantage of the frequency domain
methods is their relative simplicity in comparison to the time-domain-based methods. Their main drawback, however, is their
exclusive applicability to LTI systems. In relation to this aspect, the stability results that are derived in the time-domain have
the advantage that they can more readily deal with nonlinearities and time-varying systems [22]. Their major drawback is that
the stability results are applicable to the systems for which they were derived, which have a specific structure.

A. Analytic Curve Frequency Sweeping Approach

The stability analysis of LTI systems can usually be performed by examining the real parts of the eigenvalues of a control
system. However, in the case of LTI TDSs, due to their infinite-dimensional nature, it is preferable to circumvent determining
the eigenvalues of the closed-loop system, and some of the properties mentioned earlier allow that.

One of the properties of TDSs that have been previously discussed is that there is a finite number of characteristic roots in the
right half-plane for retarded TDSs and for neutral TDSs with strongly stable delay-difference operators. Moreover, this property
bore a stability property: that the gain or loss of stability of these systems is determined by the crossing of the imaginary axis.
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Therefore, the stability problem gets transformed into one of counting the number of unstable roots as the time-delay(s) is/are
varied. This is done based on determining the crossings with the imaginary axis and determining the time-delays at which these
crossings occur. The combinations of the CIRs with their associated time-delays are known as critical pairs. With the delay
intervals or regions (for the case of multiple delays) established, the final step is to determine whether the intervals/regions are
stable or not. It should be noted that there have been many different methods discussed in the literature for the implementation
of the first two od the three previously mentioned steps.

The analytic curve frequency sweeping approach, described in [28], is a stability analysis method that follows these three
main steps. It makes use of frequency sweeping in order to determine the critical pairs. The frequency sweeping is combined
with an eigenvalue perturbation-based approach to study the asymptotic behaviour of the critical pairs. Finally, the stable
time-delay regions are determined through thorough book-keeping of the number of unstable roots. In the following, the details
of these three main steps for this outlined approach are discussed.

1) Critical Pairs

One of the ways to detect CIRs is through the frequency sweeping curves. The construction of frequency sweeping curve(s)
is as follows. The frequencies in a certain range with a certain step size are iterated over. For each frequency, the value(s) for
z are determined, where z is defined as z = e¢~7“7. Thereafter, the magnitude(s) of the z value(s) are obtained. These values
are plotted against the values of w at which they were obtained. Note that each z expression corresponds to one frequency
sweeping plot. The CIRs are the intersections with the horizontal line I' = 1.

It can be seen that frequency sweeping can be done programmatically as well. The risk of this, however, is that an automated
procedure eliminates the human’s role in determining the CIRs. This means that if the steps used in the frequency sweeps are
too large, that some roots may be missed.

In order to make use of the automated determination of the CIRs through programmatic frequency sweeping and avoid
problems of undetected roots, the frequency sweeping curves can be generated as well, which can be later checked to verify
whether all the CIRs have been determined. If the possibility of missed roots is noticed, the analysis is repeated using smaller
frequency steps.

2) Asymptotic Behaviour of Critical Pairs

The crossing direction of an imaginary root is defined as the sign of the change in the value of eigenvalues around the
imaginary axis with respect to an increase in the time-delay. This is shown in eq. (25).

T

CDIR = sign {dA] (25)
d A=wc,i

If a CIR is simple, then the asymptotic behaviour can be studied based on the implicit function theorem from which it holds
that expression for % can be determined with eq. (26).

A __f

dr E

However, when the multiplicity of the root is larger than 1, then the implicit function theorem no longer applies. In this
case, an alternative is to study the asymptotic behaviour through a series expansion of the relation between a time-delay 7
and the characteristic root \. Since the Puiseux series allows to describe the local behaviour of a power series, the asymptotic
behaviour can be studied through n Puiseux series, where n is an important index that will be explained in the following
paragraphs [28]. To the knowledge of the author, Chen et al. were the first to use an eigenvalue perturbation-based approach
to determine the asymptotic behaviour of the CIRs and to consequently determine the regions of stability [31].

The procedure for obtaining the Puiseux series is summarized with algorithm 1, obtained from [28]. However, before
proceeding with presenting the algorithm, there are two important non-negative indices that need to be discussed, the indices
n and g, that are associated with a critical pair (\,, 7,). The index n is defined according to eq. (27).

(26)

fro=-=fan-1=0,fan #0 27

From this definition, it can be seen that the index n corresponds to the multiplicity of a critical pair. As for the index g, it
is defined according to eq. (28).

f‘r[’ :"':f79*1 :O,f-rg 7&0 (28)

It should be noted that both of the indices are guaranteed to be bounded if the CIR to which they are associated is not zero
[28]. Moreover, one of the properties is that the index g is constant for all 7, ;. However, the index n can possibly vary with
To, k-

Now that the definitions of those two important indices have been established, the algorithm for obtaining the Puiseux series
of a quasipolynomial at a critical pair can be presented, and it reads as shown in algorithm 1.
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Algorithm 1 Algorithm to determine the Puiseux series [28]

1: procedure GETPUISEUXSERIES(f (A, 7),n, g)

2 ag < 0

3: 50 —g

4 while True do g -

5 uemax{ﬁo >0: La/37é0a>a0,5<ﬁo} DNotethatL”—(fZi;l),<Z—; )(lj >

6 if p exists then

7: Determine all nonzero L.z such that 50 ﬁ =pu

8 Form the set {La, g, (AN)* (A1), Lang(A)\)“z (AT)P2, ...} such that a; > ap > ...

9 Determine coefficients satisfying the equation Lo, g, C*'~%° + L,,5,C*?7“0 4 ...+ L, 3, =0 > denoted

C,u,l
10: AN Cu (AT + o ((AT)H) 1 =1,...,a1 — ag
11: Qg < 0
12: Bo < B1
13: else
14: return AX(AT)
15: end if
16: end while

17: end procedure

Once the Puiseux series AA(A7) are obtained, the effect of A7 = 4€ and AT = —e on the real part of AX can be
determined. Based on this, it is possible to tell what the asymptotic behaviour is when the time-delay changes from 7, — € to
Ta T €.

However, in some cases which are referred to as degenerate cases, the resultant Puiseux series involves only an imaginary
term. This means that the first order Puiseux series is insufficient. In order to address this issue, higher order Puiseux series
need to be determined, which is done by applying algorithm 1, iteratively [28].

3) Stability Regions in the Delay Space

After having determined the critical pairs and the asymptotic behaviour associated with them, it finally remains to determine
the stability regions in the delay space of the TDS. This entails monitoring the change in the number of unstable roots and
keeping track of the number of unstable roots pertaining to the time-delay intervals. The change in the number of unstable
roots is mathematically described in eq. (29) [28].

ANUL(B) = NUa (8%) — NUa (87) (29)

The notation ANU, () signifies the change in the number of unstable roots that is associated with the critical pair («, 3),
with « being the CIR and § being the associated critical time-delay. As shown from eq. (29), ANU, () corresponds to the
change that occurs when the time-delay is increased from 5~ to 3%.

B. Matrix Inequalities

There are many stability results that have been proposed in the literature for the stability analysis of TDSs in the time-domain.
However, since the interest is in time-domain stability results that would corroborate the results obtained from the frequency
domain analysis (which are exact results), the set of candidate stability results is narrowed down to the results that are based
on the discretized Lyapunov functional method because, for increasing N, the solutions of these matrix inequalities tend to
those exact results. Several matrix inequalities based on the discretized Lyapunov functional method have been derived in the
literature [32]-[35]. However, more recently, stability results, that are based on the use of the Bessel-Legendre inequality (see
Lemma 1) as well as the use of Legendre polynomials (see Definition 1) as a basis for the discretization, have proven to be
particularly efficient in comparison to other stability results in this category.

Lemma 1 (Bessel-Legendre Inequality [36]): Let z € Lo (Z — R™) and R € S;7. The integral inequality

Q 17" Q

0
/ z(u)Re(u)du > % Ry (30)
- Qn Qn
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holds, for all N € N, where
Ry = diag(R,3R,..., (2N + 1)R)

0 (€20)
Q. = / Li(uw)x(u)du, for all k € N

—T

Definition 1 (Legendre Polynomial [36]): The Legendre polynomials considered over the interval [—T,0] are defined
by:

k l
VkeN, L(w) = (-1 pf <“ + T) 32)

-
1=0

. k k+1

wzthpfz(—l)l<l>< ! )

Two such stability results have been been derived for retarded TDSs with single delays [36], [37]. Because they are comparable
results, only one of them will be presented in the following.
Consider the retarded TDS with a single delay shown in eq. (33).

#(t) = Agz(t) + Ayx(t —7), T3>0 (33)

As mentioned in the earlier paragraphs, two similar stability results that are based on the discretized Lyapunov functional
method, and the use of Bessel-Legendre inequality as well as the use of Legendre polynomials as basis for the discretization,
have been developed in the literature [36], [37]. In the following, only one of the results will be presented. In particular,
Theorem 1 presents the stability result that has been derived in [37].

Theorem 1 ( [37]): For a given N and a constant delay T, assume that there exist a matrix Py € S( N+1)n and two
matrices S, R € S such that

Py =0, ifN =0

0
On(r) = Py+1 5 . =0, ifN>0
(2N —1)S
T| R
I'n(0) 3R I'n(0)
DN (1) = Pro(T) - : N : <0
T (N) ’ (ON + )R I'n(N) (34)

D no(7) = He (G (1)PvHy) + Sy + (7)?FY RFy
Sy = diag {S, —S,0nn}
Sy = diag{s,3S,...,(2N +1)S}
Fy=[ 4 A1 Onnn |

_ In On On,nN
GN(T) - |: OnN,n OnN,n TInN :|
Hy = [F TH(0) TR (1)...TR(N — 1)
where U (k) for all k =0, ..., N are defined as follows:
Iy(k) = [ —1], if N=0
MWTU T ()M AR LN ), if N>0

o @i+ (A= (=DFY), i<k
TNEZ 0, ifi>k

}T

(35)

The stability intervals of the retarded TDS with a single delay (eq. (33)) are the values of time-delay for which eq. (34)
is satisfied.
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V. ROBUST STABILITY ANALYSIS

For real-world applications, it is practically impossible to describe a system precisely. Uncertainties in the linear system
representation occur due to many reasons. These include approximate or incorrect knowledge about certain parameters in the
system. Another source of uncertainty is the linearization of system dynamics; some parameters may be time-varying because of
nonlinearities in the actual system dynamics or because of different operating conditions. Furthermore, the limited measurement
accuracy of sensors introduces uncertainties in the signals in the system. In some situations, despite having accurate insight
about the plant model, it may be preferred to deal with a deliberately simplified version of the model and to represent the
parts that were neglected with uncertainties [38].

Considering the inevitable presence of uncertainties in practice, it is important to make the analysis robust to such
uncertainties. It should be noted that, in the case of TDSs, uncertainties may arise in two main ways: either as uncertainties in
the coefficients or as uncertainties in the time-delay parameters themselves. For the case of the problem analyzed in this thesis,
the research aim is to determine the time-delays for which the stability of the control system is ensured while considering
uncertainties in the knowledge about the modelled parts of the system, rather than assessing the stability for time-delay intervals
that are known a priori. Therefore, in this article, the concern is with uncertainties in the coefficient matrices (in the case of
the time domain) or the coefficient vectors of the quasipolynomials (in the case of the frequency domain).

A. Preliminaries

Because of their relevance to the methods that will be discussed in section V-B, two preliminary concepts will be explained.
Those are the concept of uncertain quasipolynomials and that of the value set.

1) Uncertain Quasipolynomial

Consider the quasipolynomial defined in eq. (36).

fA) = Zzaji/\n_je_TiA = Zpi()\)e””‘ where O0=1p <71 <...<Tm (36)
j=0i=0 i=0
There are two vectors defined in association with the equation of the quasipolynomial in eq. (36): the coefficient vector
shown in eq. (37) and the exponent coefficient vector seen in eq. (38) [22].

a= (a007"'7a0n7a10;'~~7a1na"'Jamn) (37)

r=(ri,r2,..., m) (38)

In the case of uncertainties, where the uncertain parameters belong to some uncertainty bounding set (Qr, the result is a
family of uncertain quasipolynomials, denoted by F":

F ={f(s,a,r)|(a,r) € Q} (39)

However, as previously mentioned, uncertainties in the time-delays will not be considered. Only the cases where there are
uncertainties in the coefficient vector a will be of concern in this thesis. Thus, the elements of the coefficient vector may be
in terms of a number of uncertain elements, where such uncertain elements shall be denoted by ¢;.

2) Value Set

The value set is an important tool for the robust stability analysis of uncertain functions. However, before explaining why
it is such an important concept, a definition of the value set will be presented, in the context of uncertain quasipolynomials.
Informally stated, the value set is the range of an uncertain function at a particular imaginary frequency.

Definition 2 (Value Set [22]): The value set of a family of quasipolynomials F is defined according to:
Vi (Xo) ={f (X)) |f € F} (40)

where \g is a complex number and specifically a pure imaginary complex number at which the value set is evaluated.

One particular reason why the value set is considered to be important is that it is needed to check for the zero-exclusion
principle which is one of the more general principles that are applicable across the different uncertainty structures in the
hierarchy, and which will be explained in the following subsection. Moreover, since the zero-exclusion principle has been
instrumental to the derivation of several other theorems, the value set, by extension, can be needed to check the conditions of
other theorems as well, as is the case, for example, for the Finite Inclusions Theorem. Another important, and often convenient,
property of the value set is that it is always two-dimensional, irrespective of the nature of the uncertain function or of the type
of uncertainty structure involved.
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B. Robust Analytic Curve Frequency Sweeping Approach

1) Affine Uncertainty Structure

The edge theorem was originally developed for the stability of uncertain polynomials that have an affine uncertainty structure.
This theorem was later extended to the case of retarded uncertain quasipolynomials by Fu et al. [39]. These results were further
extended to the case of neutral TDS by the same researchers [40].

The theorem states that when the system can be described as a polytopic family of quasipolynomials, the stability of that
family can be deduced from the stability of the edges of its polytope. Specifically, the family is stable if and only if all the
edges of the family are stable.

Given the affine uncertainty structure, the quasipolynomial describing an edge can be determined from the linear combination
of two vertex quasipolynomials pertaining to a particular edge, denoted by fo(s) and f1(s). This is shown in eq. (41).

Ju) = (1= W fo(N) + ufi(A), where € [0,1] 1)

In the literature, Tuzcu et al. have used the edge theorem to extend the stability analysis approach based on the direct method
to the case of TDS with polytopic uncertainty [41]. Along this line of research, it was interesting to attempt to extended the
analytic curve frequency sweeping approach with the edge theorem. As the analytic curve frequency sweeping approach is
more general than the direct method, this extension will lead to a robust stability analysis technique in the frequency domain
that is applicable to the wider group of TDSs, consisting of TDS with commensurate delays. To the knowledge of the author,
this had not been previously presented in the literature. This extension has been made and its results will be presented in this
article.

There exist graphical methods for checking the stability of a TDS with affine uncertainty. One such test has been proposed
by Fu et al., which allows to verify the results that are obtained based on a robust stability analysis method applied to a system
with polytopic uncertainty. The theorem reads as follows:

Theorem 2 ( [39]): Consider a polytope of n-th order (real or complex) quasipolynomials P. E1, Es, ... FE; are used
to denote the edges of P and pro(X\) and pg1 (M) to denote the vertix quasipolynomials of Ey,. Then, P is stable if and
only if the following two conditions apply for every Ey, 1 < k < t:

o the frequency response plot of pro(jw)/(jw + 1)™ does not enclose the origin.

o the plot of zk;dzg does not cross (—o0, 0] (the non-positive part of the real axis).
where n is is the order of the principal term.

2) Multilinear Uncertainty Structure

In the case of multilinear uncertainty structure, vertex and edge results cannot be used for studying the robust stability of
uncertain functions with multilinear uncertainty. For example, it may be the case that the system is stable for the parameters
on the edges of the uncertainty bounding set. However, there may still be a point in the interior of the uncertainty bounding
set such that the system is unstable.

This problem can be dealt with using the mapping theorem, which states that for a set of uncertain parameters g; (the set
of which is denoted by Q) and a multilinear function f, such that f(Q) = {f(q) : ¢ € Q}, the convex hull of f(Q) is equal
to the convex hull of the set {f(g;)} [42]. Such overbounding of the value set with a convex polytope means that the edge
theorem can now be applied to the overbounded value set.

It should be noted that this solution comes at the cost of conservativeness. This means that the stability of the overbounded
region is only sufficient for the stability of the actual range of the uncertain quasipolynomial. Hence, if the case where the
overbounded system is unstable is encountered, then a conclusion cannot be made about the stability of the system.

3) Polynomic Uncertainty Structure

As in the case of dealing with a multilinear uncertainty structure, here too, the problem has to be transformed into that
of analyzing the stability of an uncertain system with an affine uncertainty structure, in order to be able to apply the edge
theorem.

It has already been established that a system with multilinear uncertainty can be overbounded with a system of an affine
uncertainty structure. Thus, for the case of a system with polynomic uncertainty, only the means to transform a system with
a polynomic uncertainty structure to that of a system with a multilinear uncertainty structure needs to be found. The solution
to this problem, in the case of uncertain polynomials, is the following theorem which was proposed by Sideris and Sanchez
Pena [43].

Theorem 3 ( [43] as seen in [42]): Consider the family of polynomials P = {p(-,q) : ¢ € Q} with p(s,q) having
polynomic uncertainty structure and uncertainty bounding set Q which is a polytope. Then there exists a second family
of polynomials P= {p(,q) : g € Q} such that p(s,q) has multilinear uncertainty structure Qisa polytope and

P="P (42)
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Although this theorem has been developed for families of polynomials, this theorem may also be used to obtain an
overbounding set of the polynomic family of quasipolynomials. The reason for this is that a quasipolynomial is the sum
of the product of polynomial and exponential terms. Thus, if the polynomic polynomials are transformed into equivalent
polynomials with a multilinear structure, then a quasipolynomial with multilinear uncertainty is obtained.

Remark 1 (Refinement for Tighter Bound on the Value Set): Note, how in the construction of the convex hull, the
relations that occur between the variables that are introduced because of Theorem 3 are not accounted for. In order to
heed this dependence, a concept from interval analysis which is refinement can be used.

VI. EXAMPLE: INDI CONTROL OF A DAMPED PENDULUM

The forced pendulum with friction is modeled by eq. (43).

b, l

Ye + Lllg sinf =u (43)
where 6 denotes the angular deflection of the pendulum (reference chosen to be the bottom position), u is the input to

the system, I is the moment of inertia of the pendulum, b is the damping coefficient of the pendulum, [/ is the length of the

pendulum, and m is the mass of the pendulum. This second order equation, eq. (43), can be transformed into a system of two

first-order equations. By setting z1 = 0 and zo = 0, eq. (44) is obtained.

6+

L1 = T2
b mgl (44)

Tog=U— =Ty — mgt sin(x1)
I I

Linearizing this system of equations about (x1 9,22 0) leads to the following system of equations:

.7,:1 = T2
. b mgl mgl (45)

Lo =u — T.’Iig -1 sin(xy) — Tg -cos(x1,0) (1 — Z1,0)

It can be seen from eq. (45) that x2 ¢ gets canceled in the linearization process and that only the remnant x; ¢ is relevant for
the linearized dynamics. In order to perform IO linearization, a suitable choice of the output variable needs to be made. An
important concern related to making this choice are the internal dynamics. Specifically, the choice of output should ensure that
the control system either does not have any internal dynamics or if it does, that the internal dynamics are stable. To elaborate
on the importance of ensuring the latter, the presence of internal dynamics means that full controllability is not guaranteed, in
exception of the cases where it is known that the internal dynamics are stable.

First, the consequences of taking the output to be x5 are examined. From this choice, it can be seen that there are internal
dynamics since a single differentiation of the output equation leads to the appearance of the control input, meaning that the
relative degree of the system is equal to 1 which is less than the order of the system, which is 2.

If the output is taken to be y = z; instead, then the output needs to be differentiated twice in order for the control input to
appear, as shown below.

b
J=a1 =% =u— 7%~ g sin(zq) (46)

In this case, the relative degree is zero and the closed-loop system does not have any internal dynamics, which further means
that the system is fully controllable. As a result, the output is selected to be x;.

In INDI, linearization is performed about the current state and control input. In the case of the system shown in eq. (43),
linearizing eq. (46) followed by applying the time-scale separation principle leads to:

=90+ B(zo)Au + §(z, At) 47)

where 0(z, At) denotes the higher order terms. These terms can usually be neglected which reduces eq. (47) to:

i = vo + Au (48)

Setting the virtual control equal to ¢, eq. (48) is re-written as:

Au=v—1y (49)
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TABLE I: Parameters used in the implementation of the INDI control of the pendulum control system.

Actuator  Sensor Sensor
mkg) bkes) 1m) Ikem?) wio(ad) w20 (adls) wo (radis®) Ky kg oaf® PRATERE
0.3 0.1 1 1 0.1 0 1 25 7 sa—%o 1 1

For a tracking problem, the outer-loop linear control is again set such that stable error dynamics are obtained i.e. v =
Uref + kp(Yrer —Y) + ka(Yrey — ), which leads to the following incremental control Aw.

Au = Uref + kp(yref —y)+ kd(yref —9) — o (50)

Finally, the expression for the control law becomes:

u = AU+U0 = yref + kp(yref - y) + kd(yref - y) - Zjo + ug (51)

The block diagram of a control system that applies INDI control is shown in fig. 20. Based on this structure and the
manipulation of transfer functions, it is possible to obtain the closed-loop formulation for the system dynamics in the frequency
domain, for which later a time-domain realization is set up.

In the following, the stability analysis of the INDI-controlled damped pendulum will be discussed, specifically, a pendulum
control system whose parameters are shown in table 1. First, the analyses in the frequency domain will be discussed. This is
followed by a discussion on the analysis in the time-domain. A number of simulation tests verify the results. Thereafter, the
robust stability analysis is discussed, both in the frequency and in the time-domain.

1) Direct Method and Analytic Curve Frequency Sweeping Approach

In the following, two frequency domain techniques will be used to analyze the stability of the control system at hand.
Besides the analytic curve frequency sweeping approach, which was the chosen method for stability analysis in the frequency
domain and which was discussed in section IV-A, another method in the frequency domain will be applied which is called
the direct method. This method is specific to systems with a single delay; therefore, it is less general than the analytic curve
frequency sweeping approach [44]. However, as the example considered is a TDS with a single time-delay, the application
of the direct method can serve as additional verification of the results obtained. In the following, the discussion commences
with the application of the direct method. After that, the application of the analytic curve frequency sweeping approach to the
pendulum control system is discussed.

The core of the direct method is to eliminate the exponential term that appears in the characteristic equation of the TDS
with a single delay whose form is as that of the characteristic equation shown in eq. (52).

PN +Q\) e =0 (52)
If eq. (52) is rearranged, this leads to eq. (53).
—T-A 7P(>\)
o = 53
TPy ey

Since the interest is in the intersection with the y-axis in the pole-zero map, then X can be replaced by jw, and ||e~77¢||
is equal to 1. This leads to the magnitude equation shown in eq. (54).

[1P(w)l=llQ(jw)l[= 0 (54)

Since the solution of the magnitude equation will be the , then those solutions are the critical angular frequency values,
each denoted by wc ;. For the case of the pendulum control system considered, this leads to two CIRs which are 1.3207 rad/s
and 2.0534 rad/s. Actually, it should be noted that there will be crossings at -1.3207 rad/s and -2.0534 rad/s as well, due to
symmetry property of the spectrum. However, for a simpler discussion, only the positive frequencies will be considered, and
this simplification will be accounted for in the part concerning the determination of the number of unstable roots for different
time-delay values [28].

After having determined the CIRs, it is possible to proceed to solving for the critical time-delays. For that, the argument of
e~ 7J% is used, since that yields the product of the CIR and the critical time-delay as shown in eq. (55).

arg(e TI¥CH) = —1 - we (55)

In order to obtain an expression for the critical time-delay, another expression for the argument of e~7/% is needed. It can
be obtained by applying the argument operator on either side of eq. (53). Thus,
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arg(e”"I¥Ci) = arg <m> + 27k (56)

By combining eq. (55) and eq. (56), eq. (57) is obtained.

1 . —P(jwe,)
[y <arg< Q(jwei) ) * QWk) e

Evaluatingeq. (57) at wc,1 = 1.3207 rad/s and wc o = 2.0534 rad/s leads to the following expressions for the critical
time-delays:

Twe1=1.3207 radls = —2.216270 + 4.757412 - k (58)
TUJC)2:2.0534 rad/s — 0305067 + 305984]. -k (59)

It is known that for TDSs, for every critical frequency wc ;, there correspond infinitely many critical time-delays, and this is
clear here because of the presence of the variable k.

With the expressions for the critical time-delays obtained, it remains to determine the stability intervals. This consists of
three main steps, the first of which is determine the number of unstable roots when the time-delay is zero. The step that
follows is to determine the Crossing Direction of Imaginary Root (CDIR) associated with the critical roots. Finally, the critical
time-delays are sorted in increasing order, and the book-keeping of the number of unstable roots is performed for the intervals
between the critical time-delays. This is done based on the determined CDIRs.

Thus, first, the stability of the control system without any time-delays is studied. For the case of the pendulum control
system, based on the input values mentioned above, the 3 roots obtained at 7 = 0 are: -19.71 rad/s, - 0.1963 - 2.013i rad/s,
and - 0.1963 + 2.013i rad/s. These three roots are all stable, therefore the starting count for the number of unstable roots is
Zero.

The CDIR can be obtained based on eq. (25) and eq. (26) which for convenience is repeated in eq. (60). As mentioned in
section IV-A2, this is only applicable when the CIRs are simple [45], [46].

CDIR = sign [CD\} = sign [—fT} (60)
dT A=wc,; A A=wc,i

Moreover, as discussed in section III, according to the invariance property, for all critical time-delay pertaining to a certain
crossing-frequency, the crossing direction will be the same [28]. For the case of the pendulum control system, based on
eq. (60), the CDIR corresponding to 1.3207 rad/s is -1. That is, whenever there is a crossing at 1.3207 rad/s, if the time-delay
is increased further this particular pole will move to the left-half plane. As for the critical angular frequency 2.0534, the CDIR
is +1.

With the CDIRs established, it remains to perform thorough book-keeping of the number of unstable roots. The time-delay
intervals based on the sorted sequence of critical time-delays are shown in the first column of table II. The starting score is
equal to the number of unstable roots when there are no delays in the systems, which was determined to be zero. For the result
of the scores, every time a critical time-delay with a CDIR of +1 is encountered, the score is increased by 2 (this corresponds
to a +1 for the positive frequency crossing and another +1 for the conjugate CIR). Conversely, when a critical time-delay with
a CDIR of -1 is encountered, the score is decreased by 2. This leads to the scores shown in the second column of table II.

For the pendulum control system, the results of this final step are shown in the right column of table II. From this table as
well as fig. 3, it can be seen that the number of unstable roots, denoted by NU, is zero for the time-delay intervals [0,0.305069]
and [2.541144, 3.364915] seconds which are the stability intervals. This concludes the discussion on the application of the
direct method to the pendulum control system, and in the following, the use of the analytic curve frequency sweeping approach
to the pendulum control system will be discussed.

As mentioned in section IV-A, frequency sweeping can be used to determine the critical angular frequencies either graphically
or programmatically. In order to perform frequency sweeping, it is required that the variable z replaces the expression e~ 7"*
in the characteristic quasipolynomial, and that the variable A is replaced by jw. For the pendulum control system, this leads
to the bivariate equation of the form shown in eq. (61).

co+01-jw+62-z+03-jw~z+04-(jw)2+05~(jw)3:() (61)

The frequency sweeping curves are constructed by “sweeping” the frequency, and at each frequency, substituting in eq. (61)
computing the values of z, and plotting the magnitude of that. In the case of the pendulum, there is only one frequency
sweeping curve which has two intersections with I' = 1. The curve is shown in fig. 4, and it is clear from this curve that the
two intersection points are at 1.3207 rad/s and 2.0534 rad/s. This is in alignment with the CIRs obtained in the analysis based
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TABLE II: Stability Sequence for Pendulum 8-
Control System
L
Critical Time-delay Intervals (s) \ Number of Unstable Roots p
[0, 0.305069] 0
[0.305069 , 2.541144] 2 sk
[2.541144 , 3364915] 0
[3.364915 , 6.424762] 2 D af
[6.424762 , 7.298558] 4 '
[7.298558 , 9.484609] 2 3b
[9.484609 , 12.055972] 4
[12.055972 , 12.544459] 2 2
[12.544459 , 15.604303] 4
[15.604303 , 16.813387] 6 1H
[16.813387 , 18.664149] 4
[18.664149 , 21.570801] 6 % 5 10 15 2 %
[21.570801 , 21.723996] 4 t(s)
[21.723996 , 24.783843] 6
[24.783843 , 26.328215] 8 Fig. 3: Plot of the number of unstable roots versus time for the considered
[26.328215 , 27.843690] 6
pendulum control system.
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Fig. 4: Frequency sweeping curve for the pendulum control system

on the direct method. Moreover, the associated critical time-delays are obtained in a similar fashion to the way in which they
were determined for the case of the direct method.
As for the asymptotic behaviour, it can be determined based upon constructing and analyzing the Puiseux series at a each
critical imaginary pair. The procedure to obtain the Puiseux series is an implementation of the pseudocode shown in algorithm 1.
For the critical imaginary pair (1.3207j,- 2.216270 + 4.757412 - k), the following series is obtained:

AN = (—0.246395 — 0.284083 - j) - AT + o( A7) ©2)

Since A7 in eq. (62) does not have a fractional power, the series is in fact a special form of the Puiseux series and is in fact
a Taylor series. This is expected because the critical roots are simple. Moreover, based on this Taylor series, it can be seen
that a small positive increase in 7, i.e. A7 = +¢ leads to a decrease in the real part of A which means that the CDIR is -1.
As for the critical pair (2.0534,0.305067 + 3.059841 - k), the following series is obtained:

AN = (0.665318 — 0.123293 - j) - AT + o(AT) (63)

Here, again, since the CIR is a simple root, the series in eq. (63) is a Taylor series. Moreover, based on this obtained series,
it can be seen that, for A7 = +e¢, the real part of AX will be positive, which means that the CDIR is +1.

This can also be verified by examining the frequency sweeping curves. From the curve in fig. 4, it can be confirmed that
the CDIR is -1 for we; = 1.3207 rad/s and the CDIR is +1 for wc 2 = 2.0534 rad/s. This is deduced based on the slope of
the curve at their intersection with the horizontal line I' = 1, whereby a positive slope corresponds to a CDIR equal to +1,
and a negative slope corresponds to a CDIR equal to -1.

Since the obtained CIRs and the critical time-delays are the same, the stability sequence will also be the same, and the same
stable time-delay regions are obtained: [0,0.305069] and [2.541144, 3.364915] seconds.
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2) Time-domain Analysis

Now, the time-domain approach will be used to further verify the results that were obtained from the frequency domain
analyses. Specifically, the matrix inequalities described in eq. (34) and eq. (35) will be used. They are used to study the stability
of systems of the form:

{ i(t) = Agz(t) + Ayx(t —7), V>0 (64)

z(t) = P(t), Vt € [—1,0]

Thus, the matrices Ay and A; have to be determined for the pendulum control system. As it is easier to determine the overall
system representation for an LTI system in the frequency domain, the characteristic equation of the pendulum control system
(that had been already determined for the above analyses) is used to obtain an equivalent description in the time domain, which
entails applying the inverse Laplace transform to the control system’s characteristic equation. The obtained delay-differential
equation is of the form shown in eq. (65), with a; ...as and by, b; being the appropriate coefficients.

T+ag-x+ar-T+as-Z+by-x(t—7)+b-2(t—7)=0 (65)

It is clear from the structure of eq. (65) that the pendulum is a retarded type TDS. The highest order of the derivative of x
without time-delay is 3; whereas, the order of derivative including a time-delay is 1. Since the former is strictly greater than
the latter, the system is a retarded system.

In order to obtain a state space representation from the differential equation eq. (65), a state vector denoted by z = [a:, z, x] T
is proposed. Re-writing eq. (65) in terms of Z leads to eq. (66).

Z =AgE+ AE(t—7)
[0 1 0
Ay =10 0 1
a0 —a1 —as (66)
[0 o0 o0
A, =0 0 0
|—by —bi 0

Since eq. (66) has the form that is suitable for the stability results in eq. (34) and eq. (35), it is possible to proceed to the
step of solving for the matrix inequalities for the determined Ay and A; matrices of the pendulum control system. Although,
an efficient way to solve those matrix inequalities (which happen to be bilinear matrix inequalities) has not been found, it is
still possible to check the feasibility of the solution of the matrix inequalities for different values of time-delay.

a) Checking for the first interval [0,0.305069]s

The correctness of the first stability interval, [0,0.305069]s, can be verified by checking the feasibility of the solution of
the matrix inequalities in eq. (34) and eq. (35) for the entirety of this interval. Moreover, once the limit of the first interval
is reached, the set of matrix inequalities no longer has a feasible solution, not until the second stability interval. This is clear
from fig. 5, where the residuals of V and V constraints both reach zero at what is visibly around 0.305 s.

For finer results on the upper bound of this stability interval, starting with 7 = 0.3s and taking increments of 0.0001s, the
matrix inequalities are feasible up to 0.3050s. N > 1 is sufficient to obtain this result. If the steps are taken to be 0.000001,
N> 3 is sufficient to obtain 0.305068 as the largest number that makes the matrix inequalities feasible (for the first stability
interval). The value of N that is sufficient to obtain a certain precision is also dependent on the constraints set for the matrix
inequalities.

b) Checking for the second interval [2.541144,3.364915]s

A similar procedure is applied to check the second stability interval. To do so, checking the feasibility of the matrix
inequalities is broken down into two tests. Both tests start by checking the feasibility of some interior point for the interval,
say 3s. One test would apply delay decrements to this initial starting delay, and the other would apply delay increments.
The results of those tests in terms of constraint residuals, for the Lyapunov functional constraint and the Lyapunov functional
derivative constraint, are shown in fig. 6 and fig. 7, respectively. It is seen from fig. 6 that the solution of the set of matrix
inequalities does not have a feasible solution for values that are smaller than around 2.54s (and which are larger than 0.305069s)
because the V constraint residual had already reached zero at this limit. In fig. 7, it is seen how the plots of the constraint
residuals terminate at around 3.365s.

To attain the bound 2.541144s with a precision of 6 decimal points (2.541144s as 2.541143s is already in the infeasible
region), if one starts with a value larger than 2.541144s and takes decrements with step size 0.000001s, the value of 2.541144s
is attained with N> 8.

The bound 3.364915s can be checked in the same manner that was used for the upper bound of the first stability interval,
through delay increments. To attain a value of 3.364915s, N> 8 is needed.
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Fig. 5: Plot showing the evolution of the constraint residuals for the Lyapunov functional condition and the Lyapunov functional
derivative condition.
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Fig. 6: Plot showing the evolution of the constraint residuals for the Lyapunov functional condition and the Lyapunov functional
derivative condition.
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Fig. 7: Plot showing the evolution of the constraint residuals for the Lyapunov functional condition and the Lyapunov functional
derivative condition.

3) Verification with the Simulink Model
Based on simulations of the control system considered (at a rate of 10,000Hz), to a O reference signal (stabilization), leads
to the system responses which are shown in fig. 8a, fig. 8b, fig. 8c, fig. 8d, fig. 8e, fig. 8f, fig. 8g, and fig. 8h. From those
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results, the system appears to be stable for the cases of 7 = 0.1s (see fig. 8a) and 7 = 3s (see fig. 8e), and it appears to be
stable for 7 = 0.32s, 7 = 2s, 7 = 4s, and 7 = 6s. Based on fig. 8d and fig. 8f, it appears that the system is on the verge
stability/instability for the cases of 7 = 2.55s and 7 = 3.365s.

These results concur with the stability intervals obtained. It should be noted that the reddish hue in those plots indicates that
there has been an onset of increase in amplitude that continues till the end of the plot (although it has only been indicated for
the top part of the plots).

Remark 2 (Case of Neutral Time-delays for the Pendulum Control System):

It has been discussed that in order to obtain a neutral TDS, the polynomials pertaining to each of the delayed parts
and the non-delayed parts have to have the same order. In order to investigate the possibility of such occurrence for
the pendulum control system, the symbolic expression of the characteristic equation of the pendulum control system is
investigated:

(10 N tfactuatm“ : )\ + 100 -1 - tfactuator : >\2 —100-1 - tfactuator : )\2 : tfsensorl + 981 - tfactuator : l -m - COS(xLo)

—100 - I- Kp . tfactuator : tfsensor2 — 100 - I- kd : tfactuator “A- tfsenso’rQ) . e(—/\-‘r

—100-7-2A* —10-A—981-1-m-cos(w1,9) =0

(67)

Based on the expression on the left-hand side, the order of the non-delayed part which is the expression —100- 1 - \? —
10-A—981-1-m-cos(x1,0) is 2 and cannot be affected by the symbolic parameters, because the parameters involved
in this expression take scalar values. Thus, in order to obtain a neutral TDS, the “delayed” expression has to have the
same order which is 2. It can be seen that in order to obtain this order, at least one of the N> terms appearing in the
expression has to remain. Since the transfer function of the actuator appears in both these terms, then it becomes clear
that the actuator dynamics cannot be represented by a strictly proper transfer function. The only means for this system
to be neutral is for the actuator to have a biproper transfer function, where the number of zeros is equal to the number
of poles. This is usually not the case encountered, as actuator are often modeled with strictly proper transfer functions,
usually as first or second order transfer functions. One may assume however that for an overall system with a different
structure, having neutral delays may be possible for the pendulum control system. In any case, it should be noted that
if sensor 1 is ideal, then the terms involving A2 will cancel out. Thus, some dynamics need to be taken for this sensor.
As for the dynamics of the second sensor, they have no influence on the resulting type of TDS. For now, the discussion
on the neutral time-delays is reserved for the second of the presented examples, which is that of the INDI-controlled
short period dynamics, where this type of delay has "naturally” occurred. The reason for that is the difference in the
transfer functions of the pendulum model and that of the short period dynamics. In the case of the pendulum control
system, its transfer function has a relative degree 2, with the denominator being a second order polynomial and the
numerator being 1. As for the short period dynamics, they have a relative degree of one because the numerator is a
first order polynomial and the denominator is a second order polynomial.

A. Robust Stability Regions in the Delay Space of the Pendulum Control System

In order to discuss robust stability, first, the type of uncertainty structure that the control system possesses needs to be
determined. To establish the type of uncertainty structure, where and how the uncertain parameters appear in the characteristic
equation need to be determined. That is why, the symbolic expression for the pendulum control system, which is shown in
eq. (67), should be examined.

1) Uncertainty in the Length

If uncertainties in the length of the pendulum are considered, it can be seen from the symbolic expression for the
characteristic quasipolynomial of the pendulum control system shown in eq. (67) that the uncertainties appear in two terms in
the quasipolynomial: (981 -  fuctuator - L - m - cos(z1,0))-e*™ and —981-1-m-cos(x1 o). This means that there is a dependence
between the expressions, and in this case, there is an affine uncertainty structure. Thus, it is possible to make use of the edge
theorem in the robust stability analysis of this uncertain system.

As an example, if 1 is no longer equal to 1m and can take any value between 0.8m and 1.2m, then, based on the analysis
based on the analytic curve frequency sweeping approach combined with the edge theorem, the stability regions become:
[0,0.3030]s and [3.0807,3.1745]s. This a region that is within the original one: [0,0.3051]s and [2.5411, 3.3649]s.

The robust stability analysis can be done in the time-domain as well. In this particular case, the system matrices have the
following structure:

0 1.0 0
0 0 1 (68)
—58.5660 -1 —2.9283-1—-2.0 —-20.1
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Fig. 8: Plots of the response of the pendulum control system, shown for the first 20 s, for different time-delays.
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Fig. 9: Stability intervals obtained along the four edges of the polytopic family of quasipolynomials.

Clearly, the matrices are polytopic in the length parameter. Thus, it is possible to analyze the vertices of the polytope for
the stability of the uncertain system. Specifically, there are two vertices here. In the case of the first vertex, the following
stability intervals are obtained: [0,0.30304]s and [3.08075,3.59968]s. In the case of the second vertex, the stability intervals
are [0,0.30698]s and [2.2225,3.17448]s. Clearly, the intersection of these two stability intervals are the intervals which had
been determined from the analysis in the frequency domain as well.

2) Uncertainty in the Mass and Length

As for the case of uncertainties in both the mass and the length, it can be seen from eq. (67) that the mass and length variables
both appear in the same two expressions mentioned before. This means that despite there being two uncertain variables, since
they are always multiplied together, it is possible to think of m-[ as a single uncertain variable, which means that the ucnertainty
structure is effectively affine or polytopic, in this case as well.

For the case when the mass take any values between 0.25 and 0.35 kg (thus 1 belongs to the range [0.8,1.2]Jm and m belongs
to the range [0.25,0.35]kg), the resultant stability region based on the analysis that assumes polytopic uncertainty is the region
[0,0.3016]s. In this case, the enlargement of the uncertainty set has completely eliminated the second stability interval.

The plots of the evolution of the stability regions over the edges are shown in fig. 9a fig. 9b fig. 9c, and fig. 9d. Combining
these plots leads to fig. 9e.

The stability interval obtained based on the grid approach is [0,0.3016]s. It is clear that increasing the mass has a more
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dramatic effect on the size of the robust stability intervals.

0 (rad)

Fig. 10: Pendulum control system response curves for different values of 1 and m such that | € [0.8,1.2]m and
m € [0.25,0.35]kg, showing that the system is still robustly stable at 7 = 0.3s.

B. Stability Regions in the Delay Space of the Pendulum Control System including Zero-order Hold

In this case, the control system is assumed to have the block diagram shown in fig. 21. From the analytic curve frequency
sweeping analysis, the result for the system based on the parameters in table I and a sampling period if 0.1s is that the system
is hyperbollically stable. That is, the system is always stable irrespective of what the feedback delay is. There are no resultant
CIRs, and there are no unstable roots when there are no delays in the system. This is verified by the frequency sweeping curve
shown in fig. 15a, from which it is clearly seen that the curve approaches the horizontal line at 1 but there are no intersections
with it.

However, when the sample period is increased to 0.2s, the hyperbolic stability is lost, and instead, there is now a finite
number of stability regions. The frequency sweeping curve for this control system is shown in fig. 15b, and it shows that
there are two CIRs. Applying the analytic frequency sweeping approach leads ultimately to the following stability regions: [
0, 0.5804]s, [ 1.5898, 4.1460]s [ 5.3817, 7.7116]s, [ 9.1736, 11.2772]s, [ 12.9655, 14.8428]s, [ 16.7574, 18.4084]s, [ 20.5493,
21.9740]s, [ 24.3412, 25.5396]s, [ 28.1330, 29.1052]s [ 31.9249, 32.6708]s, [ 35.7168, 36.2365]s, [ 39.5087, 39.8021]s, and
[ 43.3006, 43.3677]s.

As for the case when the sampling period is 0.5s, the resultant frequency sweeping curve is the one shown in fig. 15¢, and
the stability regions are [ 0, 0.1485]s, [ 1.8697, 3.5010]s, [ 5.9657, 6.8534]s, and [ 10.0617, 10.2058]s.

It is clear that as the sample period is increased, the number and size of the stability regions decrease. These obtained results
have also been verified with simulations based on the Simulink@®model of the control system which is based off the structure
of the block diagram shown in fig. 21.

VII. EXAMPLE: INDI CONTROL OF SHORT PERIOD DYNAMICS
The dynamics of the short period eigenmotion are shown in eq. (69).
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Fig. 11: Pendulum control system response curves for Fig. 12: Pendulum control system response curves for
different values of 1 and m such that [ € [0.8,1.2]m different values of 1 and m such that [ € [0.8,1.2]m
and m € [0.25,0.35]kg, showing that the system is still and m € [0.25,0.35]kg, showing that the system is still
robustly stable at 7 = 0.3s (Profile view). robustly stable at 7 = 0.3s (Zoomed profile view).
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Fig. 13: Pendulum control system response curves for Fig. 14: Pendulum control system response curves for
different values of 1 and m such that [ € [0.8,1.2]m and different values of 1 and m such that [ € [0.8,1.2]m and
m € [0.25,0.35]kg, showing the onset of instability for m € [0.25,0.35]kg, showing the onset of instability for
7 = 0.302s (Profile view). 7 = 0.302s (Zoomed profile view).
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(a) Frequency Sweeping Curve for the pendulum control system (b) Frequency Sweeping Curve for the pendulum control system
with the zero-order hold filter at a sampling period of 0.1s with the zero-order hold filter at a sampling period of 0.2s
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15 2
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(c) Frequency Sweeping Curve for the pendulum control system with the zero-order hold filter at a sampling period of 0.5s

Fig. 15: Frequency Sweeping Curve for the pendulum control system with the zero-order hold filter at different sampling
periods.

CZa + (Cza - 2”0) Dc OZq + 2,uc a_ _ _Czae [ 5 :l
Cono +CmgDe Oy = 2ucK3De || 4 | 7 [ ~Cimy, |15 (69)
. | €z —2p) 0 Dea | _ | [ Cz, Cz, +2pe a ], [ ~Cz. 6]
Cmd _2MCK§2’ chv - Cma Cmq % _Cmée e

Given that D = £, eq. (69) becomes:

|: (Cza72ﬂc_>'€ 0 :| l:
Ch, - % —2,ucK32, .

My Ao By

- Cza Czq + 2/ o *Czée
]_—1-[Cm o qu]ju[_c }[66] (70)
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TABLE III: Parameters used in the implementation of the INDI control of the short period dynamics.

Cm Cm Cmq an(;e C C, C, Cz(;e E(m) V(m/S) He K% kp kd g (rad)
-043 37 -7.04 -1553 -5.16 -143 -386 -0.6238 2.022 599 1027 098 25 7 0.1

o & o & q

It is desired to write the system dynamics in state-space form, i.e. in the form shown in eq. (71).

&
{qc]—A{?‘c%B[M (7
1% v
This means that the matrices A and B must have the following entries:
——Cza _(=Czq=2pte)
_ -1 _ (L'(CZ('X_Q'HC)) (i'(czli_Z'Hc))
A = MO ’ AO - ((—C'z(-y+\2/-,u,-,)-Cma+Cmd-Czr,,) ((Q'Cmq+2'Cm‘;)'uc—cmq'Cza+C’md'CZq)
(25 (=Cza+2-pe)pe-K3) (2 & (—Cza+2-pe) pe KZ)
Cs. (72)
— —Crzat2po) &
B =M, LBy = ((*CZdJ(r(?MCZ)-CmilC‘Qd-CZ5E)

(2-%~(—Czd+2-;tc)-;tc-K?,)

Since for INDI, the lower triangular form is required, some assumptions need to be made regarding the system dynamics.
In particular, in the short period oscillation, it can be assumed that the flight path angle ~ is constant. As a result, the relation
in eq. (73) can be assumed for c.

. qc
0= = 73
v (73)
Thus, the system matrices become:
0 1
A = ((—CZE;(+2~;LC)~C77LQ+C77LQ~C'za) ((2'Cmq+2'?7”d)'ﬂc_c7nq'Czd+C7’Ld'CZq)
(2'5'(70'3@4’2'/‘0)'“0‘}(12/) (2'%‘(7czd+2'#C)'#C'K%) (74)

0
B = [((C2d+2'ﬂc)'cmée +Cm, -Czs,)
(25 (=Cza+42-pe)-pe-K3)

((=Cza+2-pc)-Cms, +Cim  -Czs,)

z . Thus,
(2 & (—C2a+2-pe) pe-K3)

This means that the control effectiveness is equal to

a1 — (2'%'(_Czd+2'MC)'NC'K)2/)
((=Cz4 +2- p.) - Cms, + Cp, - Czs,)

Moreover, the output is chosen to be the angle of attack a, which means that the matrices C and D are given by eq. (76).

(75)

c =1 9 .
D = [0}

For the construction of the close-loop transfer function of the system, the reader is again referred to the block diagram of
the generic INDI-controlled system shown in fig. 20, and the values of the parameters used for the case of this control system
are shown in table III.

As commented before, for the case considered of the INDI-control of short period dynamics, a closed-loop system which is
a TDS of the neutral type is obtained. This means that for the analysis in the frequency domain, the behaviour of the frequency
sweeping curves as w — oo has to be examined. Specifically, it is required that the frequency sweeping curve remains above
the horizontal line I"' = 1 for when w — oo, because this condition ensures the strong stability of the delay-difference operator
in the dynamics of the neutral TDS [28].

A. Stability Regions in the Delay Space of INDI-controlled Short Period Dynamics

The obtained stable time-delay interval is [ 0, 0.1080529]s, for the case of replacing « equation for the kinematics only
for the controller design. The obtained frequency sweeping curve for the control system is shown for different ranges of w
in fig. 16a and in fig. 16b. While fig. 16a more clearly shows the CIR, fig. 16b shows that the Schur-Cohn stability of the
delay-difference operator is guaranteed because the frequency sweeping curve remains above I' = 1.
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(a) Frequency sweeping curve for the INDI-controlled short (b) Frequency sweeping curve for the INDI-controlled short
period dynamics. period dynamics for w € [0, 200] rad/s.

B. Robust Stability Regions in the Delay Space of INDI-controlled Short Period Dynamics

For the robust stability analysis of this control system, the concern will be with the stability derivatives Cy,,, and Cy,,, and the
control derivative Cy,,; . Moreover, it is desired to investigate cases of different uncertainty structures. Those derivatives allow
for discussions on polytopic and multilinear uncertainty. However, since, for polynomic uncertainty, the uncertain parameter
needs to have a power that is larger than 1, another parameter needs to be considered. Specifically, the stability derivative C,,
will be considered as an uncertain parameter in one of the following illustrative examples.

Before proceeding further, the characteristic equation in terms of the parameters C.,, Cr,,, Cm 5. and Cyn,, needs to be
presented, and it is of the form shown in eq. (77).

((a1-Cpg +az - Cpy, +az-Chpy, +ay - Cfnd +as - Chn, - Ciy
+ a6 - Oy, - Crs, + a7 Oy - Cns. +ag - Cry - Cny + a9 - Cry - Crn,)
+ (a10 + a11 - Cy + @12 - Oy, + @13+ Cpy +a1a - Cy .+ @15 O - Cry. + @16 - Crny - Cry + @17 Cry, - Ci) + A
+ (+a1g - Cmg + a19 - Oy, + ago - O, + a21) - A?
Fass - N3) e N
(b1-C2. +b2 Cry - Cray + b3 Crnyy - Cois. + b4 Crayy * Cos. 4 b5+ Ciy + Coy + b6+ Cos, - Ci,)
+ (b7 - Ciny. +bg - Crny +bg - C2, +b1g - Cry, - Crg
+b11 - Crny - Ciny, +012 - Crng - Cry, + 013 - Cry - Cry + 014 - Crs, - Ciny) - A
+ (+b15 - Coy 4+ b16 - Crny, +b17 - Ch o 4 b1g - O - Cry. + 19+ iy - Oy + b20 + Cy - Cr, ) - A
+ b1 Crny - A* 4 bag - Oy, A®
)

It should be noted that, for this example a larger number of decimal points is taken in order to be able to notice the influence
of some of the uncertain parameters on the obtained stability intervals.

1) Uncertainty in C,,_,

For the case when there is uncertainty in the parameter C,,_, specifically that it belongs to [—0.6, —0.35], the resultant stability
region is reduced from [ 0, 0.1080529]s to [0,0.1077114]s. This example showcases the polytopic uncertainty structure because
the parameter C,,, appears in several places in the quasipolynomial, but it does not appear with powers higher than one in the
characteristic equation. For this analysis, the edge theorem could be readily used, and as there was one uncertain parameter,
there was one edge. Since this is an example with polytopic structure, the stability interval obtained is the actual stability
interval, and that has been verified through applying the grid approach.

2) Uncertainty in Cp,, and Cy,,

For the case when there are uncertainties in the parameters C,,_ and Cmq, specifically that they belong to [—0.473, —0.387]
and [—7.744, —6.336] respectively (which corresponds to a 10 % variation from the nominal values), the resultant stability
region is reduced from [ 0, 0.1080529]s to [0,0.1079465]s. A verification of these results is seen in fig. 17 and fig. 18. This
is another example of a system exhibiting a polytopic uncertainty structure because the coefficients Cy,, and C,  do not
appear in the same coefficients together. This means that the results obtained from the analysis based on the edge theorem are
expected to be exact, and indeed they are. The grid approach applied with steps 0.0086 and 0.1408 has also yielded the same
stability interval for first seven decimal places [0,0.1079465]s.

3) Uncertainty in Cp,,, and Cy,,.

In this example, uncertainties in C,,, and C,,, are considered, whereby C.,, € [-0.473,-0.387] and C,,, €
[—1.7083, —1.3977]. This example showcases a multilinear uncertainty structure because Cy,, and Cp,, are seen multiplied
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Fig. 17: Profile view for 7 = 0.1079s for case of Fig. 18: Profile view for 7 = 0.1080s for case of
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together in some of the coefficients of the quasipolynomials. This means that the results obtained from the analysis based on
the edge theorem are expected to be conservative.

The analysis based on applying the robust analytic curve frequency sweeping approach with increments in p equal to 0.01,
the stability interval obtained is [0,0.10656334]s. The result obtained from a grid approach, using a step of 0.0086 for C,,_
and 0.03106 for Cy,;_, leads to the stability interval [0,0.1065634]s, which happens to be equal to value determined from the
robust analytic frequency sweeping approach. This is because the range for the coefficients leads to value sets that are almost
polytopic. Indeed, the coefficients ag and b;; in eq. (67) have the same value but opposite signs, which hints at the possibility
that the contributions of the multilinear components may be canceling each other.
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4) Uncertainty in C,,

In this case, uncertainty in the value of C,,, is assumed. Specifically, it is assumed that C,,, € [—4.07,—3.33]. As can be
seen from eq. (77), C,,,, appears with a power of two in some locations in the characteristic equation. This means that, in this
example, a polynomic uncertainty structure is being dealt with.

The result of performing the analysis based on applying Theorem 3, the multilinear theorem, and the edge theorem is
[0,0.1080514]s. This is clearly a small decrease in the stability interval from the nominal one which is [ 0, 0.1080529]s. The
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effect of uncertainties in (), is small because it appears in terms where the coefficient is orders of magnitude smaller than
some of the other coefficients. Since the value sets are overbounded, it is expected that the stability interval [0,0.1080514]s
is an underapproximation of the actual robust stability region. This is clear from the example value sets of the characteristic
quasipolynomial of the short period dynamics, which shown over four figures: fig. 19a, fig. 19b, fig. 19c¢, and fig. 19d. Note
that, the value set is an arc in this case. Moreover, the application of Theorem 3 led to a quadrilateral enclosure around this
arc, and it is the edges of this quadrilateral that were used in the robust analytic curve frequency sweeping approach.

In order to check the actual robust stability regions, the grid approach is applied, with the stability analysis performed
for different values of C,,, varying between -4.07 and -3.33 with a step size of 0.00074. The result is the stability interval
[0,0.1080527]s.

VIII. CONCLUSIONS AND RECOMMENDATIONS

In conclusion, this article set out to determine the robustly stable time-delay regions of the incremental controller, INDI.
Through the use of the analytic curve frequency sweeping approach combined with the edge theorem, a suitable robust stability
analysis technique in the frequency domain has been obtained. As for the stability analysis in the time-domain, for the case
of retarded TDSs, the stability analysis has been done based on the application of the stability results presented in [37]. The
analysis of robust stability in the time-domain for the case of the sub-polytopic uncertainty is relatively easy as only vertex
results need to be checked. Moreover, the determined robust stability regions are verified through simulation. Finally, a number
of stability results for the control system incorporating the zero-order hold filter are also presented based on the frequency
approach. The effectiveness of these stability analysis methods is demonstrated through their application to a pendulum control
system and to the INDI-controlled short period dynamics.

Many recommendations can made for future research as this research is merely the beginning for such an analysis on
incremental controllers. However, a select few are promoted in the following. First, it is recommended to apply the methods
proposed in this thesis to the stability analysis of IBS-controlled systems. IBS is a sibling and competing incremental control
technique to INDI, and part of unraveling the theoretical gaps regarding incremental control is to compare those two methods.
It is particularly interesting to show how the time-delay stability regions for these control techniques compare. In reality,
incommensurate delays occur in a system. That is why, the stability results need to be extended to the case of multiple
incommensurate delays. In the frequency domain, such an extension of the analytic curve frequency sweeping approach has
already been proposed in the literature, and it is called the Iterative Frequency Sweeping Approach” [47]. As for the analysis
in the time-domain, the stability results for both the retarded and neutral cases need to be extended to the case of multiple
delays, possibly following the steps outlined in [22]. Moreover, it is recommended to derive matrix inequalities that account
for norm-bounded uncertainty because the analyses in this case can be more tractable (although more conservative) than the
robust analyses presented in this article. Finally, it is recommended to develop the time-domain stability results for the case
of distributed delays. The reason for this is that, for some control applications, distributed delays are more representative of
reality for that system. The results of the analyses based on the systems with different time-delay models are not equivalent,
and this discrepancy manifests itself in the phenomenon of quenching.

APPENDIX A
BLOCK DIAGRAMS

A generic block diagram of an INDI-controlled system with time-delays in the feedback signals fig. 20, and a block diagram
of an INDI-controlled system with time-delays in the feedback signals but that also incorporates the ZOH filter is shown in
fig. 21.
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Nonlinear Control

This chapter will give a review of the model-based nonlinear control method, Nonlinear Dynamic Inversion (NDI), as well as its
incremental form, Incremental Nonlinear Dynamic Inversion (INDI). As the main focus of this thesis is on incremental control
techniques, advancements and implementations of INDI will be provided as well.

The structure of the chapter is as follows. First, the principles of NDI will be explained in section 2.1, and the extension of
NDI into INDI, in its several variants, will be discussed in section 2.2. This section concludes with a survey of academic publi-
cations on INDI.

2.1 Nonlinear DynamicInversion

Nonlinear DynamicInversion (NDI), which is also commonly known as feedback linearization, is a nonlinear control technique.
It relies oninverting the plant dynamics in order to cancel the nonlinearities in the system, either fully or partially. As opposed
to traditional linearization techniques, NDI reaps the benefit that the linearization is usually applicable, if not globally, to a
larger region than in the case of Jacobian linearization, for instance.

The firstdiscussion is on the feedback linearization of systems in the controllability canonical form (also referred to as the
companion form). This is a good entering point for the discussions because the controllability canonical form is required for
feedback linearization. Thus, beginning with a system that is already in the “correct” form helps to intuitively convey the main
idea behind the control technique.

The discussions in the following parts on NDI get progressively more involved. After introducing feedback linearization,
the discussion that follows generalizes to the cases when the system provided is not in the controllability canonical form. Since
the form is important for the inversion of the dynamics, the means to transform the system into the companion form will re-
ceive their due attention. This discussion includes a presentation of mathematical topics such as diffeomorphisms, Lie deriva-
tives, and the Frobenius theorem.

Besides whether or not the system is in the controllability canonical form, another complication appears. Depending on
the system’s output equation, it may be the case that the input-output relation does not fully linearize the system. This means
that a part of the system is unobservable. This part is adequately referred to as the internal dynamics. The consideration of
internal dynamicsisimportant because the stability of the internal dynamics is necessary for the effectiveness of NDl in solving
the stabilization or tracking problem.

While input-state linearization is, by definition, a full linearization, i.e. one that does not lead to any internal dynamics,
input-outputlinearization accommodates the possibility that there may be internal dynamicsin the system. This makes input-
output linearization the encompassing topic among the presented topics. Being the most general of the three, input-output
linearization will be discussed for the MIMO case as well.

The structure of this section is as follows. First, the application of NDI to systems with a controllability canonical form will
be shown in section 2.1.1. Input-state linearization will be dealt with in section 2.1.2, and the mathematical concepts will first
beintroduced in thissubsection as well. Several of these concepts will be encountered again in the subsection that follows, sec-
tion 2.1.3, which discusses input-output linearization. As mentioned earlier, since input-output linearization offers the most
general discussion on NDI, the MIMO case will be covered in that subsection.

2.1.1 NDI and the Controllability Canonical Form
As previously mentioned, a convenient way to convey the gist of NDI is to discuss its application on systems that have the
controllability canonical form which is also known as the companion form. A general representation of system dynamics in
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canonical form is shown in eq. (2.1). As seen from the equation, a key feature of the controllability canonical form is that there
are no derivatives of the control input.

x" = fx)+b®)u (2.)

In order to represent eq. (2.1) in a state-space form, the equation is augmented with equations of the form x) = %x“_l)
for r < n. Thisleads to eq. (2.2).

X1 X2
d : :
dr Xn-1 Xn
Xn bx)+aXx)u

The nonlinearities thatappear in the bottom row, on the right-hand side of eq. (2.2) need to eliminated. In order to do that,
the control input is selected to have the form shown in eq. (2.3).

u=a'®Nv-bx)] (2.3)

In other words, the variable v, which is referred to as the virtual control input, is defined to be equal to the expression shown
ineq. (2.4).
vE aX)[u+bx)] (2.4)

Substituting the expression for u, eq. (2.3), into eq. (2.2) leads to the linear input-output relation shown in eq. (2.5).

X1 o1 0 - 0 X1 0 X
PR 001 - 0 X2 0 2
el : = U : +1 : lv=]| - (2.5)
T, : . : : : %
Xn—1 o o0 0 - 1 Xn-1 v
Xn 0 0 O 0 Xn 1

Thelinearization leads to the multiple integrator forminthe bottom rowofeq. (2.5), which is shown for convenienceineq. (2.6).

ddxtn =v (2.6)
After the linearization of the dynamics in the inner-loop, it remains to design an outer-loop linear controller. For stabilization
problems which are also referred to as regulation problems, the virtual control takes the form shown ineq. (2.7).
2 n-1
v:—kox—lq%—kg%—---—kn_l% 2.7)
The reason for taking this form becomes clear after substituting the expression for v from eq. (2.7) into eq. (2.6), which leads
to the closed-loop system shown in eq. (2.8).

d’x d"lx d%x

x
— +tkype1——+thky—=+ k1 — + kox=0 2.8
agn =l gen-1 da a0 @8)
It can be seen that, through as suitable choice of the gains kg, k1,-- -, k;;—1 based on linear control design techniques (such

asroot locus, pole placement, and bode plots), the closed-loop system can be made to be asymptotically stable. Consequently,
this means that the variable that needs to be stabilized tends to zero.
As for tracking problems, the outer-loop linear control takes the form shown in eq. (2.9).

d(x—x4) d? (x—xq) A" (x—x4) d'xg

=—ko(x—x4)—k -k ——kpe 2.9
v O(X Xd) 1 dt 2 ar? n-1 dr1 arh (2.9)
which leads to the following closed-loop system:
d’x  d"xy de d%e d"le d'e
- =—kpe-k1—-ky— - —kp-1——=—— 2.10
drr din R TR TE lamet T g (2.10)
Alternatively, the closed-loop system can be written in terms of the tracking error as shown in eq. (2.11).
de d" e d%e de
+kp-1——+-+lko—+ki— +kpe=0 2.M
drr T g P TER P PR @

Similar to the case of the stabilization control problem, a suitable choice of the gains [ko, k1, k2, ..., kn—1] ensures that a
stable closed-loop system is obtained and that the tracking error tends to zero.
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2.1.2 Input-State Linearization
Input-state linearization is a two-step approach. The first step is to transform the inputs and states in order to fully linearize
the system, and the second step is to design a suitable controller for the linearized dynamics. For the first step, the feasibility of
the state and input transformations requires certain conditions to be satisfied. In the following, these conditions as well as the
steps involved in the transformations will be discussed. As for the choice of the control gains, the same guidelines presented
in the previous subsection apply here again.

Consider the input-state equation, with a single input, shown in eq. (2.12).

x=1f(x,u) (2.12)

Forthe inputtransformation to be possible, the input-state equation should be affine in the control input, which is the case
for the input-state equation shown in eq. (2.13). Note that the vector fields f and g in the equation are smooth, meaning that
they are infinitely differentiable.

Xx=fx)+gx)u (2.13)

More general than the applicability of an input transformation to eq. (2.13), the input transformation is also possible for
systems of the form shown in eq. (2.14), where the scalar function ¢ is an invertible function. Note, that, here too, the vector
fields are smooth.

x=fx) +gX t[u+px)] (2.14)

The rationale behind this generalization can be seen through a replacement of the expression #[u+ ¢(x)], with some tem-
porary variable w, which returns the form of eq. (2.13). As the function w is invertible, one can design for the variable w and
then determine the control input variable u based on the relation u = Y w) - ¢ x).

Before moving on to discussing the conditions for the state transformation, the definition of state-linearization is pre-
sented to cement the previously discussed concepts and to bridge to the discussion on the conditions for state transformation.

Definition 2.1 (Input-state Linearization): The system shown in eq. (2.13) is considered to be input-state linearizable if there
is a diffeomorphism T : Q — R"™ which is applied upon the state vector to obtain the new state variables z = T(x), and if there is
a nonlinear input transformation given by eq. (2.15)

u=aX +pxv (2.15)

such that together these transformations lead to a linear time-invariant relation

z=Az+bv (2.16)
such that
[0 1 .0 '
0
0 0 1 0
A=} . . . b=| (2.17)
0o 0 0 .1 (1)
0 0 .0

Note, that A and b are in the linear companion form [14].

Starting with the form forthe input-state equationin eq. (2.13), the following theorem presents the conditions fora feasible
state transformation.

Theorem 2.1 (Conditions for Input-state Linearization [14]): The nonlinear system of the form considered in eq. (2.13) is
input-state linearizable if and only if, there exists a region Q such that the following conditions hold:

- the vector fields {g, adg, ..., adf”‘lg} are linearly independent in Q, where adgg denotes the Lie bracket of f and g,
the definition of which is given in Definition 2.3.
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- theset {g, adgg, ..., adf’"zg} is involutive in Q, where the involutive property is explained in Definition 2.4.

The complete proof can be found in [14]. However, for completeness, the intuition behind those conditions will be pre-
sented. Since the goal of the transformation z = T(x) is to bring the system into the controllability canonical form, it is known
that after the transformation is performed (if feasible at all), the control input u will only appear in the final equation of
eq. (2.18).

. _OTig, 0T, _
Zl_axf+ axgu—Tg

(2.18)

. 0Tug, 0T ... _
Zn = 6xf+ U=V

Since it is desired that only the last equation depend on the control input, it is known that T3, ..., T, are independent of
u, and only v depends on u. In order to simplify the notation, one may use the Lie derivatives, defined as follows.

Definition 2.2 (Lie Derivative [14]): Let h be a smooth scalar function and f a smooth vector field. The Lie derivative of h with
respect to fis a vector field that is defined according to eq. (2.19).

n
Lih=Vhf=Y ah(’f)

i=1 4

fix (2.19)

Higher orders of the Lie derivative are obtained, recursively, as shown in eq. (2.20):
LEhe0 = Lt [Lf ' ho] = V| 1§ heo | £ (2.20)

Thus, the k™" Lie derivative can be traced back to the O™ Lie derivative which is simply equal to the function whose Lie derivative it
is desired to compute, as shown in eq. (2.21).

LYhx) = h(x) (2.21)

As for the case when the Lie derivative is with respect to another vector field, the calculation goes as follows:

LgLth =V (Lih)g 2.22)

Based on this definition, the partial differential equationsin eq. (2.18) can be rewritten using Lie derivatives, and the result
isshownineq. (2.23).

L¢Ty +Lngu =T

Lo+ Lo Tou=T:
reTTenREm (2.23)
LTy + LgThu=v
Since the control input only appears in the bottom-most equation, it is deduced that:
LgTy=LgTy=....=LgTy1=0 LgTy#0 .20
LT = Tin i=1,2,....,n-1

Definition 2.3 (Lie Bracket [14]): For two given vector fields f and g, defined on R™, the Lie bracket of f and g, which is often
denoted by adyg, is defined according to eq. (2.25).

(f, gl = Vgf — Vg = Lyg — Lgf (2.25)
Moreover, higher orders of the Lie bracket are obtained recursively according to eq. (2.26).

adig=1[fad'gl i=1,2,- (2.26)
and knowing that:
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adt(.)g =g (2.27)

Equation (2.28) describes the Jacobi identity, which is one of the properties of the Lie Bracket.

Ladfgh =LiLgh—LgLth
< Vhlf,gl = V(Lghf-V(Lth)g (2.28)

The Jacobi identity can be used to rewrite the constraints in eq. (2.24) only in terms of T}, which is part of the overall dif-
feomorphism T'(x). This is done as follows.

VTf,gl = V(LgT)f- V(L T1)g (2.29)
According toeq. (2.24), LgT; =0and L¢ T = T3, thus:

VTi[f,gl = V(0 f-V(T2)g
=0-LgT> =0 (2.30)

This finding can be generalized to the resultin eq. (2.31).

VTiadfg=0 k=0,1,2,...,n-2 (2.31)

It can also be shown that this property is not valid when k=n-1, i.e.

VTiad] 'g#0 (2.32)

Together, eq. (2.31) and eq. (2.32) are the equivalent constraints to those of eq. (2.24). The resultin eq. (2.31) shows a system
of differential equations with an unknown variable which is T;. According to the Frobenius theorem, an unknown function
defined as the solution of a set of partial differential equations can be obtained if and only if the vector fields involved in this
set of differential equations are involutive. In words, the involutive property means that the Lie Bracket of any chosen pair from
the set {f,f,, ..., £} can be written as the linear combination all of the vector fields in that set. This is formally described as
follows:

Definition 2.4 (Involutive Property): A linearly independent set of vector fields {fl Ao, fm} onR" issaid to be involutive if,
and only if, there are scalar functions @k R™ — Rsuch that:

m
[£.87] 00 = 2 @u0f Vinj (2.33)

where [fl-, fj] denotes the Lie bracket of f; and £ ;.

If the conditions for input-state linearization, according to the theorem, are satisfied, it follows to try to find T; such that
eq. (2.31) and eq. (2.32) are satisfied. Moreover, from the feasibility analysis presented above, it can be deduced that the state
transformationisz = T(x) = (T1 Ly Ty - -L;_l T1)T, and the input transformation is of the form:

u=aX+px- v (2.34)
where:
Lszy
=— 2.35
*®) LgLl™ 'z @39
1
= 2.36
Bx) LI s (2.36)

As mentioned in the introduction of this section, input-state linearization is a specific case of input-output linearization
where full linearizationis achieved. Lemma 2.1 formally states the relation between input-state linearization and input-output
linearization.
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Lemma 2.1 (Input-state Linearization as a special case of Input-output Linearization [14]): An n'-order nonlinear sys-
tem is input-state linearizable if, and only if, there exists a function A(x) such that the input-output linearization with A(x) as
output function has relative degree n.

This Lemma brings attention to the concept of the relative degree which is formally defined for a SISO system as shown in
the following.

Definition 2.5 (Relative degree of a SISO system): The SISO system is said to have a relative degree v in a region Q if Vx € Q

LLlh® =0 0<i<r-1

LgLi™'h(x) #0 (237

As for the case of a MIMO system, the definition is slightly more involved, and it reads:

Definition 2.6 (Relative degree for MIMO system): The MIMOsystem is said to have relative degree (ry,- - - , 1;,,) at xg if there
exists a neighborhood Q of Xg such that Vx € Q

L Lfhi®=0 0s<k<ri-1 (2.38)

and that the decoupling matrix shown in eq. (2.59) is non-singular. Moreover, the total relative degree of the system is defined
daccording to eq. (2.39).

e et Ty (239)

In the following part, the input-output linearization is discussed. It is mentioned what additional considerations need to
be taken into account in comparison with input-state linearization. Moreover, the MIMO case will also be discussed there.

2.1.3 Input-Output Linearization

As in the case of input-state linearization, the procedure for input-output linearization consists of performing state and input
transformations first which are followed by designing a linear controller for the linearized dynamics. Section 2.1.3.1 will discuss
the SISO case, and the discussion on the MIMO case which is more involved will follow in section 2.1.3.2.

2.1.3.1 SingleInput Single Output Systems

The starting point for input-output linearization is the input-state-output equations, shown for the SISO case in eq. (2.40).

x =f(x, u)

y=hx (2.40)

Similar to the case of input-state linearization, the system dynamics have to be affine in the control input u. Therefore,
input-output linearization is more specifically applicable to eq. (2.41), for the SISO case.

x=fx) +gxu

y=h® (2.47)

Since the system output information is fed back and relied upon to invert the dynamics, an explicit relation between the
inputand the output of the systemis needed. However, the output equation may notexplicitly bein termsof the input. In order
to obtain an explicit relation between the output and the input, the output equation is differentiated until the input variable
u appears. For the system in eq. (2.41), taking the derivative of the output equation with respect, according to the chain rule,
to time gives eq. (2.42).

B oh(x) . B 0h(x)

y= X X ox -(fx) + gx) w) (2.42)

Asthe derivative of a scalar function with respect to a vector is nothing else than the gradient of that scalar function relative
to that vector, eq. (2.42) is equivalent to eq. (2.43).

y=Vh{+gu) (2.43)

Making use of the definition of the Lie derivative (Definition 2.2), eq. (2.43) can be rewritten as eq. (2.44).
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V=Leh(X) + Lgh(X)u (2.44)

If Lgh(x) = 0, which means that the term involving the control input vanishes, the output equation needs to differentiated
again. Moreover, the derivative is taken repeatedly until the control input appears in the expression. A general expression for
the it derivative of the output equation is derived, and the result for that is shown in eq. (2.45).

¥y = Lih®) + LgLi ' h(x)u (2.45)

This expression hints that similar to the input-state linearization, the state transformation that needs to be performed will
involve (Ty Ly Ty -+ L}’l T1)T. However, different from the case of input-state linearization, the exponent r may have a value
that is less than n, and the remaining n — r terms of the diffeomorphism may still need to be determined. More on that is
presented in the following two subsections for each of the SISO and the MIMO cases.

Building on the fact that the order of the output derivative at which the control term appears (r) may be less than the order
of the system (n), the transformation of states that needs to be performed (from the state vector x to the state vector z) takes

the form shownineq. (2.46),

Th (x)
1> (x)

z=Tx) = T, (x) (2.46)
Tr1 ()

Ty (x)

where the functions T; (x), T> (), ..., Ty (x) are defined according to eq. (2.47).

T (x) = h(x)

T,(x) = Lrh(x) 07

T, (x) = L;‘l h(x)

and T;41(x), ..., T, (x) are chosen such that Ly T; (x) = 0 (forall r + 1 < i < n).
Applying this state transformation leads to the system shown in eq. (2.48).

21=Z2
22223

Zr-1=2Zr
z,=b@+a@u
Zry1 = qr+1(2)

(2.48)

Zp =qn(2)
where
a@) = LgL; ' h (0 = Ll R [T @], b@ = Lheo = Ly [T @) (2.49)
and

qix) =LeTix)+ Lg T;(X)u (2.50)

Similarto whatwas done earlier, it is now possible to completely linearize the first r equations by setting the virtual control
equal to the right hand side of the r*" differential equation in the system.

21 =22
22 =423

(2.51)
Zr_1=2r

Zr=v
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2.1.3.2 Multiple Input Multiple Output Systems

Inthe MIMO case, a similar discussion ensues as thatin the SISO case. For the MIMO case, the starting pointis eq. (2.52) where
the input and output are now vectors.

X = f(x,u)
2.52
The system needs to be affine in the input. Thus, the discussion is limited to systems of the form given in eq. (2.53),
x=fx) + GX)u (2.53)

y=hX)

where x € R” is the state vector, u € R is the input vector, f: R” — R™ h : R"” — R™ are smooth vector fields and G :
R” — R™ ™ js a smooth function. Moreover, both of the vectors f(x) and h(x) are m-dimensional:

f0 = [/i®), L), fm®], h® = [”1X), ), , by X)] (2.54)
Thetransformationapplied inthe MIMO case is the same as the transformation shownineq. (2.46), but this transformation
is applied to each output function h; (x).
T{(®) = L} hi(x) = h; (%)
T,(x) = L;hi(x)

(2.55)
00 =L} hi)
The result of the state transformation for one of the output functions k;(x) is shown in eq. (2.56).
Tix =T,
Té_l(x) — T'{i x) (2.56)
T} = Lihi) + XL, Lg, L hi @)y
Moreover, considering all output functions, i.e. 1 < i < m, this leads to the following result:
u=A"'® v -bx)] (2.57)
where
. r
Trl thl (X)
T2 L;f h (x)
v =| bx) = , (2.58)
y LY hn ()
and
lglL?_ihlbﬂ lgzL?_ihlbq . LgmL?_ihlbﬂ
r2_ rz_ e rz_
apg= | Falf @ Ly ha(o Lg, L} ho(®) 2.59
m—1 m—1 m—1
Lgy L" hm®X)  Lg L™ hm®) -+ Lg, L™ hp®)

Moreover, as in the SISO, the equations up to r; are linearized foreach i € [1,2,---, m]. Additionally, the resultant equa-
tions are decoupled. That is, there is a virtual control input corresponding to each input. More generally, the controllabil-
ity canonical form is established for every input. This is illustrated by the complete input-output linearization for each i €
(1,2,---,m],asshownineq. (2.60).

Tix) = T;x)
T 0= T} (2.60)
T}, 0 = v;
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2.1.4 Additional Considerations

When the relative degree is smaller than the degree of the system, there will be internal dynamics. The presence of internal
dynamics means that part of the system dynamics is unobservable. Thus, it is important to check the stability of the internal
dynamics analytically.

As studying the stability of internal dynamics is not always an easy task, an alternative is to examine the stability of the
zero dynamics of the system. The zero dynamics are the internal dynamics of the control system when the input is such that
the output of the system is zero [14].

It should be noted that the stability of the zero dynamics is only a guarantee of local stability. If the zero dynamics of a
system are asymptotically stable, the (nonlinear) system is described as an asymptotically minimum phase system. In the case
of alinear system, the system is said to be minimum phase.

Perhaps, one of the most limiting aspects of NDl is its full dependency on the model of the system being controlled and its
requirement of the full knowledge of the states of the system. If the system dynamics are not known precisely, an estimate
of these unknown parts of the model have to be made through some system identification techniques. Moreover, in the case
that the latter requirement cannot be fulfilled (if the states cannot be directly and fully obtained), alternative measures need
to be implemented in the closed loop system. One possibility is to implement a nonlinear observer which is a deterministic
estimator. Another option is to implement a nonlinear state estimator which is a stochastic option.

Another limitation of NDl is it that it can be applied to systems that have the same number of inputs and outputs. In situ-
ations where this is not the case, control allocation problems arise that need to be solved.

Moreover, NDI is suitable for systems affine in the control input. While they can still be applied to systems that are not
affine in control, it becomes a more cumbersome process as nonlinear solvers would be needed to formulate the expression
for the controller.

Furthermore, care should be taken during the inversion that singularities are checked for. The results are then only valid
when the singularities are not encountered. Thus, the inversion in the inner loop alongside the linear compensation in the
outer loop are not always applicable globally [14].

In the presence of internal dynamics, the effectiveness of the feedback linearization control technique hangs upon the
stability of those internal dynamics, in the sense of Bounded Input Bounded Output stability. Since the system is only partly
linearized, if the internal dynamics happen to be unstable, a different output equation should be chosen that would lead to
stable internal dynamics, if possible. Otherwise, a different control technique should be utilized [14].

2.2 Incremental Nonlinear Dynamic Inversion

The INDI control approach emerged as a more robust variant of NDI by alleviating the dependency control approach on the
plant model. This is realized by linearizing the system about the current state and control input of every sample period. The
incremental form that arises allows to feed back sensor measurements. As will be seen in the following, for INDI, only the
knowledge of the value of the control effectiveness matrix is needed. Moreover, three different formulations of INDI will be
presented here.

2.2.1 Continuous-time Formulation
For the derivation of INDI control, the system in eq. (2.53) which is affine in the control is considered. The equation s linearized
asshownineq. (2.61).

N Olf(x) + GX)u]

x (x—x0)+0[(x—x0)2] (2.61)

0

X=X+ G (Xo) (u—1uy)

The higher order terms in the linearized system dynamics are often neglected, and this leads to the form in eq. (2.61):

N 0lf(x) + Gx)u]

. (x—x0) (2.62)

0

X=X+ G (Xo) (u—uy)

In the usual derivation of INDI, time-scale separation is assumed. This assumptions means that the actuator dynamics are
quite fast, and that the evolution of the state variables is quite slow in comparison. This assumption allows to neglect the term
involving the change in state. This leaves eq. (2.63).

X=X+ G (Xo) (u—ug) =Xx= X +G(X) Au (2.63)

After the linearization, the virtual control v can replace x and the inversion of the dynamics is performed. Thereafter, the
incremental control is obtained.
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Au=G""(v-%o) (2.64)

Thus, the final control law is given by eq. (2.65).
u=ug+G! (v—x%o) (2.65)

2.2.2 Continuous-time Formulation Including Internal Dynamics

Despite the demonstrated effectiveness of INDI, the original formulation of INDI control makes use of time-scale separation
and omits higher-order terms. Furthermore, it can only be applied to systems of relative degree one. That is why, Wang et al.
derived a new formulation of INDI, which does not assume time-scale separation, which takes into consideration the internal
dynamics, and which is applicable to systems of any relative degree. For the complete derivation of the new formulation, the
reader is referred to [12].

2.2.3 Discrete-time Formulation

Obtaining the discrete-time formulation of INDI can be done through discretizing the continuous system the linearizing the
result, or through reversing the order of these two steps. Van 't Veld has shown that either order leads to the same end result
[28]. In the following, the approach where discretization is applied first is presented.
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If f(x,u) is assumed to be constant between two instances of time, the right-hand side of eq. (2.66) can be simplified, and
this simplification yields:
Xjes1 = Xg + (T — 0E (Xp, uge) = X + Atf (xg, ug) (2.67)
Rearranging eq. (2.67) leads to the following:

Xi+1 — Xk
T 2.68
N = lxeu) (2:69)

In order to avoid the evaluation of f(x,u) which may be computationally intensive (if f is a complicated function), f(x,u)
can instead be linearized about the state and input values pertaining to the timestep f;_;.

X1 — Xk of(x,u) of(x,u)
—— ~f(Xp_1,Up—1) + Xp —Xp—1) + —— Up — Up— (2.69)
FraaR L T e e I LTSI
u=u;_; u=ug_;
Let
of(x,u)
F(xg_1,ug—1) = 3 (2.70)
X X=X}_1,
u=ug_
of(x,u)
G (k-1 ue1) = — 2.71)
u X=Xk-1,
u=ug_1
This turns eq. (2.69) into
Xi+1 — Xk
+A—t ~ f(Xpo 1, We1) + F (Xe—1, u—1) (X —X—1) + G (Xp—1, up—1) (U —ug_1) (2.72)

By adjusting the subscriptsineq. (2.68) appropriately, an expression to replace f (X1, u_1 ) isobtained. This replacement
turns eq. (2.72) into eq. (2.73).
X+l — Xk X —Xj-1
+At = Ar +F(xk,1,uk,1) (xk—xk,1)+G(xk,1,uk,1) (uk—uk,l) (2.73)

Applying the time-scale separation principle to eq. (2.73) leads to:

Xi+1 — X X —Xg-1

AT A7 +G (X1, ug—1) (w —ug_1) (2.74)

Inverting eq. (2.73) leads to



2.2. Incremental Nonlinear Dynamic Inversion 53

- Xk — Xk-1
u=u_1+G 1 (Xk—l’uk—l) (Vk - T) (2.75)
where v is defined in eq. (2.76).
Xj+1 — Xk
V= —— 2.76
k A7 (2.76)

2.2.4 Literature Survey of INDI

The birth of the idea of INDI already began in the 1990s. Several terms were used to refer to it including "simplified nonlinear
dynamicinversion’, "modified nonlinear dynamicinversion”, and "implicitly nonlinear dynamicinversion” [37-39]. The concept
of INDI was reintroduced by Sieberling et al. in 2010 [27]. It emerged as a control approach that would allow resilience to
model mismatch, and thisis attained through relying on sensor measurements. The application of INDI presented in the paper
was for the control of a UAV with a T tail and rear-mounted engines. Moreover, it was first assumed that the measurements
of the angular accelerations were available and could be fed back directly, but angular acceleration measurements are not
always readily available. Thus, the authors also made use of a linear predictive filter to obtain the angular acceleration from
the angular velocity measurements. The robustness of the control approach was demonstrated through reduced sensitivity to
aerodynamic model mismatch, center of gravity mismatch and inertia mismatch [27].

Several applications of INDI, to different platforms, followed Sieberling et al’s pioneering work. Falkenaetal. applied INDI
tothe control of small aircraft due to therising interestin personal aerial vehicles [40]. An application thatshortly followed was
the development of an INDI controller for spacecraft attitude control [41]. Thereafter, the INDI control of a Reusable Launch
Vehicle (RLV) was implemented and tested in simulation [42]. INDI was shown to be eligible for the control of the AD-33 heli-
copter based on the feedback of acceleration measurements. The resultant controller was tested and proven, in simulation, to
be capable of tracking commanded references efficiently [43]. Yetanother platform onto which an INDI controller was applied
was a tilt rotor Unmanned Aerial Vehicle (UAV). The significance of this application lies in the fact that tilt rotor UAVs have a
large flight envelope whose dynamics are highly nonlinear throughout the envelope. Nonetheless, the paper demonstrates
through simulation the effectiveness of INDI in controlling this platform [44]. Lin et al. present the implementation of INDI for
the attitude control of an autogyro [45]. INDI was also applied in the attitude control of a Vertical/Short Takeoff and Landing
(V/STOL) aircraft across all of its flight envelope [46]. Liu et al. also used INDI for the control of a Vertical Takeoff and Landing
(VTOL) UAV [47]. Moreover, INDI was applied successfully for the first time onboard a CS-25 certified aircraft [48].

Apart from aerial vehicles, INDI was successfully used with flight simulators. Specifically, Huang et al. have shown that
INDI can be used for the inner-loop control of motion systems for flight simulation [49-51]. While the simulator’s hydraulic
actuators achieve high precision, they also add a number of challenges. Their dynamics are highly nonlinear. Moreover, they
make the control system highly susceptible to disturbances for reasons including nonlinear friction in hydraulic actuation, the
possibility of oil leakage, as well unmodelled dynamics. Because of its inherent robustness to uncertainties, INDI has shown
bigimprovementsinthe trackingaccuracy in comparison to previously used techniques for motion control [1,52]. Thisis clearly
seen from fig. 2.1, where INDI with 50% model mismatch outperforms NDI with 10% model mismatch.
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Figure 2.1: Effectiveness of INDI in comparison to NDI han- Figure 2.2: Effect of INDI in alleviating vertical load factor and the root bending moment

dling model mismatches [1] [2]

Besidesits versatile applicability to different platforms, INDI has tackled several specific control applications. Forexample,
in one of the examples already mentioned, which was the use of INDI in the control of a small aircraft, INDI was used as part
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of a flight envelope protection control system, although the paper showed that the strategy based on INDI was not the very
best one for the task [40].Pavel et al. have demonstrated the use of INDI as part of the Stability Augmentation System (SAS) of
an Apache AH-64 helicopter [53]. INDI was also used as part of the control during take-off of the quadrotor. This application is
important because during take-off a lot of dynamic effects take place such as the ground effect.

Another success of INDI was in its effectiveness as a Fault-tolerant Control (FTC) technique. For example, Lu et al. had
proposed the use of INDI for the control of a quadrotorin the case of losing a rotor, which was demonstrated through simulation
[54]. Another example of the application of INDI for fault-tolerant control is in aircraft trajectory control. It has been shown
that a trajectory controller based on INDI is able to cope well with model uncertainties and actuator faults [55]. In another
example of adaptive and fault-tolerant control, INDI was used in the control of an aircraft with a partly failing active high-lift
system [56].

One of the main strengths of INDI is its greater overall robustness in comparison to NDI. This encompasses robustness to
model uncertainties as well as the capacity for disturbance rejection. The former was demonstrated by Smeur et al when they
showed that INDI handle gusts well, both through a wind tunnel experiment and an outdoor experiment [3]. The comparison
of the tracking performance of INDI in comparison to that of PID is shown in fig. 2.3 and fig. 2.4. Another disturbance rejection
application was performed in [57]. This was done by adding INDI to the outer loop control.
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Figure 2.3: Top view of the experiment which allows to compare the per- Figure 2.4: Comparison of the horizontal position error of INDI to that of
formance of INDI to that of PID in the task of flying under the influence of PID in the task of flying under the influence of gusts [3]
gusts [3]

Theincreasing use of lighterand more flexible structures poses another control challenge which INDI has adequately dealt
with. The challenge comes from the fact that the eigenfrequencies of the structure and the rigid-body modes become close.
Therefore, the presence of turbulence may excite the rigid-body dynamics as well as the structural dynamics and can induce
theirinteraction. Wangetal. presented an INDI Gust Load Alleviation (GLA) controller thatis specifically for quasi-rigid aircraft
[2,58].

Arecentand interesting control application of INDI was demonstrated by Pollack et al. which involved the use of INDI for
servo current control. That s, INDI was used to provide the current control inputs to the electro-mechanical actuators. The
success of this application was proven through simulation as well as many flight tests. Moreover, this integrated approach
allows to harness the power of INDI and to leverage the benefits of FBW systems which inclu direct haptic feedback as well as
passive and active load alleviation in the presence of gust loads [59].

In relation to control architecture, INDI is often used in inner loop control. In [60], INDI was used for the angular acceler-
ation control of a quadrotor, and in the outer loop NDI, was used for the attitude control. This architecture enabled accurate
tracking of position, velocity, acceleration, jerk, snap, as well as yaw angle, yaw rate, and yaw acceleration. The RMS attained
for the position was 4 cm [60]. In [61], the control of the quadrotor system consists of three loops. In this architecture, the two
outer loops used NDI, and INDI was used in the innermost-loop. It should be noted that in this example, the innermost-loop
comprised of dynamics in a non-affine form which means that NDI cannot be used for that loop because, as mentioned earlier,
NDI requires a controllability canonical form. However, INDI can handle a non-affine form which is indeed an advantage of
INDI over NDI.

Anotheradvantage of INDI in relation to control architecture is that the use of INDI in a cascaded control structure ensures
thatinternal dynamics are avoided. However, it should be mentioned that the cascaded structure makes stability guarantees
difficult to prove [18].

One of the prominent challenges of INDI is handling measurement and actuator delays. In the problem of controlling the
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attitude with INDI, the angular acceleration is in the feedback loop. Usually when measurements of the angular acceleration
are available, they are quite noisy, and filtering the measurements leads to the introduction of a time-delays. When measure-
ment of the angular acceleration are unavailable, the angular acceleration is estimated from measurements of the angular
rate, and that would usually require the use of a filter (due to the noise in the gyroscope output as well as the additional noise
obtained from differentiation of the angular rate measurements). In the case of either method, since a filter is applied, there
is the need to deal with time delays that arise. Previously, and as mentioned earlier, the issue of the measurement delays has
been dealt with predictive filtering. However, this approach requires further modeling [27]. An alternative approach would be
to make use of multiple accelerometer measurements [62]. However, thatis a cumbersome and complicated method to apply
as pointed out in [63]. As an alternative solution, Smeur et al. were able to take into account the time delay happening as a
result of filtering the gyroscope measurements, by applying the same filter to the input [63]. This leads to the delay of the input
by the same amount at which the feedback signal is delayed because of filtering the measurements. Moreover, filtering the
input leads to a transfer function from the virtual control to the angular rate measurement and all that remains is the actuator
dynamics. Clearly, this transfer function does not contain the measurement delays any longer.

Cakiroglu et al. used an angular accelerometer sensor for acceleration measurements needed for feedback rather than
obtaining the acceleration from differentiating the angular rate measurements [64].

Suetal. have proposed a modified version of INDI which is able to handle time-delays arising from measurements. As was
in the case of [63], this approach called Finite Time Convergence Incremental Nonlinear Dynamic Inversion (FINDI) does not
propose a new method forobtaining the angular acceleration accurately. Rather, the novelty of the method lies in reducing the
effect of the time-delay on performance, and this is done by incorporating command differential signals into the outer-loop
linear controller [65].

Another main concern for INDI is dealing with time-varying control effectiveness matrix. Smeur et al. address this chal-
lenge by estimating the control effectiveness, which lead to an adaptive variant of INDI [63].

Actuator saturation is a threat to stability, and INDI is also vulnerable to this threat. When control allocation is applied to
a platform where INDI is used as a controller, this leads to signficant interaction between the control allocation frame and the
dynamics of the actuators which is usually detrimental to performance. In their work, Li et al. present a way to compensate
for actuator saturation in this case [66]. Moreover, Van 't Veld et al. have applied Pseudo-Control Hedging (PCH) to deal with
actuator saturation [19].

Augmenting INDI with adaptive control techniques to enhance the robustness is needed because the formulation of INDI
relies on the time-scale separation assumption as well as the omission of higher-order terms. This means that perturbation
terms remain present in the closed-loop system. It is those remnants that compromise the effectiveness of the incremental
method. Toaddress this problem, adaptive augmentation is used to determine parametric uncertainties in the system to make
the INDI controller more robust.
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Sampled-data Systems

Many control systems nowadays make use of digital computers or digital microprocessors to perform control computations.
This conversion has its advantages. In general, digital computers can be more accurate because digital signals are not as sus-
ceptible to noise and power supply drift as is the case for analog signals. In relation to this, implementation errors are more
likely to occur when analog computers are used because performing calculations based on analog signals requires that the
analog signals are manipulated using resistors and capacitors, whose properties may change over time. Another key advan-
tage of digital controllers over analog controllers is their flexibility. While the control isimplemented in hardware for the case
of an analog controller (making it difficult and cumbersome to modify), itis implemented in software or firmware for the case
of a digital controller, which makes adjusting the implementation of the control laws much simpler. Furthermore, digital con-
trollers are economical because the cost of digital controllers has been continuously decreasing [5].

The use of digital computers introduces discrete signals into the control system. Since there are often also continuous
signalsin the control system, for instance as outputs of the controlled plant, the system has a hybrid nature. In order for control
to be possible in a hybrid system, suitable conversion techniques that transform the signals from digital to continuous and vice
versa, are needed. These conversions are performed by analog-to-digital converters and digital-to-analog converters.

Essential to those conversion techniques are two processes: sampling and data holding. In an analog-to-digital converter,
asignal is sampled, and then it is digitized (a process known as quanitization). It is because of the sampling that the control
system is, specifically, referred to as a sampled-data system [4]. As for the case of a digital-to-analog converter, the analog
signal is computed as a weighted sum of the digital bits. Thereafter, the signal is held for the duration of the sampling period,
in order fora piecewise continuous signal to be available. The sample and hold processes show how the sampling period affects
the signals in the control system and gives a hint on why the sampling period may have an influence on the performance of
the control system [6].

Theanalysis of sampled-data systems is usually considered to be harder than that of systems that consist of purely continu-
oussignals or purely discrete signals. In order to perform an analysis of a sampled-data system thatis aligned with the physical
reality, both the continuous and discrete nature of the signals need to considered, and the conversion that occurs between the
signals needs to be accounted for [4].

In this chapter, suitable models for sampled-data systems will be discussed, with a focus on systems that are entirely con-
tinuous. First the model of the digital computer will be presented in section 3.1. Thereafter, a number of models will be dis-
cussed in section 3.2.

3.1 Model of the Digital Computer
In this section, the modeling of a digital computer will be presented. A generic example of a basic digital control system is
shown in fig. 3.1. A more specificexample is shown in fig. 3.2, showing a (sampled-data) engine control system.

The digital-to-analog converters and the analog-to-digital converters are seen in both diagrams, fig.3.1and fig. 3.2, and as

mentioned ealier, that is because the conversion techniques are essential in a digital control systems. Therefore, they will be
discussed in section 3.1.1 and section 3.1.2.

3.1.1 Analog-to-Digital Conversion
In contrast to digital-to-analog conversion, analog-to-digital conversion consists of two steps and does not occur instanta-
neously. This means that there will be a delay between the time that the analog input is received and that at which the digital

57



58 3. Sampled-data Systems

w(t)

l

r(kT);® kD) [ pgar | UKD [ ] 4O [ prantor ()

\4

+ computer vehicle
A . vy
Clock
A Y
Y(kT)
A/D [« Sensor |«
(1)
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Figure 3.2: Engine Control System [5].

output is obtained. The two steps involved are the conversion to a sampled signal followed by a conversion of the sampled
signal to a binary signal [6].

The first step involved is to sample the analog signal. The (non-ideal) sampling generally occurs through a finite pulse-
widthsampler, with the width of the pulses denoted by Ty . Aspecial case of the finite pulse-width sampleris theideal sampler,
where the width of the pulses tends to zero, and the pulses become delta Dirac functions. In general, the operation of the finite
pulse-width sampler can be understood from fig. 3.3.

The equation for the sampled waveform is shown in eq. (3.1).

o0
fr = fOs®=f6) Y ult—kT)-u(t—kT-Ty) 3.1)
k=—00
It is clear that obtaining the Laplace transform of this signal would be difficult, due to the product of two signals in the
time domain. However, if itis assumed that Ty is much smaller than the sampling period T, then a simplication can be made.
Specifically, it will be assumed that f(#) is constant over the span of a sampling interval. This means that f(#) = f(kT) can be
assumed, and eq. (3.1) can be transformed in eq. (3.2) [6].

=Y f&D)|u=-kT) - u(t-kT-Tw)| (3.2)
k=-o00
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Figure 3.3: Diagram showing the operation of the sampler [6]

Now that the f(¢) is replaced by a piecewise constant function f(kT), taking the Laplace transform off;fw(t) is no longer
a complex task. The Laplace transform of eq. (3.2) is shown in eq. (3.3).

e—kTs e—kTs— Tws

Fj (s)= k_Z fkT) = k_Z fkT)

N

1-e Tws
T] e—kTS (33)

Reusing the assumption of Ty, being small, and making a first order approximation of the exponential term based on its
series expansion leads to the expression for F;W (s) shownineq. (3.4).

Fj (9= Y f(kT) % ek = Y f(kT)Tye *7* (3.4)
k=—0c0 k=—-o00
Taking the inverse Laplace transform of eq. (3.4) leads to eq. (3.5).
fr,®=Tw Y fkD8(-kT) (3.5)

k=-0c0

In the case of ideal impulse sampling, the equation for sampling in the time-domain is the one shown in eq. (3.6).

o0
fr,®=) fkDs—kT) (3.6)
k=-00
As mentioned earlier, the second step in the digital-to-analog conversion is the quantization step. In order to perform this
step, the dynamicrange of the sampled-signals needs to be determined first. The obtained range is then divided into a number
of discrete levels. Finally, a digital number is assigned to each of the discrete levels [6].

3.1.2 Digital-to-Analog Conversion

Digital-to-analog conversionisaone-step procedure thatoccurs almostinstantaneously. The analogoutputis obtained through
computing a weighted sum of the bits of the digital input. This can be explained through the example digital-to-analog con-
verter shown in fig. 3.4. Consider the case where the binary number is 110. Based on the weights shown in the blocks of the
figure, the output analog voltage will be 6 volts [6]. Note, that the switches in fig. 3.4 are "on" whenever a bit with the value of
1is encountered and closed whenever a bit with the value of 0 is encountered.
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Figure 3.4: Example of a digital-to-analog converter [6].

After this analog value is obtained, then the signal is held for the duration of the sample period. This is also referred to as
data-reconstruction. The data-reconstruction can be based on a Zero-Order-Hold (ZOH), which is described in eq. (3.7) [5].

w22 uy = ul), kT<t<(k+ DT, k=0,1,2,... 3.7)

There are alternatives to the ZOH filter. This includes the first-order hold and the second-order hold. While the former
performs linear interpolation between the sample points, the latter interpolates the data using parabolas. However, the ZOH
is most commonly used [5], and it is this data-extrapolation technique that will be considered for the rest of this report.

In the case of ZOH, the signal is held constant for the duration of the sample period until a new digital signal is provided
by the computer. The working of the ZOH is illustrated through fig. 3.5.

kT | Zero-Order kT (k:l-l)T
Hold >

Figure 3.5: Effect of a zero-order hold filter [5]

From this figure, it can be seen that the impulse response of a ZOH is a step function. In order to get the transfer function
corresponding to the zero-order hold, the Laplace transform of the elements in fig. 3.5 need to be taken. The Laplace transform
of animpulse is unity. This means that the transfer function of the ZOH is equal to the Laplace transform of the pulse with the
width T. The pulse is equivalent to the difference of two heaviside functions H(t) and H(z— T). Since the Laplace transform of
a heaviside function is % and the Laplace transform of a heaviside function with a delay is % -e~5T then the transfer function
of aZOH is given by eq. (3.8) [5].

1
Gzon(s) = + (3.8)

3.2 Modeling of Sampled-data Systems
Digital control systems can be modelled in several ways [7]. Before presenting a number of these models, the means to check
the fidelity of the models needs to be mentioned. In brief, this was done based on a Fourier analysis of a Simulink®model that
is assumed to be an accurate representation of the control system, which involves a discrete controller as well as a ZOH block.
For information on the Fourier routine that was implemented to perform this analysis, the reader is referred to [7].

There were five models that were studied by Noijen. The first one involved a continuous form of the digital controller.
A representative diagram of this model is shown in fig. 3.6. Conversely, all the analog components of the system can be dis-
cretized. Then, the overall discrete transfer function can be analyzed. A model that is similar to the baseline model is the one
shown in fig. 3.7. However, of course, this model is fully continuous but includes the ZOH filter. Another model comprised of
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adding delays in the feedback signals to represent the pure delay that occurs due to sampling. A variant of the previous model
is to include the delay in the main loop. The resultant model is shown in fig. 3.9.

A e u > u y » out.Output

Laplace transform Laplace transform
of controller of plant

Figure 3.6: Continuous model of a sampled-data systems obtained by using the continuous form of the controller [7]
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Figure 3.8: Analog controller and components with delay corresponding to the sampling period in the feedback signal [7].

According to the discussion by Noijen, the models with the highest fidelity are the ones shownin fig. 3.7 and fig. 3.9. Based
on this discussion as well as the one from the previous chapter, a suitable model of the control system is shown in fig. 3.10.
Note that, for stabilization problems fig. 3.9 would be equivalent to fig. 3.8. This means that another model which is suitable
to model the system is the one thatis shown in fig. 3.11.
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Figure 3.9: Analog controller and components with delay corresponding to the sampling period in the main loop [7].
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Introduction to Time-delay Systems

Processesin real systems do not occur instantaneously. This is due to transport and propagation phenomena as well aftereffect
phenomenawithin the componentsin the system, the sources of which are multifaceted. Asaresult, time-delays arise in those
systems. There are several ways to refer to such systems including TDSs, hereditary systems, and systems with aftereffects [25].

Interestin the TDSs over the past few decades is reflected in the tremendous amount of research that has been performed
on the subject. Several reasons for this interest have been postulated by Richard [31], including the fact that the analysis of
time-delays is an applied problem (time-delays are always present) and the effect of time-delays on a system’s stability and
performance.

This chapter is dedicated to giving an introduction to the class of TDSs. The first section discusses the effect of delays on
stability. Then, the ways to represent the TDSs are shown in section 4.2. Thereafter, the taxonomy for the classification of TDSs
will be presented in section 4.3. Finally, a discussion on the spectral properties of TDSs is given.

4.1 Effectsof Delay on Stability

It comes as no surprise that some of the initial studies on TDSs, as early as in the 1930s, were focused on the effects of delays
on stability of a TDSs. It may be intuitively guessed that the presence of delays may induce instability in a control system.
For example, when a controller makes use of past information about the states in a system, the output it provides may be
unsuitable for the current state of the system. The tardiness in the information availability to the controlleris due to any delays
occuring in the closed-loop system such as the delays in the propagation of information between the elements in the control
system, the time needed for a sensor to return a signal (sensor delay), or the reaction-time of actuators (actuator delay), as
well as the digital nature of the controller. Moreover, even if it is idealized that the information is delivered instantaneously
to the controller, delays occuring at the level of the controller also make the output of the controller unsuitable and with the
potential to destabilize the system.

However, there is a dual effect to the nature of TDSs [67]. It may also be the case that time-delays may restore stability to
a system. This may occur in the case of oscillatory systems. Given the possibility of a stabilizing effect, time-delays have been
intentionally introduced into a control system to stabilize it.

There are also examples where the presence of delays does not affect the system’s stability, irrespectively of how large the
delay may become. This is known as the case of delay-independent (in)stability. this is a (un)fortunate property of the system
considered.

In general, itis notalways practical to analyze or design a system for delay-independent stability, as those results are often
excessively conservative. Instead, and in alignment with the research objective of this thesis, it is more reasonable to search
for the stability regions in the delay-space of the control system. That is why, the focus will be on delay-dependent stability.

It should be noted, however, that some of the discussions on delay-independent stability are sometimes relevant or are
pre-requisites for the derivation of delay-dependent stability results, and they will be discussed in this light. The discussions
on both the approaches for delay-independent and delay-dependent stability analysis will be returned to in chapter 5 and
chapteré.

4.2 Representation of Time-delay Systems

Dugard et al. discuss three ways to represent TDSs mathematically: as differential equations on abstract space [68] (as cited
in [25, 69]), as differential equations on functional spaces i.e. as functional differential equations [70] (as cited in [25, 69]), and
as differential equations over rings or operators [71] (as cited in [25, 69]).
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Classification of Time-delay Systems

e R 1) ( 1)
Discrete Delays
Model of delay -Constant Distributed Delays
L -Time-varying R )
( 1 (. 1
Type of delay Retarded Neutral
- J - J
e 1) ( K 1)
Multiple Delays
Number of delays Single Delay .Commensurate
L )L -Incommensurate )

Figure 4.1: Classification of Time-delay Systems

However, TDS s are usually described by functional differential equations. In exception of the discussion on the matrix
pencil approach for the determination of the characteristic equations in a certain right half plane (in section 5.2.2), the other
two representations will not be encountered in this report. As a result, only the functional differential representation will be
discussed in the subsequent paragraphs.

Equation (4.1) shows a functional differential equation that represents a generic TDS [72].

x(0) = f (£, x(0), x¢, uy)
Xy, = $0), Vo€ [to—1, o] (4.1)
ug, =), VO e [ty—T1, 1]

In this equation, ¢ and & denote the initial conditions for the state and the input, respectively. Moreover, T denotes a time-
delay, and as such 7 > 0. As for x;, itis defined according to eq. (4.2):

Xt [_T’O] - Rn (4 2)
) 00— x0)=x(+0) '
and u; is defined according to eq. (4.3):
) [=7,0] = R"
”'{ 00— ui0)=u(t+0) 3

The notation x; and u; corresponding to the definitions in eq. (4.2) and eq. (4.3) is referred to as the Shimanov notation.
Moreover, itis clear that eq. (4.1) shows the dependence of the functional differential equation on current as well as past states
and inputs.

4.3 Classification of Time-delay Systems

In this section, TDSs are described and categorized based on a number of dimensions. Of particular relevance are the model
of the delay, the number of delays in the systems, and the type of delays in the system. The categories as well as the possible
options for each of category are summarized in fig. 4.1.

4.3.1 Model of Delay: Discrete or Distributed

Following the taxonomy shown in fig. 4.1, it can be seen that there are two main ways to model delays: either as discrete (also
referred to as point-wise delays) or distributed delays. States with discrete delays in theirarguments such as x(f— 1) can be un-
derstood as values from a specificmoment in the past which is in this case ¢ — 7. Furthermore, referring again to the taxonomy,
itis seen thata discrete delay may either be constant or vary with time.

The choice of whether to model a time-delay as fixed or as time-varying is important for the validity of the results. When
the analyses of systems with discrete delays are compared with those of systems with time-varying delays, the phenomenon
of quenching is witnessed. That s, quenching happens at certain time-delays at which the system with discrete time-delays is
stable but for which when the time-delays are assumed to be time-varying, stability is lost (or vice versa, having stable delay
intervals for the case of time-varying delays for which the TDS with discrete delays is no longer stable) [73].
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As fordistributed delays, use is made of values from an interval of time occuring in the past [—1'1, —‘L'g],Whel’e T1>72=0.
This interval is then weighed with a kernel. It is this information that is incorporated into the dynamics [74]. An example of a
system with distributed delay is shown in eq. (4.4) [75].

0
x(t) :[ c@)x(t+0)do (4.4)
-r

Itshould be remarked that the information captured by modeling the dependence on pastinformation through distributed
delays is a more complex but richer representation. Distributed delays are able to incorporate "memory" of a sequence occur-
ing in the past which is more insightful than just looking at discrete points in the past.

Examples of using distributed delays in the description of a TDS is in the case of the delay response of human drivers. Phys-
ically, the interpretation for the use of distributed delays rather than discrete delays is that drivers make use of a cumulative
continuous stream of past information they have perceived to take a control action [76]. Distributed delays are also used to
describe the time delays occuring in stochastic thermodynamics, specifically the dynamics of a particle inside a heat reservoir
with memory effects [77].

Besides their useinthe system representation, distributed time-delays are alsoimportantin the derivation of delay-dependent
stability criteria in the time-domain, for TDSs with point-wise delays. This will be seen in chapter 6.

4.3.2 Type of Delay: Retarded or Neutral
An important aspect is how the delay influences the states or the derivatives of the states in the system [74]. There are three
main ways in which delays influence the states or the derivatives of the states in the system. Those are retarded type TDSs,
neutral type TDSs, and advanced type TDSs. It is important to make this distinction between the types because the type has
important implications on the properties of the system, on the necessary conditions for their stability, and consequently, on
the approaches for stability analysis. In the following, it is explained how to differentiate between those three types.

In the case of retarded TDSs, the highest order derivative in the system is not affected by time-delays. The general form of
the retarded type TDS is given by the functional differential equationin eq. (4.5) [78].

x(0) = f(t,x;) (4.5)
A genericexample of a retarded TDS is eq. (4.6).
m
x(1) = Aox () + Y Aix(t—1;) 4.6)

i=1
However, for neutral TDSs, there are two terms with the highest-order derivative, one that does depend on the time-delay

and another that does not. The general form of the neutral type TDS is given by the functional differential equationineq. (4.7)
[78].

x(6) = f (x4, %) 4.7)

A generic example of neutral time-delay system is eq. (4.8), where the term indicated with the underbrace is commonly
referred to as the delay-difference operator.

n m
a x()+ ) Cx(t—1) | =Aox()+ ) Aix(t—1;) (4.8)
dt k=1 i=1

.

~
Delay-difference operator

Moreover, the equation based on the delay-difference operator (also known as the discrete kernel operator [78]), shown in
eq. (4.9), is that of associated delay-difference equation. The stability of this equation is tied to that of the neutral TDS as will
be discussed later.

m
x(0)+ ) Cx(t—-1)=0 (4.9)
k=1
As for the case where there is only one term for the highest-order derivative and this term depends on the time-delay, this
case characterizes an advanced type TDS [74, 78, 79].
The distinction between the three types is further clarified with the examples of the scalar systems shown in eq. (4.10) and
eq. (4.11) (as taken from [22]) and eq. (4.12). From eq. (4.10), it can be seen that the highest order derivative which is a second
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order derivative does not depend on the state, but the first order derivative does. Thus, although there are state derivatives
that depend on the delays in the system, this is a retarded type TDS.

X(t)=ax(t—h)+bx(t), x()eR (4.10)

As for eq. (4.11), it can be seen that the highest-order derivative does also depend on the time-delay: i (¢ — k). Therefore,
this system is of neutral type.

X(t)=ax(t—h)+bx(t), x()eR (4.11)

Moreover, if the case where the X () of eq. (4.11) is no longer part of the equation is encountered, as in the case shown in
eq. (4.12), since the highest order derivative depends on the time-delay ai (¢ — h), this is an advanced type TDS.

aX(t—h)+bx(t)+x() =0, x(H)eR (4.12)

It should be noted however that, for the sake of engineering applications, the advanced type is not as relevant [78]. The
reason for this is that, in an advanced type TDS, the quantity described by the dynamics depends on its future values [80].
Since the dependence of a state on future values is not physically possible, only the retarded and the neutral types will be
discussed in the parts to follow.

One main difference between retarded TDSs and neutral TDSs is the smoothness of solutions of the system. While for the
case retarded TDSs, the solutions become smoother with the passing of time, such a smoothing effect does not always occur
in the case of neutral TDS.

Another difference occurs in the spectral properties of the TDSs. In the case of retarded TDSs, it is guaranteed that there
will be a finite number of roots to the right side of any vertical line drawn in the complex plane. However, in the case of neutral
TDSs, there may be an infinite number of unstable roots. The stability of the delay-difference operator however induces the
number of unstable roots for the neutral TDS to become finite. However, the disussion on the spectral properties will be further
developed in section 4.4.

4.3.3 Number of Delays: Single or Multiple Delays

The final part of the taxonomy shown in fig. 4.1 deals with the number of delays in the system. The two categories here are
the case of single delay in the system or multiple delays. If there are multiple delays in the system, it may be the case of either
commensurate delays (when the delays are multiple of a certain baseline delay) orincommensurate delays [74].

It should be noted that a slightly confusing terminology has been adopted in the literature to describe systems with com-
mensurate delays. Despite there being multiple delays in such a system, the system is referred to as a single delay system. In
order to determine what multiple of the baseline delay occur in the system, the commensurate degree (denoted by L) is intro-
duced. Therefore, the terms x; (¢ — 7), X2 (f — 27) and x3(t — 37) present in the system, the commensurate degreeis L = 3. As
for the case of a system with a single delay, the commensurate degreeis L = 1.

Dealing with multiple-delay systems is often much more complicated than that of the single-delay systems. One key chal-
lenge is the computational complexity which in the case of the stability analysis of multiple-delay systems is A" Z2-hard. Here,
N 2P stands for non-deterministic polynomial time. However, it should be noted that A" Z2-hard problems constitute a com-
pletely differentset of problems than that of A/ 22 problems. For both classes of problem:s, itis not possible to obtain a solution
thatis tractable and scalable with the size of the problem. Here, tractable means that the problem can be solved in polynomial
time even in worst-case scenarios. The key difference between A% and A Z2-hard problems is that for A2 problems ver-
ifying a postulated solution is possible using a polynomial-time algorithm while for A& Z2-hard problem:s, it isn’'t. This makes
N P-hard problems the toughest class of problems to deal with.

To give an intuition of why this problem is A" Z2-hard, consider the stability analysis of a system with two distinct delays.
This problem may be considered as the stability analysis of a system with commensurate delays but whereby all possible ratios
between the two delays are attempted. Clearly, this makes it an intractable problem [74]. A formal proof of A Z2-hardness of
stability analysis in the case of incommensurate delays is provided by Gu et al. in [75].

4.4 Spectral Properties of Time-delay Systems
It is important to discuss the spectral properties of TDSs, as the spectral properties provide useful insights for the stability
analysis techniques that will be explained later. Some of the spectral properties of retarded TDSs and of neutral TDSs will be
individually discussed. However, before this discussion ensues, there are main properties that are applicable to the spectra of
both retarded and neutral TDSs that need to be mentioned.

First and foremost, TDSs have infinitely many roots, and this is one of the aspects that reflect the infinite dimensional na-
ture of TDSs. This property is easily seen from examining the characteristic quasipolynomial of any TDS. The Laplace transform
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Figure 4.2: Example curve envelope of the spectrum of a TDS [8].

of delayed terms such as x(t — 1) leads to exponential terms in the characteristic equation. Since the exponential function is a
transcendental function, its presence in the characteristic equation leads to an infinite number of zeros [8, 9].

Another important property of the spectrum of both retarded and neutral type TDSs is that when the coefficients of the
quasipolynomial are real, the spectrum is symmetric with respect to the x-axis. This is applicable in the case of both retarded
and neutral TDSs.

4.4.1 Spectral Properties of Retarded Time-delay Systems

Despite there beinginfinitely many characteristicroots, usually there is a finite number of unstable roots. For retarded systems,
thisis always applicable. As for neutral systems, this is guaranteed when the delay-difference operatoris stable [8]. Conversely,
when the delay-difference operator is unstable, there can appear infinitely many unstable roots for the neutral TDS [31].

For retarded TDSs, if there is a sequence of roots whose magnitude tends to +oo, then the real part of those roots tends
to —oo.[8]. This is in alignment with the property that retarded systems have a finite number of unstable roots. That s, if the
magnitude is getting increasingly large and it is known that the number of unstable roots has to be finite, then it must be that
those roots are tending towards the extremes of the other half-plane. If there exists a sequence {1} of characteristic roots of
the retarded system such that lim_.o, R (Ax) — —oco [8].

Additionally, there is a finite number of roots within any vertical strip in the complex plane. The vertical strip is formally
expressed in eq. (4.13) where a, e Rand a < .

fleC:a<RW) < p} (4.13)

A special case of this property occurs when this vertical strip is narrowed down to an infinitesimally thin strip about the
imaginary axis. Thus, it is deduced that the number of eigenvalues on the imaginary axis is always finite.

Another property is that there is a vertical line to the left-side of which will be all the roots of the retarded TDS. Let this
vertical line be represented with x = y. Formally, this is described with eq. (4.14).

AeC:RWN) <y} (4.14)

An even stronger case of the latter is the proposition that yields the envelope curve of the spectrum. For the retarded TDS
described by eq. (4.6), the envelope is described by eq. (4.15). The proof for this proposition is provided by Michiels et al. in [8].
An example of such an envelope is shown in fig. 4.2.

m
A= Aofl, + X | Aill e~ (4.15)

i=1
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Figure 4.3: Spectrum of a neutral type TDS and that of the corresponding delay-difference equation.

The envelope curve provides very nice information regarding the location of the critical imaginary roots which are the roots
of the characteristic equation that occur on the imaginary axis of the complex plane. Knowing about the presence and location
of the critical imaginary roots isimportant because, for retarded systems, the gain or loss of stability is related to the crossing of
the imaginary axis. Beingimaginary roots, 1 in eq. (4.15) can be replaced with jw. Moreover, the real part of the characteristic
root is zero i.e. 9(jw) = 0. This leads to eq. (4.16) [8].

ol = Aol + Y [ A, €”
i=1
— Jol < || Ao, + ;”Ainz
— =Y A, (416)
i=0

From eq. (4.16), itis clear that there is an interval over the imaginary axis of finite width that is guaranteed to contain the
critical imaginary roots. It can also be noted, based on this inequality, that this interval is independent of the delay values [8].
The spectra of retarded TDSs also possess nice continuity properties. That is, the characteristic roots behave continuously
with respect to the variations of system matrices and delays. Additionally, the spectral abscissa, which is the largest real part

available from the roots in the spectrum i.e. max; {Re (1) } is also continuous with respect to these variations.

4.4.2 Spectral Properties of Neutral Time-delay Systems

The properties of the spectrum of the associated delay-difference equation, shown in eq. (4.9), heavily dictate those of the
spectrum of the neutral type TDS. It is also this aspect that leads to the additionaly necessary stability condition for the ex-
ponential stability of the null solution of the neutral type TDS, which is the exponential stability of the null solution of the
delay-difference equation [8].

An important aspect of the relation between the spectrum of the neutral type TDS and that of the associated delay differ-
ence equation is that the real part of the sequence of characteristic roots {/1,1}”21 of the neutral type TDS (eq. (4.8)) tends to
the limit of that of the delay-difference equation, denoted by {. Moreover, the imaginary part of the sequence of characteristic
roots tends to infinity; thus, the neutral TDS is said to have vertical asymptotic chains [81]. Both of these characteristics are
expressed in eq. (4.17).

lim R(A,)=¢ lim =S (A,) =00 (4.17)
n—oo n—oo

An example spectrum demonstrating these properties is shown in fig. 4.3. Examining the spectrum of the neutral TDS
shown in fig. 9.1a, it is seen that the sequence of eigenvalues tends to the vertical line at around -0.35, which happens to be
location of where all the roots of the delay-difference equation are located, as seen in fig. 9.1h.

Another property is that neutral type time-delay equation has a finite number of roots that are in the right-half plane and
that are to the right of the spectral abscissa of the delay-difference equation, which is denoted by cp. This again can be seen
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fromfig. 9.1awhere it can be seen that thereis only one rootin the right half-plane, which also happens to be on the right-hand
side of the spectral abscissa of the characteristic roots of the delay-difference operator which occurs at about -0.35.

Small perturbations can remove the stability of the delay-difference equation, which is known as the delay sensitivity prob-
lem of the delay-difference equation. This susceptibility to small perturbations is eliminated when the delay-difference equa-
tion is strongly stable, which is ensured when condition eq. (4.18) is satisfied. In this case, it can also be said that the delay-
difference operator is strongly stable.

m
Y lcli<1 (4.18)
k=1

When the strong stability of the delay-difference operator is ensured, the loss or gain of stability, as in the case of retarded
TDSs, is related to crossing the imaginary axis in the complex plane. This ties to the fact that, as mentioned earlier, the strong
stability of the delay-difference operator induces a finite number of unstable roots.
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Frequency-domain Techniques

Frequency-domain techniques are often preferred for their simplicity, and they can be often computationally efficient [75].
The discussion in this chapter is devoted to giving an overview of frequency-domain techniques for analyzing the stability of
Linear Time-invariant (LTI) TDSs. Due to the vast amount of literature on the subject matter, a comprehensive review of all the
academic contributions is not possible within the scope of this thesis. However, in this chapter, the attempt was to assemble a
thorough discussion of more recent frequency-domain techniques.

The development of frequency domain techniques for the stability analysis of LTI TDSs emerged as early as the 1949 with
the work of Chebotarevand Neimark [82, 83]. Moreover, the study of zeros of quasipolynomials was investigated by Pontryagin
in1955. However, the first systematicapplication of frequency-domain methods on TDSs was performed by Bellman and Cooke
[79, 84]. Beyond these classical results, a number of more recent and more versatile techniques emerged, and as mentioned,
the focus will be on discussing these methods. These techniques will be grouped into three main categories, which are the
delay-independent stability techniques discussed in section 5.1, the spectrum computation techniques that will be discussed
insection 5.2, and the techniques that determine the critical pairs and study asymptotic behaviour to analyze delay-dependent
stability. The latter are discussed in section 5.3. A number of concluding remarks are presented in section 5.4.

5.1 Frequency Sweeping Tests for Delay-independent Stability

It was previously mentioned that the main interest is in discussing delay-dependent stability. However, when analyzing for
delay-dependent stability, it is possible that hyperbolic cases are encountered. This means that the system is either stable or
unstable irrespective of the value of the delays occurring in the system. For such cases, it may be useful to verify the analysis
with a number of delay-independent stability tests. That is why, some tests for delay-independent stability that have been
encountered in the literature will be presented. Namely, the results for TDSs with single delay (Theorem 5.1 and Theorem 5.2),
for TDSs with commensurate delays (Theorem 5.3 and Theorem 5.4), and for TDSs with incommensurate delays (Theorem 5.5)
will be presented. These stability results can be tested using frequency sweeping tests.

Fora TDS with a single delay of retarded type as the one shown in eq. (5.1),

X)) =Apx(D)+A1x(t—71), T=20 (5.1

the following delay-independent result has been derived in the literature [75].

Theorem 5.1 (Delay-independent Stability Test for TDS with a Single Delay [75]): The system eq. (5.1) is stable indepen-
dent of delay if and only if

1. Agisstable.
2. Ao+ Ajisstable.

3. p ((ja)l - Ao)_1 Al) <1, VYo >0wherep(-)denotes the spectral radius of a matrix.

This resultis equivalent to the one shown in Theorem 5.2.

Al
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Theorem 5.2 (Delay-independent Stability Test for TDS with a Single Delay[75]): The system eq. (5.1) is stable indepen-
dent of delay if and only if

1. Agisstable.
2. Ag+ Ajisstable.

3. p(jol=Ay,A1)>1, Yo>0.

As for a TDS with commensurate delays shown ineq. (5.2),

x(1) = Aox () + Y Agx(t—kt), 720 (5.2)
k=1

the following stability result was obtained:

Theorem 5.3 (Delay-independent Stability Test for TDS with Commensurate Delays [75]): The system eq. (5.2) is stable
independent of delay if and only if

1. Agisstable.
2. Ag+X (L, Agisstable.

3. p(Mm(jw)) <1, VYo >0.where

(sI-Ag) " AL o (sT—A)) " Amo1 (sT—Ag) " Ap
M (s) := _ . : : (5.3)
0 I 0

Remark 5.1: If the system with commensurate delays is expressed as differential-difference equation

n-1 4 i
y ™) + >y aiyP(t—kr)=0, 720 (5.4)
i=0 k=0

it can be transformed into the form of eq. (5.2) by taking the matrices Ag and Ay in eq. (5.2) as follows:

0 1 0
A=| . : .5)
0 0 1
—dpo —Adol —ao,n-1
0 0 0
Ay = : : : (5.6)
—axo —Adgl . —04knp-1

Applying the transformation mentioned in Remark 5.1 to Theorem 5.3, the following theorem is obtained:

Theorem 5.4 (Delay-independent Stability Test for TDS with Commensurate Delays[75]): The system eq. (5.4) is stable
independent of delay if and only if

1. ao(s) isstable

2. ap(s) + ZZ:I ay(s) isstable
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3. p(Ma(jw)) <1, VYo >0where

_as) . 41 aq()
ao(s) aop(s) ao(s)
Mg(s):= ] ) i ] (5.7)
0 1 0

As for a system with incommensurate delays shown in eq. (5.8),

m
X)) =Aox()+ ) Aix(t—1;), Ti=0 (5.8)

i=1

the following stability resultis applicable:

Theorem 5.5 (Delay-independent Stability for TDS with Incommensurate Delays): Let 1. =0,k =1,2,---, m be inde-
pendent, incommensurate delays. Then the system eq. (5.8) is independent of delay if and only if

1. Agisstable
2. Ag+ Ajisstable

3. px, M(jw)) <1, VYw>O0where

Misyi=| 1| (sT-40) [ AL A (5.9)

5.2 Spectrum Computation

Awell-known approach for studying the stability of an LTI system described in the frequency domain is to determine the eigen-
values of that system. However, as expressed previously, since TDSs belong to the class of infinite dimensional systems and
have infinitely-many roots [68], it is impractical to try to obtain all the eigenvalues of the system, and in the following, two
approaches to deal with this issue are presented.

The first one is to approximate the transcendental terms in the characteristic equation which are the exponential terms
with finite-dimensional approximations. This leads to an finite-dimensional approximation of the overall system, for which a
finite number of roots may be obtained.

The second option s to only investigate the eigenvalues belonging to a certain right half-plane. Thisis appropriate because
the number of roots in this case will be finite (For retarded TDSs, this is always applicable; whereas, for neutral TDSs, this holds
when the delay-difference operator is strongly stable). Determining those eigenvalues is done through the discretization of
the solution operator first, which leads to a matrix pencil approximation of the solution operator. Thus, the operatoreigenvalue
problem is transformed to that of a matrix eigenvalue problem which can be numerically solved [8, 85].

5.2.1 Finite-dimensional Approximation

As mentioned in the introduction of this section, it is possible to approximate the exponential terms with truncated power
series or rational approximations thereof. In general, the rational approximations of an exponential term are of the form shown
in eq. (5.10), where p is a polynomial that does not have any roots that belong to the right half-plane [31].

s P(=T9)

T ps)

An example of a finite-dimensional approximation of the exponential term is a first order Taylor series approximation,
which is shown in eq. (5.11).

(5.10)

e xl-15 (5.11)

Other examples of finite-dimensional approximations include Padé approximations, the Laguerre-Fourier series, and the
Kautz series [31].
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In the case of finite-dimensional approximations, the resultant stability regions are approximations of the true stability
regions [81]. A discussion on this limitation, specifically in the case of taking Padé approximation of the exponential terms, is
presented in [81].

5.2.2 Spectral Discretization

The mainidea behind thisapproachisto first perform a spectral discretization of the solution operator, which will be explained
shortly, in order to transform the eigenvalue probleminto a discretized eigenvalue problem. The resultant matrix pencil can be
solved for to determine the characteristic roots in a certain right half plane. The results are often crude, but they can be refined
by using Newton’s method on the characteristic equation. The refinement is necessary because the goal here is to robustly
determine the characteristic roots of the system that belong to the a certain right half plane [8].

Before discussing the discretization procedure that leads to the final matrix pencils whose solution yields the character-
istic roots, the concepts of a solution operator and infinitesimal operator need to be understood first. Before, presenting the
mathematical definition of the solution operator and infinitesimal generator, it is first important to give an overview of how it
isin general possible to determine the solution of a TDS.

Considertheretarded TDSshowninegq. (5.8), with theinitial condition defined onaninterval [—‘L’m, 0] asshownineq. (5.12).

¢ ([-Tm 0] R") (5.12)

The solution of a TDS can be determined using the method of steps. Specifically, the initial condition eq. (5.12) can replace
the delayed terms in the equation of the retarded TDS. This leads to an ordinary differential equation, seenin eq. (5.13), with
the initial condition being &1 (0) = x(0) = ¢(0).

L) =Ae1(D+ Y. Aip(t—T)) (5.13)
i=1

The solution of this initial value problem is the state of the system for the interval [0,7,,], or a "piece of the trajectory”
of the system pertaining to that interval of time-delays. This is repeated for following time-steps. In other words, in order to
obtain the state for the interval [Tm,ZTm], itis required to obtain the solution of eq. (5.14) with the initial condition &, (7,)
which was obtained by evaluating the previously obtained solution &} at T, i.e. £2(Tm) = X(Trm) = &1 (Th).

m
E2(0) = Aoa(t) + Y Ay (1-11) (5.14)
i=1

This procedure can be repeated for as many intervals as desired. That is because for the case of retarded TDSs, the solution
becomes smoother, the more pieces of the trajectories are solved for.

Through the method of steps, it can be seen that obtaining the solution for the TDS is constructed by obtaining these so-
called forwards solutions, &, which represent parts of the trajectory of the TDS. An operator has been defined to denote this
mapping. Since the method of steps allows to obtain the solution of the TDS, the operator is called the solution operator 7 ().
The mapping itself from the initial conditions to the state of the system at time t denoted by x;(¢) (8) = x(¢p) (£ +0), using the
solution operator, is mathematically described in eq. (5.15).

x:(P)(0) = x(P)(t+0) = (T ()P)B), O € [~T,,0] (5.15)

The infinitesimal generator &7 of the solution operator .7 is defined in eq. (5.16).

Pet) = {¢ €@ ([~7m 0, R"): 55 €% ([~ 0], R") $(0) = Ap(@) + L}, Ak</>(—fk)}
dp="29

(5.16)

Based on this definition, it is possible to write the relation &7 ¢ = Z—(g in the form of an eigenvalue problem, as seen in

eq. (5.17).

A=A, Aea:,¢e<5([—rmax,o],R"),gb;éo (5.17)

The importance of the infinitesimal generator is that it allows for a different representation of the TDS, specifically as an
abstract ordinary differential equation, which subscribes to the catergory of represenation of TDSs on abstract spaces, as men-
tioned in section 4.2. As seen from eq. (5.16), the representation based on the infinitesimal generator allows to interpret the
problem as an eigenvalue problem.
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While the initial formulation of the eigenvalue problem was a nonlinear but finite-dimensional one, the new formulation
is an equivalent linear but infinte-dimensional eigenvalue problem. Thus, instead of obtaining the roots of the characteris-
tic equation of the TDS, A is solved for in eq. (5.17). However, in order to solve for that, the infinitesimal generator has to be
discretized because the discretization allows to approximate the infinitesimal generator with a matrix, which means that the
eigenvalue problem can be solved numerically. The first step in this direction is to discretize the interval [—7,,0],

Ov={0nii=1,....N+1} (5.18)

such that

- Tm<0Ony1<--<OnnN+1=0 (5.19)

Then, the discretized version of the continuous initial condition ¢, which is denoted by x, consists of elements where each
of these elements, denoted by x;, is described by eq. (5.20).

xi=¢(On;)eC”, i=1,...,N+1 (5.20)

Note that, x represents the discretization of the range of the continuous function ¢ defined on the domain [-7,,,0]. With
the discretized domain (eq. (5.19)) and the discretized range (eq. (5.20)) established, it is possible to determine the unique
polynomial mapping between them which is denoted by -Zyx,x € Xp. This means that:

(XNX) (QN'i)ZXi, i=1,....N+1 (5.21)

Itis now possible to write the equivalent of eq. (5.16) using the discretized counterparts. This leads to:

(ANX)I.Z(D?NX),(QN','), i=1,...,.N

(5.22)
(ANX) .y = Ao (Lnx) (0) + 2} Ak (Lnx) (-7k)
In order to obtain the expression for the entries of Ay, the Lagrange polynomials are used as a basis.
ap1 a1,N+1
AN — : .. : € G:H(N+l)><n(N+l) (523)
aN+1,1 "'t AN+1,N+1
0 (On,i) I le{l,....N+1}, i€f{l,...,N}
= 1 n n» ) ’ ’ ’ ’
il { Y Al (-ti) Lefl,.,N+1}, i=N+1 ©.24)

The conceptof a forward solution, which is encountered in the method of steps, appears here again even for the discretized
variant of the problem.

Ayx=1x, AeC, xeC'™*D xz0 (5.25)

5.2.2.1 Retarded Time-delay System

The choice of the grid for the interval [—7,,0] (eq. (5.18) and eq. (5.19)) has not yet been defined. One possibility shown in
€q. (5.26) has been seen in the literature [8].

Tm i .
Oni=—(an;—-1), any;=—-cos——, i=1,....N+1 5.26
N,i 2 ( N,i ) N,i N+l ( )

It has been proven that, with this choice, spectral convergence is guaranteed. Moreover, the discretization leads to the
eigenvalue problem of the form in eq. (5.27), which involves a linear matrix pencil (Zn,x),

(In-Ally)e=0, AeC, ceC™™D"  c#0 (5.27)

where
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4 4 4 4
Tm Tm Tm Tm
2 0 -1
1 1
7 0 -3
T .
My =" i 0 ® I, (5.28)
4 1 __1_
1 N-2
0 __1
: N-1
~ 0
and
RO Rl RN
I,
SN = ) (5.29)
I
where

, 1=0,...,N (5.30)

Ri=Ao+ ) ArT; (—2— +1
k=1 Tm
and T; are Chebyshev polynomials of the first kind, which are defined by recursive relations.

Furthermore, the process of determining the discretization points is automated through an algorithm which is described
in detail in [8]. The selection of the number of discretization points is a central aspect because a large number of discretization
points leads to a significant increase in the computation needed, yet if the number of discretization points is too small, the
accuracy of the estimated characteristic roots may be very poor such that even the corrections based on Newton’s method are

futile and do not converge [8].

5.2.2.2 Neutral Time-delay System

The overall procedure to calculating the characteristic roots in the case of neutral type TDS based on a spectral discretization
is provided in the work of Breda et al. [86]. Their results show that the computation of the characteristic roots is done through
solving for the roots of eq. (5.31).

m

PN =Y

i=1

0
A;Zl) Ag_zz)

m

EM 0

AOD 402
l
(22)
0 -AS

1

A piv(~7ii)

(5.31)

det A pn(-Ti5A) -

0 0
(21)
i=0 47 0

where py is a degree N polynomial defined in eq. (5.32).

pn(0;A) =1
{ Pl (On,32) = Apy (O i A), 1< i< N 6:32)

However, it is known that the roots of neutral time-delay equation are the same as those of the corresponding DDAE, in
expection of the case of the presence of zero as a root. The form of the DDAE is shown in eq. (5.33).

Ex(t) = Aox() + Y Aix(t—1;) (5.33)
i=1

Therefore, the spectral discretization can be applied to the DDAE instead. Solving for the roots of DDAE involves solving
for the matrix pencil (En,Ap), i.e. solving for:

(AExy —AN)x=0 (5.34)

where Ay is defined according to eq. (5.23) and eq. (5.24), and Ey is defined in eq. (5.35).

Iny O

0 E (5.35)

Ey =
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Moreover, it was also shown that solving for the characteristic roots of the DDAE led to smaller errors. That is why, it is
preferred to use the matrix pencil (En,An) to determine the characteristic roots of the neutral TDS that belong to some half-
plane such that R(z) > a for some finite a.

5.3 Critical Pairs and Root Tendency

The paradigm presented in this section circumvents the determination of the eigenvalues of the closed-loop system. In order
to do so, some of the spectral properties and stability properties of TDSs that had been discussed in chapter 4 are harnessed.
Specifically, one spectral property is that there is a finite number of characteristic roots in the right half-plane for retarded
TDSs and for neutral TDSs with strongly stable delay-difference operators. Recall also, that this property bore the stability
property: that the gain or loss of stability of these systems is determined by the crossing of the imaginary axis. Therefore, the
stability problem now is turned into one of counting the number of unstable roots as the time-delay(s) is/are varied. This is
done based on determining the crossings with the imaginary axis and determining the time-delays at which these crossings
occur. The combinations of the critical imaginary roots with their associated time-delays are known as critical pairs. With the
delay intervals or regions (for the case of multiple delays) established, it remains to determine whether the intervals/regions
are stable or not.

5.3.1 Determining the Critical Pairs

As mentioned in the introduction of this section, the first part is to determine the critical pairs of the TDS. There are several
methods in the literature that show how this can be done, and those will be discussed in the following. It should be noted,
that for all the methods that will be discussed in this subsection, it is assumed that A = 0 is not a root of the characteristic
quasipolynomial because this degenrate case implies that the system may not be asymptotically stable [9, 11].

5.3.1.1 Direct Method

The direct method was developed by Walton and Marshal for TDSs that have a single delay [87]. At the core of this approach is
the elimination of the exponential term in the TDS, which is why it is referred to as the direct method. In the following, it will
be explained how this elimination is done. The steps that follow and that lead to the determination of the critical imaginary
roots and their corresponding critical time-delays will also be explained.

For an LTI system with a single time-delay, the characteristic equation takes the form shown in eq. (5.36).

f (/1, e‘”) = P(M) + Qe ™ (5.36)

According to the conjugate symmetry property, if a quasipolynomial has a root at some complex value A, then the conju-
gate characteristic equation has a root at the conjugate of A.
Thus, if the characteristic equation has a root at jw,

P(jw)+Q(jw)e 1™ =0 (5.37)
then the following holds true as well.
P(—jw)+Q(—jw)el™ =0 (5.38)

Those two equations, eq. (5.37) eq. (5.38), can then be combined by eliminating e/ to obtain the polynomial eq. (5.39),
which is referred to as the magnitude equation.

|P(j)* - |Q(jw)[* =0 (5.39)
LetO; = 7; - w;. Then, based on eq. (5.37),
. P(i ) ; ) .
e f0i=_1. M — elfi=_1. M = selli=/-1+/ M (5.40)
Q(jw) P(jw) P(jw)

Q(jwi) Q(jwi)

Ql-: ZQP((jw))-i-ﬂ, OSZWSH (541)
Wi [} :
lm -7, < AW <27n

Sincethe w; values are obtained from solving for the roots of eq. (5.39), and that the 8; values are obtainable with eq. (5.41),
the set of 7; values, the set of critical times, can be computed.
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5.3.1.2 Bilinear Transformation: Pseudo-delay Techniques

In this method, the exponential term is replaced using a bilinear transformation. It should be noted that these substitutions
are exact and are not approximations (in contrast to the finite dimensional approximations discussed in section 5.2.1). After
the transformation, the new characteristic equation is expected to be easier to analyze. However, it should also be noted that
applying this approach is not guaranteed to be an easy task.

One of the earliest and most notable pseudo-delay techniques relies on the Rekasius substitution [88], shown in eq. (5.42).
Itis the variable T in the equation that is referred to as the pseudo-delay [25].

1-joT
1+ joT’

e T = T>0 (5.42)

It was noticed that the Rekasius substitution in fact only maps [0,00] onto a semi-circle [89]. For the mapping to cover
an entire circle, the values of T need to be both positive and negative. As a result, another type of bilinear substitution was
proposed, shown in eq. (5.43), which is similar to the Rekasius substitution. This transformation involves the square of the
term in the Rekasius substitution. As a result, it simplifies the analysis to only the consideration of T > 0 [90].

2

; 1-joT

e JYT = i , T>0 (5.43)
1+jwT

Olgacand Sipahi used the Rekasius substitution to determine the critical imaginary roots [91]. In order for the transforma-
tion to be exact at the imaginary axis, the phase and magnitude of the right hand side of the transformation have to be equal
to those of the left hand side. This may lead to conditions that need to be satisfied to ensure the exactness. These conditions
will be determined for the case of the Rekasius substitution.

It can be seen that the condition for equal magnitudes is readily satisfied.

|_ﬁw B 1-joT| V1+(-Tw)?
e =1, _ = =1 (5.44)
L+joT| 1+ (Tw)?

As for the phases to be equal, the following derivation leads to a condition that needs to be ensured, which is in the form
of arelation between 7 and w and T [74].

; 1-joT
e = —1w, L (i) =/Z(1-joT)-Z(1+ joT)
1+ joT
= —tw=tan"! (—wT) - tan™! (wT) (5.45)
2
= Ty=— (tan_l(wT) TL[JI)
)
Consider the characteristic equation of a TDS shown in eq. (5.46).
n
f ()L; e"’l) = Z Pr(L)e k2 (5.46)
k=0
If the Rekasius transformation is applied to this characteristic equation, the following is obtained:
- & 1-Ts\k
F(s;T):= p 5.47
(5;T) kZ:O k(s)(1+TS) (5.47)

For easier handling, by multiplying with the polynomial term in the denominator that has the highest order, i.e. (1+sT)",
the terms in the denominator are cancelled out. The result is the polynomial shown in eq. (5.48).

n
FA;T) =0+ TV FA; T =Y P — T a+ TN * (5.48)
k=0

Of course, it should be checked whether the multiplied terms lead to any additional roots, i.e. to check whether 1+ TA =0
leads to be any feasible solution. Since the analysis concerns the case of the intersection with the imaginary axis, the expression
that needs to be checked becomes 1+ T - jw = 0. Itis desired that this expression does not have any feasible roots because
they would be artificial roots that are not the roots of the original characteristic equation that was considered. However, it is
clearthatthe expression 1+ T jw = O will never be satisfied for real values of T and w. Thus, it can be concluded that the roots

of the F(A; T) are the same as those of F(4; T).
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Figure 5.1: Example Frequency Sweeping Curves (zoomed-out view on the left and zoomed-in view on the right side) [9]

With the appropriate bivariate polynomial established, it remains to determine the crossings of F(A; T) with the imagi-
nary axis. Since the characteristic equation has been transformed into a bivariate polynomial, it is possible to use the stability
tests for multivariable polynomials. This includes finding the values that satisfy the Routh Hurwitz criterion or through the
simultaneous solution of real and imaginary parts of the bivariate complex polynomial F(jw; T) [75].

5.3.1.3 Frequency Sweeping Tests

Theidea behind the frequency sweeping tests is genericand is easy to apply in several contexts. As such, the frequency sweep-
ing tests will be encountered in several parts of this chapter. The gist of frequency sweeping is to vary the frequency and to
check for a certain parameter or condition that may give insights about either delay-independent or delay-dependent stabil-
ity. In the context of critical pairs and root tendency, frequency sweeping can be used to derive the critical imaginary roots as
well as the asymptotic behaviour of critical pairs.

In frequency sweeping, there is neither a need to replace the exponential terms nor to eliminate them. Itis usually easy to
implement, butin certainsituations the problem may not be solvable in a finite number of computations. Anotherdrawback of
frequency sweeping tests is that the precision of the results depends on the choice of the frequency grid. In certain situations,
insufficient resolution may lead to missed detection of critical pairs.

Frequency Sweeping Curves One of the ways to detect critical imaginary roots is through the frequency sweeping curves.
The construction of frequency sweeping curve(s) is as follows. The frequencies in a certain range with a certain step size are
iterated over. For each frequency, the value(s) for z are determined, where z is defined as z = e/, Thereafter, the mag-
nitude(s) of the z value(s) are obtained. These values are plotted against the values of w at which they were obtained. Note
that each z expression corresponds to one frequency sweeping plot. The critical imaginary roots are the intersections with the
horizontal lineT" = 1.

This can be illustrated with the following example, shown in fig. 5.1. From these curves, three intersections with the hori-
zontal line at one can be spotted, which are at w = {0.1638,1,182.6684}. Those are the critical imaginary roots of the analyzed
system.

It can be seen that frequency sweeping can be done programmatically as well. The risk of this, however, is that an auto-
mated procedure eliminates the human's role in determining the critical imaginary roots. This means that if the steps used in
the frequency sweeps are too large, that some roots may be missed.

In order to make use of the automated determination of the critical imaginary roots through programmatic frequency
sweeping and avoid problems of undetected roots, the frequency sweeping curves can be generated as well, which can be later
checked to verify whether all the critical imaginary roots have been determined. If the possibility of missed roots is noticed,
the analysis is repeated using smaller frequency steps.

Frequency-dependent matrix pencils

Frequency-sweeping tests can also be applied to solve for frequency-dependent matrix pencils which would determine
the critical imaginary roots. The following three theorems are delay-dependent results for systems with single delay, systems
with commensurate delays, and systems with commensurate delays expressed as differential-difference equations (eq. (5.4)),
respectively.
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Theorem 5.6 (Stability dependent on delay [92]): Suppose that the system described in eq. (5.1) is stable at T = 0. Let

rank (A;) =g (5.49)
Furthermore, define .
min 1<k<n % If/'ll (ja);'cl— A(),Al) = e_jQ;C
_— op @k . ;
Ti-= for some w’_ € (0,00),0} € [0,27] (5.50)
o) ifp(jol—Ap, A1)>1,Yw e (0,00)
Then,
7:= min 7; (5.51)
1<i=q
That is, the system described in eq. (5.1) is stable for all T € [0, T) but becomes unstable fort = 7.
Theorem 5.7 ([75]): Suppose that the system eq. (5.2) is stable at T = 0, and let g = rank (Am) Furthermore, define
. o . . _igi
minj<y<pn w_lZ ifA; (G(]ch),H(]w;c)) =e 0
Ti= for some w;'c € (0,oo),l9;'C € [0,27] (5.52)
0o ifp(G(jw), H(jw)) > 1,Yw € (0,00)
where
0 I 0
G(s):= : : : (5.53)
0 0 1
—(sI-40) A Apoq
and
H(s):= diag( [ - I —Ap ) (5.54)
Then,
T:= min T; (5.55)
lsisg+n(m-1)
the system eq. (5.2) is stable for all T € [0, T) but becomes unstableat T = T
Theorem 5.8 ([75]): Suppose that the system eq. (5.4) is stable at T = 0. Define
. o . . . _igi
mlnlsuf;n w—’; ifA; (Ga (]wﬁc),Ha (]w;c)) =e 0%
ti= 15k5nf)—’; for some wfc € (O'OO)’HIi € [0,2m] (5.56)
o) ifp (Galjw), Ha(jw)) > 1,V € (0,00)
where
0 1 0
Gals):= : : : (5.57)
0 0 1
—ap(s) —ai(s) —ag-1(5)
and
Hy(s) = diag( 11 aq(s) ) (5.58)
Then,
7:= min T; (5.59)

l<i=q

The system eq. (5.2) is stable forall T € [0, T) but becomes unstableat t = T
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5.3.1.4 Constant Matrix Stability Tests

Matrix-pencil approaches emerged as a more computationally efficient alternative to several previous methods that relied on
symbolic calculation to determine the time-delay margin. Besides computational efficiency, precision was also an issue for
some of the methods, namely the frequency-sweeping approach, as mentioned earlier. In the case of the frequency-sweeping
approach, the precision of the results is dependent on the chosen step-size of the frequency sweeps.

The mainidea behind the use of matrix-pencil approach to determine the critical imaginary roots is to compute the eigen-
values and the generalized eigenvalues of constant matrices. Due to this numerical scheme, the matrix-pencil approaches are
computationally efficient. Additionally, they may also be completed in a finite number of steps.

To the knowledge of the author, the analysis of constant matrices and matrix-pencils in order to determine critical imagi-
nary pairs was first proposed by Chen et. al. [93]. The resultant constant matrices here are based off the frequency-dependent
matrices discussed in the previous section of frequency sweeping approaches [94].

The method based on constant matrix stability tests is applicable to LTI systems. It allows to effectively determine the crit-
ical imaginary roots and the corresponding critical imaginary delays. It is a two step procedure. First, the generalized eigen-
values of a constant matrix pencil are computed, and then the eigenvalues of a constant matrix are computed in the second
step.

Retarded TDSs To the knowledge of the author, the first attempt to use the matrix pencil approach to determine the delay
margin of a linear retarded TDS was made by Chen et al. [93]. In their paper, several theorems are proposed and proven. The
purpose of these theorems is to be able to compute the delay margin for two classes of models: the differential-difference
equations and the differential-difference equations in state-space form.

The goal of this technique, as is the case for the other techniques discussed in section 5.3.1, is to determine the critical
imaginary roots. As was encountered before, the characteristicequation of a TDS can be interpreted as a bivariate polynomial,
by replacing the exponential terms with a new variable (z = e~™), or with a bilinear transformation involving a new variable
aswasthe caseinsection 5.3.1.2. This means that finding the zero-crossings of the characteristic bivariate polynomial, denoted
by f (s, z), amounts to finding the values for s and z such that (s, z) € C, x 0D.

Consider, for example, the characteristic equation eq. (5.60):

n
p(se™)=3 ap(s)e ¥ =0 (5.60)
k=0
If the expression e~ is replaced with a variable z, the following bivariate polynomial would be obtained:
n
p(sz):=> ax(s)z=0 (5.61)
k=0

If the parameter s = jw is fixed to some value such that w € (0,00) (since it is required that s € C,), then the bivariate
polynomial reduces to a function of a single variable z, as seenin eq. (5.62).

p(@)=apz"+ a2 +-+a, apg#0 (5.62)

Now, it should be determined whether eq. (5.62) has any the solution such that |z| = 1, as it was established that the zero
crossing corresponds to z € D.

The Orlando Formula which relates the roots of p(z) to the determinant of the Schur-Cohn matrix provides the link be-
tween the problem of determining the zero-crossings of the characteristic quasipolynomial and obtaining a constant matrix
test. The following Lemma shows this relation:

Theorem 5.9 (Orlando Formula [75, 95]): Let z;,i = 1, ---, n be the roots of the complex polynomial p(z) = ZZ:O akzk
whose corresponding Schur-Cohn-Fujiwara matrix is denoted by H. Then,
2 n
det(H) = |an[*" ] (1-22) (5.63)
ij=1

Since complex conjugates have the same magnitude, and it is desired to determine z such that |z| = 1, then |z| = 1. This
makes the right-hand side of eq. (5.63) equal to 0. This means that the Schur-Cohn-Fujiwara matrix H is required to be singular
for determining a zero crossing, i.e. det(H) = 0.
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Now thatitis established that det(H) = 0 is the condition that needs to be ensured in order to determine the critical pairs,
the next step would be to try to express the det(H) in terms of the coefficients of the polynomial p(z). In order to proceed
further, the definition of the Schur-Cohn-Fujiwara matrix needs to be given, which is seen in eq. (5.64).

H=qS)"q(8) - pS)p(S) (5.64)

In the equation, a number of new elements appear. The operator () denotes the Hermitian transpose, which means that
the matrixis firsttransposed, then the conjugate of the entries of the transpose matrix are determined. Moreover, Sineq. (5.64)
which is called the shift matrix and whose definition is shown in eq. (5.65), has nonzero entries only on the superdiagonal. It
is referred to as the shift matrix because pre-multiplying by this matrix leads to the shift of the elements of the multiplicand
by one entry location upwards.

0 1 0 0
0 0 1 0
S=1o0 0 (5.65)
0 - 0 1
0 0 O 0

Moreover, the term g in eq. (5.64) is the "complex reverse” polynomial associated with p(z) or simply the conjugate poly-
nomial of p(z), and its definition is given in eq. (5.66).

q(2)=2"p(1/2) = @nz" + @n_12" 1+ +ap (5.66)

In principle, now it may be attempted to startexpressing det(H) in terms of a;.. However, thereisanimportant Lemma that
relates the determinant of the Schur-Cohn-Fujiwara to the determinant of the Schur-Cohn matrix, which makes it worthwhile
to check for the possibility of a diversion to a simpler derivation of a stability criterion. The Schur-Cohn matrix (the test matrix
for the Schur-Cohn criterion) is defined in eq. (5.67)

pT(S) (pT(S))H

A= H (5.67)
P (pT)
Moreover, the relation between the determinants of the two matrices is shown in eq. (5.68).
det(H) = (-1)"det(A) (5.68)
This relation is proven based on the Schur determinant complement which is shown in eq. (5.69) [75].
A B\ o
det| © ) ) = det(D) det[A— BD C) (5.69)

The proof of the relation eq. (5.68) looks like this:

det(H) = det(p"(9)5(S) - p"(S)p(3)
= det (5P P (5) - pT(9) det(p(S)

= =1"det(p"(9) - pSp™ (SH(S) det(p(S)

(S) D(S)
:(—1)"det( ﬁ’fq(s) p@,(s) ) (5.70)

:(—1)”det( pHS) pH(s) )H
= (-1)"det s (pT(S))Z
P (7))

Thus, now, it is instead possible to try to obtain a stability criterion based on det(A) = 0. Therefore, the next steps are
about expressing det(A) with the coefficients of p(z). Based on the definition of the Schur-Cohn matrixin eq. (5.67), the terms
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H H
pl(S) and(ﬁT(S)) and p’'(S) and(pT(S)) need to be determined. Beginning with p(S), and based on eq. (5.62), p(S) will
correspond to:

pS) = apS™ + a;S" L+ + ayl (5.71)

As explained earlier, a shift matrix leads to a shift in the entries of the matrix by an entry location upwards. That is why, if
the shift matrix is raised to a certain power, let it be denoted by k, the resultant matrix corresponds to a matrix of the same size
with the entries shifted upwards by k entries. It should be noted, however, that the non-zero entries may rotate depending on
the value of k. Thus, the following expression for p(S) is obtained.

anp Aap-1 -+ 41
p(s) = @ (5.72)
0 0 cee ap
H
Note that (pT(S)) = p(S). Thus,
ay 0 0 an an-1 a
a ap H 0 a e ap
an-1 an—» ap 0 0 an
Applying the Schur determinant complement identity (eq. (5.69)) to the Schur-Cohn matrix A leads to eq. (5.74).
T T o) _
(S (S H H w1
det(a) = det| P )H :det((pT(S)) )det(pT(S)—(pT(S)] ((pT(S))) pT(S)) (5.74)
p1e  (p'©)
H
Knowing that (f)T(S)) = p(S) leads to the following simplifications:
H H H\"!
det(A):det((pT(S)) )det(pT(S)—(pT(S)) ((pT(S)) ) pT(S)) (5.75)
H H H\"!
=det((pT(S)) )det(pT(S)—(ﬁT(S)) ((pT(S)) ) pT(S)) (5.76)

Note that, det(A) corresponds to a polynomial in w. The positive real solutions of this equation are the values of w for
which a z that belongs to the unit circle may be found. As the value for w is obtained, the corresponding values for z may be
determined from solving for p(s, z) = 0.

Moreover, a consequence of Schur’s complement for the determinant is the following Lemma.

Lemma 5.1 (Consequence of the Schur Complement Identity [75]): Forany z € Cand P, e C**"*, k=0,1,---,m

1 0 1 0
mn .. : : - :
det| Y Ppz*|=det{ z ' - : C (5.77)
k=0 1 0 0 1
P, -Py —-P; =Py

This discussion leads to the following theorem, which was derived in [93].

Theorem 5.10 ([93]):
Consider a retarded TDS described by the differential-difference equation shown in eq. (5.78),
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n-1 ¢q .
Y0 +Y Y ayy?e-kr) =0 (5.78)
i=0 k=0

and whose characteristic equation is given by eq. (5.79).

q
a(s, e‘hs) =Y ap(s)e ks
k=0
n-1 X
ap(s)=s"+)_ ag;s’ (5.79)
i=0

n-1 .
ai(s) =Y axis', k=1,---,q
i=0

T,:=0, H,:=| . . . (5.80)
1 0 0
agqr  Qg-1,i " 4
0 agi o A

| LT (.80
0 0 - ag
0 - 0 aoi
0 - ap ai;

H;:= . . . . (5.82)
aoi - Qg-2,i Qg-1,i

=)' ()P H;

) = e g 5.83
(_])II_IiT (])ITIT ( )
0 1 0
P : E 5 (5.84)
0 0 1
-P,'py -P,'P; -P, Py
0 1 0
F(s):= : : : (5.85)
—ap(s) —ai(s) -+ —ag-1(s)
G(s) := diag(l e 1 aq(s)) (5.86)
* . (293
T := min — (5.87)
1<k<2nq Wy

where wy. belongs to the set of eigenvalues of the matrix P and ay. belongs to the set of eigenvalues of the matrix pencil
(F(joi), G (jowr)-

As mentioned in the introduction of this part on constant matrix stability tests, the overall procedure for the implementa-
tion of the above theorem consists of two steps. The first step is to determine the generalized eigenvalues of a constant matrix,
and the second step is to determine the eigenvalues of another constant matrix. Note that, the theorem makes the assumption
that the systemis stable when there are no delays present. .

As for the stability results corresponding to the equivalent state-space form, it is presented in the following. Consider the
state-space form shown in eq. (5.88),
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q
x(t) = Aox(t) + ) Agx(t—kt), h=0 (5.88)
k=1

where Ay € R™" are real matrices and T denotes the time-delay, the result is presented in Theorem 5.11.

Theorem 5.11 ([93]): ,
Let the matrices B e R"™, k=0,1,---,2q bedefined as:

Byk= I®ALk=1,,q
By= Ag®A] (5.89)
Bq+k: Ak®1!k:1v“'yq

Let the matrices U and V be defined as:

1
U = i (5.90)
1
Bag
and

0 I 0

ve=| = e (5.9)
-By —-Bi1 -+ —Byg

Ifthere is not at least one generalized eigenvalue of this pair of matrices, a (U, V'), whose magnitude is equal to 1, then the TDS is
stable for all h € [0,00]. Otherwise, the time-delay margin is given by

.o«
7*:= min -=% (5.92)
1<k=2n?q Wk

where a i € [0,27] and e~ 1% € o(U, V) and jw € o (anzo Ame‘j’”“k),

As can be seen from the theorem, some important operations for this approach appear, which are the Kronecker product
and the Kronecker summation. The Kronecker product is the extension of the outer product, or the cross product, to matrices
[74].

Cap = Qijbyy (5.93)
where
a=pli-D+k
. 5.94
B=q(j-1+1 ( )

As for the Kronecker summation, it is defined in terms of the Kronecker product:

AeoB=A®I,+1,®B (5.95)

This approach was extended to compute multiple stability intervals by Niculescu et al. [96].

Neutral TDSs with Commensurate Delays This methodology was extended to the case of neutral TDSs by Fu et al. [97]. As
discussed in chapter 4, the stability analysis of neutral TDS involves an additional necessary requirement for stability, which is
the stability of the delay-difference operator.

As in the case of the previous discussion, two theorems were proposed in the work of Fu et al., one for the differential-
difference form and one for the corresponding state-space form [97]. The reader is referred to [97] for those two theorems, as
well as their proofs which are similar to the proofs of the theorems proposed by Chen et al. [93].
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5.3.2 Asymptotic Behaviour of the Critical Imaginary Roots
While the methods discussed in the previous partindicate where the stability switches may occur, they do notindicate whether
the switch, if atall present, is to stability or instability. Without this information, the stability regions cannot be determined.

By studying the tendencies of the critical imaginary roots, one is able to keep track of the number of unstable roots and
consequently, infer the information about the presence and the type of stability switch (whether it is towards stability or to-
wards instability). Those tendencies are referred to as the asymptotic behaviour of the critical imaginary root. The asymptotic
behaviour can be studied either graphically or analytically. The advantage of the graphical approach is its simplicity; whereas,
the advantage of the analytical approach is that it allows for automation.

In the next two parts, solving the problem of determining the asymptotic behaviour of the critical imaginary root using
eachofthethe graphical and theanalytical approaches will be discussed, and in this order. Note that, the asymptotic behaviour
isanalyzed ata specific critical pair. As there are infinitely many critical pairs, it may seem intractable to analyze the asymptotic
behaviour at all critical time-delays. However, this issue was addressed when the invariance property was proven for systems
with commensurate delays in [9] and later on for incommensurate delays in [11]. This property implies that the asymptotic
behaviour at all critical time-delays associated with a certain critical imaginary root is the same. Therefore, it suffices to study
the asymptotic behaviour of a critical imaginary root at one of the infinitely many time-delays associated with. This, along with
the fact that there is a finite number of crossings with the imaginary axis, means that there are only a finite number of cases
for which the asymptotic behaviour will need to be studied.

5.3.2.1 Frequency Sweeping Tests

Through frequency-sweeping tests, the sign of |z| — 1 close to the determined critical imaginary roots is studied. If the sign
changes from negative to positive, this means that the crossing direction is from the left half-plane to the right half-plane.
Conversely, when the sign changes from positive to negative, the crossing direction is into the stable left half-plane. Graphi-
cally, the former condition corresponds to the frequency sweeping curve crossing the horizontal line I = 1 from below. As for
the latter case, the crossing is from top to bottom.

However, it should be noted that the frequency sweeping curves can show some complex features even when the case of
simple critical imaginary roots is encountered [9]. This makes it difficult, in certain cases, to infer the asymptotic behaviour
from the frequency sweeping test. An example case was shown by [9].

For the case of neutral TDSs, the stability of the delay-difference operator can also be examined graphically. The means to
do this is to check that for very large values of w, the frequency sweeping curve is still higher than the horizontal line ' = 1.

5.3.2.2 Eigenvalue Pertubation-based Approach and Puiseux Series

Thecrossingdirection of animaginary rootis defined as the sign of the change in the value of eigenvalues around the imaginary
axis with respect to an increase in the time-delay. This is shown in eq. (5.96).

dA
—‘ (5.96)
dr

A:wcyi

To the knowledge of the author, Chen et al. were the first to use an eigenvalue perturbation-based approach to determine
the asymptotic behaviour of the critical imaginary roots and to consequently determine the regions of stability [98].

Ifa critical imaginary root is simple, then the asymptotic behaviour can be studied based on the implicit function theorem
from which it holds that expression for % can be determined with eq. (5.97).

@ = —ﬁ (5.97)
dr — f
However, when the multiplicity of the root is larger than 1, then the implicit function theorem no longer applies. In this
case, an alternative is to study the asymptotic behaviour through a series expansion of the relation between a time-delay ©
and the characteristic root A. Since the Puiseux series allows to describe the local behaviour of a power series, the asymp-
totic behaviour can be studied through n Puiseux series, where n is an important index that will be explained in the following
paragraphs [9]. To the knowledge of the author, Chen et al. were the first to use an eigenvalue perturbation-based approach
to determine the asymptotic behaviour of the critical imaginary roots and to consequently determine the regions of stability
[98].
The procedure for obtaining the Puiseux series is summarized with algorithm 1, obtained from [9]. However, before pro-
ceeding with presenting the algorithm, there are two important non-negative indices that need to be discussed, the indices n
and g, thatare associated with a critical pair (A4, T 4,k). The index n is defined according to eq. (5.98).

CDIR =sign
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flo==fin1=0, fin 0 (5.98)

From this definition, it can be seen that the index n corresponds to the multiplicity of a critical pair. As for the index g, itis
defined according to eq. (5.99).

fro=-=fg1=0,fg #0 (5.99)

It should be noted that both of the indices are guaranteed to be bounded if the critical imaginary root to which they are
associated is not zero [9]. Moreover, one of the properties is that the index g is constant for all 74 . However, the index n can
possibly vary with 74 .

Now that the definitions of those two important indices have been established, the algorithm for obtaining the Puiseux
series of a quasipolynomial at a critical pair can be presented, and it reads as shown in algorithm 1.

Algorithm 1 Algorithm to determine the Puiseux series [9]

1. procedure GETPUISEUXSERIES(f(A,7), 1, 8)

2 ag—0

3 Po—8

4 while True do

5 uhmax{ﬁo_ﬁ>0:L £0,a>a ,6<,6} >NotethatL-=f."+'Tl(i+l)(i+l)
' a—agp ap ’ 0 0 i= Gt i i

6: if u exists then

7: Determine all nonzero Ly g such that g‘)_—_cf) =u

8: Form the set { Lg, g, (A)™ (AT, Ly, (A2 (ADP2, . | suchthatay > @z > ..

9: Determine coefficients satisfying the equation Ly, g, C¥' "% + Ly, 5, C*? 7% + -+ Ly g, = 0> denoted ép,l

10: AL — Cpi(AD* +0((ATDH), 1=1,...,a1 — ap

11: dog — a1

12: Bo — 1

13: else

14: return AA(AT)

15: end if

16: end while

17: end procedure

Once the Puiseux series AA(AT) are obtained, the effect of AT = +¢ and AT = —e on the real part of AA can be determined.
Based on this, it is possible to tell what the asymptotic behaviour is when the time-delay changes from 7, —€to 74 + €.

However, in some cases which are referred to as degenerate cases, the resultant Puiseux series involves only an imaginary
term. This means that the first order Puiseux series is insufficient. In order to address this issue, higher order Puiseux series
need to be determined, which is done by applying algorithm 1, iteratively [9].

5.3.3 Stability Regions in the Delay Space
After having determined the critical pairs and the asymptotic behaviour associated with them, it finally remains to determine
the stability regions in the delay space of the TDS. This entails monitoring the change in the number of unstable roots and
keeping track of the number of unstable roots pertaining to the time-delay intervals. The change in the number of unstable
roots is mathematically described in eq. (5.100) [9].

ANU,(B) £ NUq(B*) - NUg(B7) (5.100)

The notation AN U, (B) signifies the change in the number of unstable roots that is associated with the critical pair (a, ),
with a being the critical imaginary root and f8 being the associated critical time-delay. As shown from eq. (5.100), ANUg ()
corresponds to the change that occurs when the time-delay is increased from ™ to §*.

Remark 5.2 (Remark on the Analytic Curve Frequency Sweeping Approach): In principle, the analytic curve frequency
sweeping approach, described in [9], is nothing more than the frequency sweeping approach used to determine the critical pairs
from section 5.3.1.3 combined with the eigenvalue perturbation-based approach (and the use of series expansions) to study
the asymptotic behaviour (possibly also combined with the verification of the analysis on the asymptotic behaviour through
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examining frequency sweeping curves). It has been presented in this section in such a segmented fashion in order to emphasize the
three main steps of the outlined approach which are to determine the critical pairs, to study the asymptotic behaviour of a critical
pairand, finally, to determine the stability regions in the delay space. Through this structure, it is possible to group all the relevant
techniques that can be used to execute either of these three steps.

Another, yet unrelated, note needs to be made regarding this approach. It hosts a special feature. Specifically, as formally described
in the book [9], the approach has also been augmented to solve for the complete stability problem of TDSs with commensurate
delays. What is meant by complete stability is that the ultimate stability is also addressed, which is the stability of the system
when the time-delay tends to infinity. The study of complete stability often is not of practical relevance as engineers often strive to
minimize the occurrence of delays in control systems. Consequently, the order of magnitude of the time-delays in a system is usually
known. However, in case such an analysis is needed, the aspects that need to be considered to check for ultimate stability can be
reviewed from the 9™ chapter of the book [9].

5.3.4 Iterative Frequency Sweeping Approach
The iterative Frequency Sweeping Approach [11] is an extension of the analytic curve frequency sweeping approach [9], and it
allows to the study the complete stability of a TDS with multiple incommesurate delays. The gist of the approach is to analyze
the stability with respect to a delay vector, denoted by T# = (T’f, e T*Z) (where the # indicates that a value is fixed), sequen-
tially. At each step, one of the delay parameters is "freed" while the others are kept fixed. The following will explain the steps
of this approach more clearly.

Consider the characteristic quasipolynomial of a TDS with incommensurate delays which is given in eq. (5.101).

FA,7) = det

L
Al-A=Y Bge‘m) (5.101)
/=1

Before proceeding with the steps of the algorithm, some notation needs to be established. For convenience, the time-delay
vector 7, of length L, can be represented according to eq. (5.102),

L
T=) 1,6(0) (5.102)
0=1
where §(¢) is given by eq. (5.103).
) o,ifi#e
5:(0) _{ L ifiz e (5.103)

This new notation is useful for the concept of freeing one time-delay component and fixing the others, which will be seen
in the following.

Let the index of a time-delay component in the time-delay vector that is free be denoted by y, i.e. Ty(xefl,..., LY isthe
free component in the vector, and the rest of the elements (¢ # x) are fixed. The previously introduced notation in eq. (5.102)
and eq. (5.103) allows to write the delay vector as follows.

T=1,0(x)+Fy (5.104)
where
E =Y thé0) (5.105)
1251

With the notation clarified, it is possible to proceed to the steps of the algorithm, which are shown in algorithm 2.

Based on this algorithm, itis seen thatin order to check for the stability in a region, the stability of many such delay vectors
need to be checked. This is in alignment with what was mentioned before, that when the delays are incommensurate, the
problem becomes very difficult to solve and is considered to have an A 22-hard computational complexity [74, 75, 99].



5.4. Concluding Remarks 89

Algorithm 2 Algorithm to perform the iterative frequency sweeping approach [11]

1: procedure ITERATIVEFREQUENCYSWEEPINGAPPROACH(f (A, T))
2: F, — F,=(0,...,0)
3. fory—1,Ldo

4: NU(FX + 56()()) —NU (Fx)+ the number of values in C,, of the Puiseux series for all the corresponding CIRs when 1, =
Owith AT, = +¢ > Itisassumed that f(A,7) does not have CIRswhen 7, =0
5: Plot the frequency sweeping curves denoted by I'y ; (w),i = 1,..., gy, obtained from p (A,TX,FX) =0
6 Fy—Fy+7,_,6(x-1
7: end for _
8: if f(A,7) has no CIRs when 7 = 7# then
9 if NU =0 then
10: isStableBool — True
1n: else
12: isStableBool — False
13: end if
14: return NU (1%), isStableBool
15: else
16: Plot the frequency sweeping curves, denoted by T’;vi(w),i =1,...,qs,¢ =1,...,L, pertainingto p (/l,w,F;f) =0
with Fj = Y0 Th ()
17: Analyze the asymptotic behaviour when 7 = * with respect to each delay element in the delay vector.
18: return whether increasing or decreasing a delay element 7, would stabilize the system
19: end if

20: end procedure

5.4 Concluding Remarks

To conclude, this chapter set out to present a number of techniques that can be used for the stability analysis of TDSs in the
frequency domain. Of the methods for the analysis of delay-dependent stability, two main directions were identified: one that
relies on discretization of either the transcendental terms or of the spectrum, and another that involves identifying the pairs
of frequencies and time-delays, referred to as critical pairs, for which stability crossing occurs and studying their asymptotic
behaviour. Of the two, the latter set of approaches is preferred, and in the following, it will be explained why.

In the class of spectrum computation approaches, the method relying on finite-dimensional approximation has already
been denounced as a method because of the need to ensure that the determined stability regions do not enclose the actual
stability regions.

With regards to the spectral discretization method, while an elegant method, it has its drawbacks. One issue is that this
method is computationally intensive. A related concern is that the convergence of the numerical scheme depends on the cho-
sen number of discretization points, and a suitable choice of this parameter is a trade-off between computational intensive-
ness and accuracy. However, as previously mentioned, a procedure for the determination of the discretization points has been
developed by Michiels et al. which partially alleviates this concern [8].

However, the second group of methods offers the possibility for much simpler, more versatile techniques that are devoid
of the possibility of this type of complications. That is why, the second group is preferred.

The methods subscribing to the preferred group involve three main steps. The first of these steps is to determine the critical
pairs of the TDS. This is followed by determining the asymptotic behaviour associated with these pairs. Finally, the stability
regions are established through sorting the critical time-delays and book-keeping the number of unstable roots in between
the critical time-delays. For the third step, there aren'tany choices to be made. As for the second step, there is no need to choose
between or the other.

For the first step, four methods were discussed: the direct method, pseudo-delay techniques, frequency sweeping ap-
proaches, and constant matrix stability tests. The main limitation of the direct method is that it is only applicable to systems
with single delays. As for the pseudo-delay techniques, they are more versatile, but they may be more difficult to automate
due to the need to check conditions such as the presence of artificial roots as well as to ensure stability conditions based on a
Routh Hurwitz table, for example. The frequency sweeping approaches are simple in comparison to the other methods, but
they face theissue thata crude step size in the frequency sweeps may lead to missed roots. Finally, the constant matrix stability
tests offer the advantages of computational efficiency and precision which makes them a seeming best option. However, to
the knowledge of the author, such tests have not yet been derived for the case of TDSs with incommensurate delays. However,
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for the frequency sweeping approach, such an extension has been derived, and in the interest of choosing a method that can
be later applied to the case of TDSs with incommensurate delays, the frequency sweeping approach (and specifically the ana-

lytic curve frequency sweeping approach) is promoted as the method that will be used for the stability analysis of the TDSs in
the frequency domain.



Lyapunov’s Second Method

The Lyapunov notion of stability is a powerful one; however, classical Lyapunov theory cannot be directly applied to TDSs.
There are two main extensions of Lyapunov’s second method that have been developed for TDSs, which are the Lyapunov-
Krasovskii (LK) and Lyapunov-Razumikhin (LR) approaches. The evolution of the stability results based on the Razumikhin and
Krasovskii approaches will be delineated in this chapter, for the case of linear TDSs. Furthermore, although the interest is in
delay-dependentstability, both delay-independent and delay-dependent stability will be discussed. This is because, as will be
seen, the delay-independent stability results prove to be instrumental to some of the delay-dependent results.

The structure of the chapter is as follows. First, the extensions of the Lyapunov theory to the case of TDSs is presented in
section 6.1. Thereafter, a number of important tools for deriving stability conditions in the time-domain, namely, model trans-
formations and integral inequalities, are presented in section 6.2 and section 6.3, respectively. Next, several stability results
based on the LR theorem are derived in section 6.4. Section 6.5 discusses stability results that are based on the LK theorem.
In section 6.6, the discretized Lyapunov functional method is discussed, and some interesting stability results are presented.
Finally, a number of concluding remarks are made in section 6.7.

6.1 Extensions of Lyapunov Theory for Time-delay Systems

The classical Lyapunov theory does not directly apply to TDSs because the delayed states in the TDS may violate the monotonic
decrease of a Lyapunov function, which is a requirement for Lyapunov functions in the classical Lypanunov theory [100]. This
shortcoming created the need to extend the classical Lyapunov theory to make it applicable to the study of the stability of
TDSs in the time-domain, which is the topic of this section. Section 6.1.1 presents a number of stability definitions for TDSs,
and section 6.1.2 and section 6.1.3 discuss the theoretical extensions of Lyapunov theory to TDSs.

6.1.1 Stability Definitions for the Case of Time-delay Systems
The notion of stability, for the case of a TDS, concerns how much the system trajectory deviates from a system solution. While
the main interest is in studying the stability of non-trivial solutions of a TDS, through a change of variables, it is possible to
transform the stability analysis to that of the trivial solution. Furthermore, in the case of linear systems, the stability of the
trivial solution can be used to deduce the stability of all other solutions [22].

The definitions of stability themselves do not differ from those of non-autonomous systems without delay [75]. In the case
of non-autonomous systems, there is a dependence on the initial time. Thatis why, the initial timeis included in the definition
of stability for non-autonomous systems [14]. In general, it is desirable that the stability is robust to the initial time, and this
aspect of the stability concept is known as uniformity.

The trivial solution is said to be uniformly stable in the initial time £, "if V £y € Rand Ve < 0 there exists some §(€) > 0 such
that ||x4 llc < 8(e) forall £ = £,". A solution is said to be uniformly asymptotically stable if "it is uniformly stable and there
exists 0, > 0 such that for any 17 > 0 there exists a T(64,1) such that || x; lc < 6, implies |x(t)| <nforall t > o+ T(54,1)
and 7y € R". Finally, a solution is said to be globally uniformly asymptotically stable if "5, can be an arbitrarily large, finite
number” [22]. Those concepts of stability will be encountered in both the LK theorem and the LR theorem.

6.1.2 Lyapunov-Krasovskii Theorem

Inthe case of a delay-free system, the Lyapunov function expression involves the state of the system, because itis desired to see
how much the state deviates from the trivial solution. In a similar fashion, for TDSs, the state should be part of the Lyapunov
expression [101]. However, the difference between TDSs and systems free of delay is that the state in the case of a TDS is not

el
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avectorataninstantt. Itisinstead a function taken over an interval whose width is the time-delay, i.e. over the interval [t-7.,t]
[72]. That is why, the Lyapunov term involves x; rather than x(t).

Following this intuition gives a hunch of why Krasovskii’s extension of Lyapunov's second method for TDSs involves func-
tionals. This extension is formally presented through the LK stability theorem, which reads:

Theorem 6.1 (Lyapunov-Krasovskii Stability Theorem [75]): Suppose that the function
f:R=4 x C([-7,0],R") = R" 6.1)

in eq. (6.10) maps R, x (bounded sets of C ([—T,O],R”) into bounded sets of R", and u, v, w : Rsg — Rxq are continuous
nondecreasing functions, u(s) and v(s) are positive for s > 0, and u(0) = v(0) = 0.
Assume further that there exists a continuous differentiable functional

V:RxC([-7,0],R") =R (6.2)
such that
u(lpO@) < vt,d) < v(lolc) 6.3)
and
V(t,¢) =limsup [V (t-+6, xie(1,0) = V(1,)| < —w(lpO)1) (6.9

e—0"

Then, the trivial solution of eq. (6.10) is uniformly stable. Moreover, if w(s) > 0 for s > 0, then it is uniformly asymptotically
stable. If, in addition, lim_. . u(s) = +oo, then it is globally uniformly asymptotically stable.

6.1.3 Lyapunov-Razumikhin Theorem

The idea behind the LR theorem emerged as a way to avoid having to deal with functionals and to use functions instead [101].
This is done by choosing a function V' (x) such that V(x) < maxge[—r,0 V(x(f +6)). Based on the LK theorem, the functional

V (x(t+0)) should not grow and should have a negative-semidefinite derivative. Based ontherelation, V(x) < maxge[—r,0) V (x(+
0)), only that the function V (x) has a negative derivative when it is equal to the functional needs to be ensured. The theorem

is formally stated as follows:

Theorem 6.2 (Lyapunov-Razumikhin Stability Theorem [75]): Suppose that the function

f:Rs4 x C([-7,0l,R") = R" (6.5)
in eq. (6.10) maps Rxy, x (bounded sets of C ([—T,O],[R”) into bounded sets of R", and u, v, w : Rsg — Rxq are continuous
nondecreasing functions, u(s) and v(s) are positive for s > 0, and 1(0) = v(0) = 0.
Assume further that there exists a continuous differentiable function

V:RxR" >R (6.6)

verifying
u(lxl) =V, x) <v(lxl), fort=fyand x e R" 6.7)

and such that the derivative of V along the solution of eq. (6.10) satisfies
V(t,x(0) < —w(|x(0)) whenever V(£ + 6, x(t+0)) < V (¢, x(1) (6.8)
forall @ € [—7,0]. Then, the system eq. (6.10) is uniformly stable.

If, moreover, w(s) > 0 for s > 0 and there exists a continuous nondecreasing function p(s) > S for s > 0 such that the condition
eq. (6.8) is strengthened to

V(t,x(1) < —w(x(@) ) if V(£ +0,x(t+6)) < p(V (1, x(1)) (6.9)

forall @ € [—7,0], then the system eq. (6.10) is uniformly asymptotically stable. If, in addition, lim_. ;oo t(s) = +oo then the
system eq. (6.10) is globally uniformly asymptotically stable.
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6.2 Model Transformations and Comparison Systems

Model transformations are an important tool in the analysis of TDSs. The transformation could turn the TDS into another
type of system. The resultant model is called the comparison model (or comparison system). Usually, the comparison model
is supposed to be easier to analyze, and from analyzing the stability of the comparison model, some conclusions about the
stability of the original system should be deduced.

Itshould be mentioned that model transformations are often utilized with many analysis techniques. Thisincludes several
robust stability analysis techniques such as Linear Fractional Transformation (LFT), and Integral Quadratic Constraint (IQC).
Moreover, model transformations can be combined with the general time-domain analysis approaches of TDSs, such as the LK
and LR approaches [102].

One main complication thatarises with the application of model transformationsis that possible additional dynamics may
appear. Thisisimportantbecausein case there are additional dynamics and the comparison model is unstable, itis not possible
to make conclusions about the stability of the original system (as the instability may originate from the additional dynamics)
[102].

In the following, three model transformations will be discussed: Newton-Leibniz Transformation, Parametrized Newton-
Leibniz Transformation, and the Descriptor Model Transformation. For each case, the presence of additional dynamics is ana-
lyzedin [102]. Thisis done by examining the characteristicequation of the comparison models. Only the findings of the analysis
on the additional dynamics will be presented here. For the following discussions in this section, the LTI TDS with a constant
time-delay, as described in eq. (6.10), will be considered.

x(t) =Agx(t) + A1 x(t—1)
X0 =p®), 0€[-1,0] (6:0)
6.2.1 Newton-Leibniz Transformation

The Newton-Leibniz transformation is the first model transformation to be used in the analysis of TDS [103]. As the name of
the transformation suggests, the Newton-Leibniz transformation is based on the Newton-Leibniz formula, shown in eq. (6.11).

t
x(t—1)=x(1) —f x(0)do (6.11)
-1
Substituting eq. (6.11) into eq. (6.10), produces the comparison model, shown in eq. (6.12).
t
%(1) = (Ao + A1) x(1) —Alf [Aox(s) + A1 x(s—1)]ds (6.12)
-7

In the case of this comparison model, there are additional dynamics, which only depend on the system. Because of the
additional dynamics, the stability of the original system is ensured in the cases where the eigenvalues of the matrix A; lie on
the negative real axis. Otherwise, the comparison model does not help in making inferences about the stability of the original
system [102].

6.2.2 Parametrized Newton-Leibniz Transformation
This transformatiton is a more general form of the Newton-Leibniz transformation. It introduces a free parameter C € R"*",
and this parameter is multiplied throughout the Newton-Leibniz formula (eq. (6.11)) which yields eq. (6.13).

t
Cx(t—1)=Cx(t) - Cf x6)do (6.13)

t—T

Applying this model transformation to the system dynamics (eq. (6.10)) leads to eq. (6.14).

t
¥ =(A+0x(+(A-C)x(t-1)-C | [Aox(s)+Arx(s—1)]ds (6.14)

t—7
The analysisin [102] shows the characteristic equation of the system as well as its factorization into the characteristicequa-
tions corresponding to the original dynamics and to the additional dynamics. The result shows that the parameter C appears
in the characteristic equation of the additional dynamics:

1 _ e*ST

Ag(s):=det|I-C (6.15)

s

From this characteristicequation, it becomes clear that a convenient choice of the parameter C can be made to ensure that

the additional dynamics are stable, which would sustain the usefulness of the comparison system for analyzing the original
TDS [102].
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6.2.3 Descriptor Model Transformation

The desriptor model transformation was firstintroduced by Fridman [104]. The mainidea behind this transformationis to aug-
T

ment the state with the derivative of the state vector, i.e. the new state vector becomes [ X7, %7 () ] [105]. For example,

if this transformation is to be applied to a simple TDS such as the system in eq. (6.10), leads to the comparison system shown

ineq. (6.16).

i x(® | _| 0 I x(1) 0 (1)
ar| 0 |7 4 -1 || x@ A |
o (6.16)
E=1v o

Briat shows that this comparison model has the same characteristic equation as that of the original system (eq. (6.10))
which means that it does not introduce any additional dynamics. However, this is at the cost of needing more complex tools
for analyzing stability of the more complicated comparison model.

6.3 Integral Inequalities

Integral inequalities are an essential part of deriving stability conditions based on the LK approach. Since the LK functionals
involve integrals, some integrals may remain as a part of the functional derivatives. As the expression for the derivative of the
Lyapunov-functional needs to be expressed in a quadratic form in order to enforce the negative definite condition uponiit, the
remnant integrals need to be replaced with quadratic terms. This replacement cannot be done exactly, so, instead, integral
inequalities are resorted to.

Many examples of integral inequalities exist in the literature [106-111]. Being inequalities, they inherently introduce con-
servatism into the analysis. Therefore, there has been an interest in trying to discover integral inequalities that are decreas-
ingly conservative. Following the order of their proposal in the literature, some of the most known integral inequalities include
Jensen’s inequality, Wirtinger-based integral inequality, as well as Bessel-Legendre integral inequality [106, 107, 110].

To the knowledge of the author, the first application of an integral inequality to the derivation of stability criteria for TDSs
was made by Gu [106]. The integral inequality proposed, referred to as Jensen’s inequality, is shown in eq. (6.17).

Theorem 6.3 (Jensen’s Inequality [106]):

Y Y T 0 T Y
y[ x"(WRx(wdu = (f x(u)du) R (f x(u)du) M(f x(u)du) (6.17)
0 0 0

=T

When applied to a TDS, the bounds are changed to [—7, 0], and the inequality is rewritten into eq. (6.18).

0 0 T 0
Tf x (WRx(wdu = ([ x(u)du) R (f x(u)du) (6.18)
=T it =T

As for the Wirtinger-based integral inequality, it was proposed by Seuret et al.[107]. As implied by the name, the integral
inequality is based on Wirtinger's inequality, an inequality that has been previously used in other applications in automatic
control [72]. Thisinequality is shown in eq. (6.19) which demonstrates how the inequality relates the integral of the derivative
of a function to the integral of the function.

0 7[2 0
fz'T(u)Rz'(u)duzﬁ z" (W) Rz(uw)du (6.19)

Theorem 6.4 (Wirtinger-based Inequality [107]):

T

0 1| Qyx) R Qo(x)
T 1 0 0
Lx (WRxwduz — | 8 £ || o (6.20)
where
Qo(x) = [°, x(wdu 6.21)

Qi(x) = fft x(w)du— %fft J2 x(s)dsdu
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Seuretand Gouaisbaut proposed an integral inequality whose conservativeness can be made arbitrarily small, through the
choice of a suitable N (see eq. (6.22)). This integral inequality is referred to as the Bessel-Legendre inequality, and it is shown
ineq. (6.22) [110,112].

Theorem 6.5 (Bessel-Legendre Inequality [110]):
0 1
[ x(w)Rx(u)du = p : Rn : (6.22)
-7

where

Ry =diag(R,3R,..., 2N +1)R)
(6.23)

0
Qk:f Li(u)x(u)du, forallkeN
-7

6.4 Lyapunov-Razumikhin Approach

According to the discussions in the literature, the LR approach often leads to more conservative results than the LK approach.

However, the derivation of LR stability results is often simpler [75]. The following subsections discuss the steps of this approach.
Aswill be the case for the LK approach, itisimportant to discuss the steps of obtaining both delay-independent and delay-

dependent stability criteria. This is because the delay-dependent results sometimes make use of delay-independent stability

conditions derived (which happens when an explicit model transformation is applied).

6.4.1 Delay-independent Stability
The first step in the LR approach is the choice of a LR function. Acommonly used function has the quadratic form xT - P- x. The
corresponding expression for V (x) is given by:

Viy=2-x"-P-x (6.24)

Ultimately, the goal is to establish a quadratic form for V (x) or an upper bound on V (x) that is in a quadratic form. Then,
ensuring the negative definiteness of the matrices involved ensures the negative definiteness the negative definiteness of the
expression for V(x) or the upper bound on V (x). This will guarantee that the Lyapunov derivative condition is satisfied.

The approach to construct the quadratic form will be more clearly explained with examples. Section 6.4.1.1 presents an
example derivation for the case of a TDS with discrete delays, and section 6.4.1.2 briefly presents an example for the case of a
TDS with distributed delays.

6.4.1.1 Retarded Time-delay System with Discrete Delays

Considera TDS with asingle discrete delay (eq. (6.10)). The availability of the system dynamics allows to replace the expression
for xineq. (6.24). The result of the replacement is shown in eq. (6.25).

V(x(1) =2-xT~P-[A0x(t)+A1x(t—‘r)] (6.25)

However, eq. (6.25) does notinclude all the terms needed to obtain the quadratic form, so they need to be added somehow.
One way to achieve this is through the following steps. Consider some constant p such thateq. (6.26) holds.

Vix(t+0) <pV(x(t) forall —-1<0<0 (6.26)

A re-arrangement of the expression and its subsequent multiplication by some positive a > 0 leads to eq. (6.27).
a(pV D) - Ve +0)) = a(p-xT (0 P-x(0)-x" (t-1)-P-x(t-1)] >0 (6.27)
Being a positive expression, a (p xT()-P-x()-x"(t-1)-P-x(t— T)) helps establish an upper bound for V (x(£)):

V(x(1) < V(x(1) +a(p-xT(t) -P-x(1) —xT(r—r)-P-x(t—r)) (6.28)
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The upper bound, in its more elaborate form, is shown in eq. (6.29).

2-xT-P-on(t)+2-xT-P-Alx(t—T)+a(p-xT(t)-P~x(t)—xT(t—T)-P-x(t—r)) (6.29)
Moreover, this expression can be written as the product of the transpose of the state vector, some matrix M, and the state
. t
vector,i.e. |xT () xT(t—T)] M| D | here
x(t—1)

_|2PAg+apP 2PA;
M= 0 “aP (6.30)

To make the matrix M symmetric, the operation in eq. (6.31) is applied.

_ M+MT

M= — (6.31)

The following demonstrates an important aspect regarding matrix transposition. Consider a matrix N that is composed of
sub-matrices N7, N2, N3 and Ny:

_|Nt N>
N= N N4] (6.32)
The transpose of matrix N is given by eq. (6.33).
N/ NJ
T_ |V 3
N N; NI (6.33)
Applying this to obtain the transpose of M shown in eq. (6.30) leads to eq. (6.34).
T _ |apPT +2A)PT 0
M"= 24TPT _ap" (6.34)
Since P is symmetric, P = PT. Thus, replacing eq. (6.34) in eq. (6.31) and simplifying leads to eq. (6.35).
- |PAy+AJP+apP PA
M= ATP P (6.35)
To satisfy the Lyapunov derivative criterion, eq. (6.36) needs to be satisfied.
PAy+AlP+apP PA x(1)
T Ter . 0T Ay p I
T xT (-7 Arp e B RN B (636)
Therefore, the final stability result is that the negative definiteness of M needs to be guaranteed.
- |PAy+AjP+apP PA
M= ATP “ap| <0 (6.37)
6.4.1.2 Retarded Time-delay System with Distributed Delays
Now, consider a system with distributed time-delays such as the one shown in eq. (6.38).
0
x(1) :Ao(t)x(t)+f A(t,)x(t+1(t,0)do (6.38)
—-r(t)
Replacing the system dynamics into the expression for V (x) in eq. (6.24) leads to eq. (6.39).
] 0
V(x(t)=2x" ()P Agx(t) +f A@)x(t+6)do (6.39)
=T

The procedure that was applied in the case of the system with a discrete delay is applied again, and this finally leads to the
stability result seen in eq. (6.40).
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0
PAy +A§p+f R(0)dO <0
- (6.40)
a(@)P—R(@O) PA®)

ATO)P —a@)P <0for0<O<r

Notice that this stability result is not a single matrix inequality. It is possible to perform operations to combine the two in-
equalities into a single matrix inequality. However, these additional steps are omitted from the discussion, and the interested
reader is referred to the book of Gu et al. for more information regarding these steps [75].

6.4.2 Delay-dependent Stability

This subsection presents two methods that lead to delay-dependent stability results that are based on the LR approach. Both
methods involve a form of model transformation, which is performed either on the system dynamics or on the expression for
V(x).

The first method involves transforming the original TDS with the discrete delays into a system with distributed delays.
This is known as "explicit model transformation’, and it is an important step because it induces the appearance of time-delays
in the inequalities that emerge. The step following the transformation is to apply the delay-independent results derived for
systems with distributed delays onto the transformed system. The outcome of this step is usually in quadratic form, so any
further simplifications are optional. These inequalities may be matrix inequalities or equation inequalities, or a combination
thereof.

As for the second method, the transformation is applied to the expression of V(x), rather than to the TDS. Namely, this
transformation helps in establishing the quadratic form. It may be, however, still necessary to perform additional manipula-
tions to obtain the needed quadratic form.

The workings of the approaches are demonstrated through their application to an example of a TDS with a discrete time-
delay (eq. (6.10)). Section 6.4.2.1 presents the application of the approach that relies on the explicit model transformation, and
section 6.4.2.2 presents the application of the method that uses the implicit model transformation. Moreover, the overview of
the steps of those two methods is presented in fig. 6.1.

6.4.2.1 Retarded Time-delay System with Discrete Delays: Explicit Model Transformation
As mentioned, the first step is to apply an explicit model transformation to the TDS. Specifically, the Newton-Leibniz trans-

formation (see section 6.2) will be applied here. The model transformation leads to distributed time-delays in the system
dynamics, as shown in eq. (6.41).

X(8) = Aox(t) + A1 x(t—7) (6.47)

= Apx(t)+ A;

t
x(t)—f X(H)dal
¢

=T

t
= Apx(t) + Ay x(t)—f (Apx(6) + A1x(6 1)) d6
t

=T

0
=[Ao+ A1) x(9) +f [-A1 Agx(t+0)— Ay A1x(t—T+0)] dO
-7

As shown in fig. 6.1, it follows to apply the delay independent stability conditions derived for the case of system with dis-
tributed delays. Those results were obtained in the previous parts. Specifically, the conditions shown in eq. (6.40) will be ap-
plied. However, before this can be done, eq. (6.41) has to be put in the form of the system for which eq. (6.40) was derived, i.e.
forthe system with distributed delays x(t) = Agx(?) +ff)r A(0)x(t+0)d6. By comparing to the form shown ineq. (6.41), itcan
be seen that for the first term, a new matrix needs to be defined, A, which is equal to Ag + A;. As for the integral terms, it can
be seen that there are two state delays x(# + 6) and x(t — 7 + 8), whereas in the equation for which the stability condition was
derived, there isonly one term which is x(z +60). To deal with this, a change of variable on the term involving x (¢ — 7 +6) needs
to be performed. The outcome of this step is shown in eq. (6.44). Finally, since the bounds of the integrals are not overlapping,
this may written as cases. This is shown in eq. (6.45).
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0
x(0) = [A0+A1]x(t)+f [A1Apx(t+0)— A1 A1 x(t—T+6)] dO (6.42)
-7
0 0
=|Apg+ A | x(H) + —AAxt+9d9+f -A1A1x(t —-T7+6 )do 6.43
[oﬂ()f_Tlo( ) _111( ) (6.43)
Let s=—7+6
0 -7
= [A0+A1]x(t)+f —A1A0x(t+9)d0+f —A1 A1 x(t+0)do (6.44)
-7 =27
[Ao+ A] x(0) + [° — A1 Agx(t +0)dO 0 € [~7,0]
| ——
= A AO (6.45)
[Ag+ A1 x()+ [, —A1 A1 x(t+0)dO 0 €[-21,-1)
—_— ——
i A©)
This result is summarized with the notation in eq. (6.46).
AO =Ap+ A
A(0) = — A1 Ag,0 € [-1,0] (6.46)
A0)=—-A1A1,0 €[-21,-7)
Finally, after applying eq. (6.40) to the system eq. (6.45) leads to the stability result shown in eq. (6.47).
P(Ag+ A1)+ (Ag+A) P+1(Ry+R;) <0
arP—-R, —PA A _
CATATP —ayP <0,k=0,1 (6.47)

6.4.2.2 Retarded Time-delay System with Discrete Delays: Implicit Model Transformation

As previously mentioned, the firststep in this method, after having determined the time derivative of the Razumikhin function
V(x) (see eq. (6.25)), is to apply the implicit model transformation. For that, consider matrices X, Y, and Z such that X T =

X,Y,Z" = Zand ( > 0. Since the matrix is positive definite, then by definition, the quadratic form involving the

X
Yyt z
matrix is positive. Furthermore, the integral of that expression is expected to be positive as well:

Y
YT Zz

x(t)

0 (,T d.T
f_,(x (1) agx (HG))( %x(m@)

) dag >0 (6.48)

Being positive, adding eq. (6.48) (which is the implicit transformation referred to here) to the expression for V (x) leads to
an upper bound on V(x).

V(x) =2x" ()P [Apx(8) + A1 x(t—T)]
<2x" ()P [Aox(8) + Ay x(t —T)]

+f0 x'( ixT(rw) (6.49)
— do

X Y x(1)
( YT Z || Lx(t+0) )dg

If the matrix multiplication inside the integral in eq. (6.49), i.e. eq. (6.48), is expanded, this leads to:

0 d X Y
T T
fr(x €3] Ex (t+9))( A

x(1)
Lx(t+0)

0
:ﬁT M‘Hﬂ(t)'Y'%x(t"'e)"'a%x-r(“'g)'YT'x(t)1+%xT(t+9)-Z'%x(t+9) dao (6.50)

Term1

Term2 Term3 Term 4
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From eq. (6.50), it can be seen that term 1 may be directly pulled out of the integral, as the integral is with respect to 8, and
the termitselfis only a function of t.

0
f X (OXx(0)dO =x" () Xx()-0—(-1)) =7-x" () Xx(t) (6.51)

=T
As for term 2, using Leibniz’ rule for differentiation under the integral sign, it is possible to evaluate the integral of term 2
with respectto 6.

0 - d
f X (t)-Y‘@x(IHB)dQ

=T

T 0 d
=x (-Y- 71Ex(t+0)d9

=x' (1) Y- (x(t+0)°,
=x"(0)-Y-(x(0) - x(t-1)
=x"(0-Y-x(-x" ()Y -x(t—-7) (6.52)

Similarly, for term 3, this leads to:

OixT(HH) YT x(0)
. do

- (xT(t) —xT(t—T)) v x(0)
=x"@®)- YT -x()-x"(t=7)- Y -x(0) (6.53)

As for term 4, it will not be possible to take it out of the integral. However, the chain rule can be applied to the expression
for %x(t+ 0), and this leads to eq. (6.54).

Al 140 =Ly Ly
do” —~— T dUu do
Let U=t+60

d )]
=—x
au
=Aox(U)+ Ay - x(U-71)
=Apx(t+0)+A;-x(t+6—1) (6.54)
Incorporating this result into the expression for term 4 leads to eq. (6.56).
°oq - d
LdT)x (1+0)- 2+ 5 x(t+0)do
0
= | [Aox(t+0)+A;-x(t+0-1)1" - Z-[Agx(t+6) + Ay - x(£ +60 —1)1d6

0
= xT(t+0)- Ay +x (t+0-1)-A]1-Z-[Apx(t+6) + A, - x(t +0 —T)]dO
-T

0
:f (xT(t+9)-AgZAo~x(t+9)+xT(t+6)4AgZA1-x(t+0—r)+xT(t+0—T)-AlTZA0~x(t+0)+xT(t+9—T)-AlTZAl-x(t+0—r))d0 (6.55)
-7

0 AlZAy AlZA x(t+6)
_ T T _ 0 0 0 1
= _T[x (t+0)x (t+0-71)] AITZAo AITZAl )( X(t+6-1) )dﬂ (6.56)
Define the vector x,(6):
x(t+6)
xrr(H)—( X(t+6-1) ) (6.57)

Thus, x;-(0) is

x(t—1)

X (0) = ( x(1) ) (6.58)
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Thus, the expression for term 4 can be simplified into eq. (6.59).

0
f x},(0)

So far, the upper bound for the V (x) is given by

Ay ZAy A)ZA

2x T (HPAgx(t) +2x T (DPAIx(t—T)+7-x (1) X-x(+x ()Y -x(B)—x"(8)- Y -x(t—1D)+x"()- Y -x()—x' (r—=7)- Y -x(0)

0
+ f X/ (6)
=T

=x,.(0)-

AJZAy A)ZA

AlzAy, Al za Xer(0)d0

AJZAy AjZA

.
YO\ 4Tza, Al zA

X (0)dO (6.60)

2PA+Y+YT+rX 2PA-Y 0
_yT 0 - x¢r(0) +
-7

Forcomputational purposes, itis often desirable that the matrices occurringin eq. (6.60) are symmetric. The second matrix
of eq. (6.60) is clearly symmetric, so only the symmetric version of the first matrix occurring in eq. (6.60) needs to be obtained.
This is done using eq. (6.30) and eq. (6.31):

|

2PAg+Y+YT+rX 2PA-Y 2AJPT+Y+Y " +rXT -Y

-YT 0 2A]PT YT 0
| AjP+PA+Y+YT+rX PA-Y 6.61)
- -YT+AP 0 '
Thus, the expression for the upper bound of V(x) becomes
AlP+PAy+Y+YT+rX PA-Y 0 AlZAy AlZA
T . 0 0 1 . T 0 0 0 1
x;,(0) YT+ ATP 0 ) xtr(0)+ﬁ7 x;(0) AlZAy Az X (0)do (6.62)

Fromeq. (6.62), it can be seen that there is a zero in the fourth entry of the first matrix. The presence of the diagonal terms
needs to be ensured in order to guarantee that the problem with the matrix inequality is not ill-posed.
This is done by making use of the LR equation. That s, it can be assumed that for some p > 1, eq. (6.63) holds.

V(x(t+0)) < pV(x(t) forall -21<6=<0 (6.63)

Thus, for some positive a (which is to be determined in the final stability criterion),

a[pr(t)Px(t)—xT(t—T)Px(t—T)] >0 (6.64)

So overall, eq. (6.63) can be added.

a [pr(t)Px(t) —x"(t-1)Px(t— T)]

+ao [% [ pxT (0Px(0) - T (t+0)Px(¢ +0)] db 665
+ar [0 | pxT (OPx(0) - 2T (t+0 - 1) Px(t+0-7)| 46 =0
fora=0,a9=0,a; =0
Again, some terms can be pulled out from the integrals in eq. (6.65), and this leads to the additive term eq. (6.66).
[a+ (ap+a)r] px" ())Px(t)—ax' (t—1)Px(t—71)
0 T
+ag [_. |—x' (t+0)Px(t+0)|dO
0/~ ] (6.66)

+ay [ —xT(t+9—T)Px(t+6—T)] do=0
fora=0,a0=0,a; =0

Adding eq. (6.66) to eq. (6.62) leads to the final results shown in eq. (6.67),
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A+(a+aor+ar)P PA-Y
(PA, -Y)" —aP

(6.67)
A} ZAg - aogP Ay ZA <0
A] Z A Al ZA;-ar P
where
A=PAg+AJP+rX+Y+YT (6.68)

6.5 Lyapunov-Krasovskii Approach

The first step is to select a suitable LK functional. For asymptotic stability, this functional is required to satisfy two conditions
which are the Lyapunov positive functional criterion and the Lyapunov derivative condition.

In the literature that appeared earlier on, Lyapunov functionals that were sufficient but not necessary for stability were
proposed. These are now known as simple LK functionals. Sufficiency of a stability condition means that if that condition
is satisfied, stability is guaranteed. However, if one knows that the stability is satisfied, then that does not mean that the
aforementioned condition is satisfied. This means that the stability conditions obtained from using the simple LK functionals
are conservative.

In order to address the conservativeness that arises because of this class of functionals, new LK functionals were con-
structed based on prescribed desired derivatives. The resultant functionals are known as complete LK functionals. They pro-
vide sufficient and necessary condition for stability of the TDS. This means that, provided there is a tractable way to solve for
parameters of the complete LK functional, the exact analytical solution for the stability intervals of a system can be obtained
using this functional.

Thus, ultimately, the relation between the simple and the complete functionals is that the simple functionals are specific
and simplified cases of the complete LK functionals. The "incompleteness” of the simple LK functionals leads to conservative-
ness.

As mentioned, the main drawback of the complete LK functionals is that they are very difficult to determine the param-
eters of the functionals that would satisfy the Lyapunov derivative condition. As a solution to this problem, a discretization
technique was introduced. This discretization technique involves modeling the parameters of the complete LK functionals.
They can be modeled as piecewise linear functions, or as sum-of-squares polynomials. Recently, there has been other polyno-
mial used as a basis such as the Legendre polynomials.

First, the stability results based on the simple LK functionals will be discussed. Then, the complete LK functionals as well
as the discretization method will be discussed.

6.5.1 Simple Lyapunov-Krasovskii Functional: Delay-independent Stability

As mentioned in the introduction of this section, simple LK functionals lead to conservative stability results. However, they
preceded the complete Lyapunov functionals, and as mentioned, solving for the parameters of the LK functional can be a lot
easier for the case of simple LK functionals. That is why, the derivation of delay-independent stability results based on simple
LK will be presented in this subsection.

6.5.1.1 Retarded Time-delay System with Discrete Delays

Following the steps outlined in fig. 6.1, first, a LK functional is proposed. For the retarded type system with discrete delays
eq. (6.10), the functional in eq. (6.69) is proposed.

t
V(x:)=x"(Px(t) + f x'(0)Sx(0)do (6.69)

-7

Taking the derivative of this functional and while making use of the fundamental theorem of calculus leads to the result
shownineq. (6.70).
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t
Vix,) :2-xT(t)PJ'c(t)+%f x" (0)Sx(0)do

-1

=2.x (OPAyx(H) +2-x (PAIx(t—T)] +x" ()Sx(t) —x" (t—T)Sx(t—1)
x(1)
x(t—1)

x(1)
i) ) (6.70)

2PAy+S 2PA;

=( T <Tu-n )| 7 S

AjP+PAy+S PA

Aswasdoneinthederivation of some of the previous stability results, the last step in eq. (6.70) was to make the matrix sym-
metric. In order to ensure stability, this matrix needs to be negative definite. Thus, the stability condition reduces to eq. (6.71).

PAy+AjP+S PA

ATP g |<0 (6.71)

Itis seen that the matrix inequality does not depend on the time-delay. Hence, itis a delay-independent condition. More-
over, as for the procedure steps, it is seen in the derivation that there were no remaining integrals in the derivative eq. (6.70),
and there was no need for an integral inequality.

6.5.1.2 Retarded Time-delay System with Distributed Delays

For a system with distributed delays, a simple functional of a similar structure to that of eq. (6.69) is proposed, which is the one
showninegq. (6.72).

0
V(x;) = x/ (0)Px,(0) + f

=T

0
f x; (H)S(H)xt(e)del do (6.72)
6

The derivative of eq. (6.72) is obtained in eq. (6.73). Similar to what was done before, here again, Leibniz’ integral rule,
which allows to interchange the order of differentiation and integration, i.e. % f:f(x, Ndt = :%f(x, 1)dt,is used. Next,
the fundamental theorem of calculus, which states that if F(x) = f;f(t)dtthen F'(x) = f(x), may also be used.

d 0
V(x) = 2x, (0)PX,(0) + = f

=T

0
[ a7 (e)sw)me)de‘ a6
0

0 0
=2x, (0)PX,(0) + f a [ f xtT(H)S(H)xt(G)dGI de
-7 dat 0
0
= 2x] (0)Px,(0) + f [ @5©)x:(0)] - [x] ©)5©0)x:(0)| a0
-7

0 0
=2x, (0)P + f x; (0)S(0)x,(0)d6 - | x/ (0)S©O)x.(0)dO

=T =T

0
Aox,(0) + f A©)x,(0)d0

=T

0 0 0
=2x, (0)PAyx,(0) +2x, (0)P f A0)x,0)d0+x](0) | | SB)dO| x,0) - f x; 0)SO)x,(0)d6
-7 -7 -7
0 0 0
=x/ (0) [ PAg+ A P f S©)de | x,0) +2x/ (0)P f AB)x,0)d0— | x](0)S®)x,0)d6
-7 -7 -7

0 0
=x/ (0) [ PAg+ A P f SO)de | x,0) + f (thT(O)PA(H)xt(B)—xtT(Q)S(G)xt(H))d@

=T

x:(0)

0 0 -R PA
=x, (0) |PAy+AJP | S(6)d6 xt(0)+f BHOREAON S(g)T(Q)f) _Sgg;

~ J
~ ~

( %(0) )de ©.73)

Thus, in order to ensure that eq. (6.73) is negative, the negative-definiteness of the terms indicated with the underbrace in
€q. (6.73) needs to be ensured. These resultant conditions are shown in eq. (6.74).



104 6. Lyapunov’s Second Method

PAy+AJ P+ [° R(0)dO <0
SO)—RO) PA© 6.74
(A)T(O);’ ) —sgei <0, fel-r,0l e

6.5.2 Simple LKF: Delay-dependent Stability

Analogous to the discussion in section 6.4.2, there are two pipelines for obtaining delay-dependent stability results based on
the LR approach. The first one relies on an explicit transformation; whereas, the second one relies on an implicit transforma-
tion.

6.5.2.1 Retarded Time-delay System with Discrete Delays: Explicit Model Transformation

Applying the Leibniz Newton model transformation to the TDS with the discrete delays then applying the delay-independent
stability results for the case of distributed time-delays in eq. (6.74) leads to the stability condition in eq. (6.75).
The stability results is shown in eq. (6.75)

[P (A0 + A1) + (A0 + A1) P] 47 (Ro+ Ra) <0

Sk-Re  ~PAIAL | _o o, (6.75)
T AT k=0,
~ATA]P =S
6.5.2.2 Retarded Time-delay System with Discrete Delays: Implicit Model Transformation
The starting point for the analysis is the functional in eq. (6.76).
0 [0 0
V(x;) = x; (0)Px,(0) + f f F1 (x00) Zf (x19) 40O + f x; (0)Sx,(0)dO (6.76)
-1J0 -7

The next step is to calculate the derivative of the functional V(x;).

0 0 0
V(x,) = 2x; (0)Px,(0) + % f f FT (x00) Zf (x19) 40O + % x; (0)Sx,0)do
—7Jo -7
0 d 0 d 0
=2x, (0)P%(0) + f — f T (xe0) Zf (x09) d0d0+— | x[(0)Sx,(0)d0
—zdtJg dt

=T

0 0
=2x, (0)PAyx:(0) +2x, (0)P f A(0)x,(0)d0 + f [ T Zfx) - (x0) Zf (xta)] do + x/ (0)Sx;(0) — x; (1) Sx.(-7)
=T =T

(6.77)
The final stability result is
N PA-Y -AJYT
AlP-YT =S -AJYT [<o0 (6.78)
-Y A -YA —3X
where
N=PAy+AP+S+rX+Y+Y' (6.79)

6.5.3 Complete Lyapunov-Krasovskii Functional
The complete type LK functionals were first introduced by Kharitonov and Zhabko [113]. They pointed out that up until that
point the functionals that had been proposed in the literature only admitted a lower cubic bound, instead of a quadratic lower
bound. This shortcoming makes them inadequate for TDSs with uncertainty. This is because for a robust analysis, the deriva-
tive of the Lyapunov functionals should depend on the past and present states, when in the case of the functionals that have
preceded their work, the derivatives only dependend on the present states [114].

However, for exponential stability, it is important to have a lower quadratic bound, according to the following theorem, as
taken from Kharitonov’s book [115].
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Theorem 6.6 ([115]): A TDS is exponentially stable if there exists a functional which is a piece-wise continuous, which is formally

written as:
v:PC([-7,0],R")—R (6.80)

This functional is supposed to satisfy the following two conditions. The first one is that for some a; and a,
2 2 n
a1 leO)” < v(p) < azll@ly, ¢ePC([-1,0],R") (6.81)

Moreover, the second condition is that for some B > 0, the following inequality is satisfied along the trajectories of the system.

d
;v () ==Blx@I%, 120 (6.82)

Therefore, they introduced functionals that admit upper and lower quadratic bounds, which are termed functionals of
the complete type. Furthermore, a criterion that guarantees exponential stability means that it is one that minimizes conser-
vatism. This means that the stability criteria based on the Complete LK functionals are necessary and sufficient for stability
[116,117].

The starting point to constructing complete LK functionals is the prescribed derivative of the functional. While the deriva-
tion of these functionals is beyond the scope of this research, being familiar with some results of the complete Lyapunov func-
tionalsinimportant. Therefore, in the following, some results of derived complete Lyapunov functionals are presented. More-
over, as the main focus in this thesis will be on the discrete delays, only the complete functionals pertaining to such systems
will be presented.

Time-delay Systems of Retarded Type The derivation of quadratic LK functional of the complete type for a retarded TDS is
detailed in [114], and the resultant complete LK functional is the following:

0
V(x:)=x"(Px(+2x" (1) | QO)x,(0)dO
0 pO T '
+/ f Xy (91)T(01,02) Xt (02)(191(102
-TJ-T

0
+ f x! (0)S6)x,(0)do

-7

It should be noted that the functional eq. (6.83) is also applicable to systems with multiple delays as discussed in Propo-
sition 7.4 on page 236 of the book [75]. However, in this case, the matrices will have discontinuities when 81 and 6, are equal
to-7;,i=1,2,...,K— 1. However, the equivalent complete quadratic Lyapunov functional for the case of retarded TDS with
multiple delays, shown in eq. (6.83), circumvents having to deal with these discontinuities [75].

K 0o .
V(%) =x OPx(0)+2) x1 (0 | Q'0)x,0)do
i=1 —Ti
K 0 )
+Y | xl©®S@x0)a0 (6.83)
i=1

-T;

+§§ . x{ O)RY(0,m)x,(m)dn| do
I M (mdn

i=1j=1

Neutral Type with Single Delay  As for the case of a neutral TDS, the complete Lyapunov functional which was proposed by
Xu-guang et al. [118], and the result is shown in the following.
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0
V(x)=[x()-Cx(t-1)]"-P-[x(t) - Cx(t—1)] +2-[x(t) ~Cx(t-1)]" | QB)x:(6)dO
=T
0 ,O
+f f x?(@l)T(91,92)xt(92)d91d92

0
+ f x] ©)S(6)x,(0)do

=T

0
+ f %! (0)S6)%,(0)do (6.84)

-7

6.6 Discretized Lyapunov Functional Method

As mentioned earlier, solving for the parameters of the complete LK functional can be an intractable problem for systems with
a high dimension, and a method that was developed to deal with this problem is the discretized Lyapunov functional method.
The main idea behind the discretized Lyapunov functional method is to discretize the parameters that need to be determined.
The discretization allows to write the Lyapunov functional as well as its derivative in the form of a matrix inequalities. This
reformulation is often easier to solve than the original problem. For example, in the case of linear discretization, the resul-
tant stability results are in the form of linear matrix inequalities which allows to leverage the bounty of available numerical
algorithms that solve for linear matrix inequalities.

Inthe following parts, the steps of the discretized Lyapunov functional method will be explained, and some stability results
based on implementing this method are presented thereafter.

The first step of this method is to discretize the matrices of the functional that is being used. The discretization of the
matrices of the Lyapunov functionals can take different forms. This includes piecewise-linear discretization, polynomial dis-
cretization, as well as discretization based on special basis functions such as the Legendre basis [73, 110, 119-121]. The former
two discretization techniques have been used with the complete Lyapunov functionals as the initial intention was to determine
the matrices of the complete Lyapunov functionals.

However, the increased interest in effective methods for discretization gave leeway to using the discretization technique
to reduce the complexity and conservatism (based on a suitable discretization technique), which was not the initial intention
of the discretized Lyapunov functional method. This meant that the discretization could be used to reduce the complete Lya-
punov functionals to simple Lyapunov functionals which could still lead to matrix inequalities whose solution tends to the
analytical results. This was demonstrated by Seuret and Gouaisbaut [110].

The step after that is to rewrite the Lyapunov functional, replacing the integrals with summations, which is due to the dis-
cretization that was made. Thereafter, a number of manipulations may need to be performed in order to put the functional in
an appropriate form in order to enforce the positive definiteness condition. That is followed by the usual procedure to obtain
the expression for the derivative of the functional. A combination of a number of manipulations to put the derivative expres-
sion in quadratic form and imposing the negative definiteness condition on the expression of V leads to the stability resultsin
the form of matrix inequalities.

As an example, the piecewise-linear discretization will be presented. The delay segmentis divided into N equal parts. This
means that the square formed by [-7,0] x [—7,0] is divided into N x N smaller squares. In the case of the squares, they are
further sub-divided into two triangles. Moreover, the matrices are assumed to be linear within a segmentor within a traingular
region. Thus, this discretization of matrices Q, S, and R is mathematically described as shown in eq. (6.85) and eq. (6.86).

Q[0 +ah)= QP (@ =(1-a)Q,+aQ,1

(6.85)
S(0p+an)=sP (@ = 1-@)s, +as,
R(0p+ah,0,+ph)
—_ppg)
=R7 @, p) (6.86)

_| 0—@Rpg+ PRy g1+ @=PRprg, @z p
(1-P)Rpg+aRp-1,4-1+(B—)Rpg-1, a<p

For an elaboration on the other steps of the procedure using this discretization scheme, the reader is referred to [75, 121].

Several such matrix inequalities based on the discretized Lyapunov functional method have been derived in the literature
[105, 121-123]. However, recently there has been a set of matrix inequalities that are particularly efficient in comparison to
other stability results in this category. The derivation of those results is based on the Bessel-Legendre inequality (see Theorem
6.5) as well as the use of Legendre polynomials (see Definition 6.1) as basis for the discretization [110, 112].
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Definition 6.1 (Legendre Polynomial [110]): The Legendre polynomials considered over the interval [—T, 0] are defined by:

u+t)
) (6.87)

k
VkeN, Ly(w)=(-DFY pf(
1=0

withpf:(—l)’( ) )( el )

In the following, a review of the steps to derive the stability results obtained in [110] are presented. The starting point
for the derivation is the LK functional which is a complete LK Functional for a retarded TDS, shown in eq. (6.88), where P is a
symmetric and positive-definite matrix. As for Q, S, and T, they are differentiable matrices. This functional was first proposed
by Kharitonov and Zhabko [113].

0 0 pO 0
V (x:) = x"()Px() +2x" (t) Q(B)xt(e)d9+f f xt(Hl)T(91,92)xt(82)d6'1d62+f x/ (0)S(0)x,(0)d0 (6.88)
=T —TJ—-T

=T

The matrices Q and T are discretized with the Legendre basis, as seen in eq. (6.89).

N N N
QO =3 QiLi(0), T®,9)=3 Y LiOLj(9Ti; (6.89)

i=0 i=0j=0

As for matrix S, it is assumed to be piecewise linear and is discretized linearly, as seen in eq. (6.90).

S@)=S+T+0)R (6.90)

These discretization steps lead to a new form of the LK functional seenin eq. (6.91).

t
Vi (x¢) =5c},(t)PN5cN(t)+f x'(8)(S+ (T~ t+5)R)x(s)ds (6.91)
-7
where
P Q .. On
Q Too ... Ton
Py=| . ) . (6.92)
Q]-\r, Tno ... Tnn
and
x¢(0)
L2 Lo(9)x,(s)ds
Zn(t) = ) , N=0 (6.93)
SO Ln(9)x(s)ds

Expanding the right-most term in eq. (6.91) leads to eq. (6.94).

t
Vi (%) =5c},(r)PN5cN(t)+f xT(9)(S+ (T~ t+5)R)x(s)ds
-7
t t (6.94)
=5c},(t)PN5cN(t)+f xT(s)Sx(s)ds+f (T—t+8)x (s)Rx(s)ds
T t

t— -7
The positive definiteness of this functional needs to be guaranteed. To do that, the matrices Py, S, and R can be con-
strained to be positive definite. However, it is better to try to combine the terms involved to reduce the conservativeness, and
the opportunity to use the Bessel-Legendre inequality to do that presents itself. The Bessel-Lengendre inequality, obtained
from [110], dictates that eq. (6.95) holds.

I Lo(9)x(s)ds
: diag(s,3S,..., 2N +1)S) : (6.95)
I Ln(s)x(s)ds I Ln(s)x(s)ds

. L% Lo(s)x(s)ds
f xT(s)Sx(s)ds > p :
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Moreover, if the vectors involved in the inequality with x;(0) are augmented, eq. (6.96) is obtained.

T

xt(O) xt(o)
0 O Lo(s)x(s)ds O Lo(s)x(s)ds
f xT(s)Sx(s)dSE% S o diag(0, S,3S,..., 2N +1)S) Jorko , (6.96)
[ Ln(s)x(s)ds L% Ly (s)x(s)ds
Thus,
0
f x"(s)Sx(s)ds = %x},m diag(0,S,3S,..., 2N + 1)) Xy (1) (6.97)
-7

However, in the expression for Vi (xt), thereare differentintegral bounds, namely the integral is ftt_r x T (s)Sx(s)dsrather
than ffr x7(5)Sx(s)ds. This can be resolved through a change of variables. Let g = s — t. The differential obtained from
this transformation is d g = ds, and the lower and upper bounds are now ¢ — 7 and ¢, respectively. Thus, f?r x' (s)Sx(s)ds =
ff_T x ' (s)Sx(s)ds. Taking thatinto account, and applying the resultantinequality to eq. (6.94) allows to obtain a lower bound
on Vi (x¢) which is shown in eq. (6.98),

t
Vi (%) = 2L (DD (@) XN (1) + f (r—t+9)x' (s)Rx(s)ds (6.98)
-7
where
O (1) =Py + %diag(o, $,3S,...,2N+1)S) (6.99)

Based on eq. (6.98) and eq. (6.99), in order to ensure the positive definiteness of the expression for Vy (xt) as a whole,
matrices @}, (7), R, and S are required to be positive definite.

The next step is to obtain the expression for the derivative of the Lyapunov functionals, i.e. Viy (x;). In doing so, Leibniz’
rule for differentiation under the integral sign is used, i.e. % (f:((;))f(x, t)dt) = f(x,b(x)) - %b(x) - f(x,a(x)- %a(x) +

f:((xx)) a%f(x, t)dtin order to evaluate % ftt_r 3CT(s) [S+ (T —t+9)RIx(s)ds |:
f(t,s)

t
if xT(s)[S+(T—t+s)R]x(s)ds
dat|Je— d
[,

t

d d d
= f(z, t)a(t)_f(t’t_T)E(t_T)++ft_T Ef(t,s)ds
=x"D[S+T-t+DRx(D-1-x"(t-1T)[S+T—t+t-T)Rx(t—17)-1
(6.100)

t
+f i [xT(s)Sx(s) +xT(s)(T— t+s)Rx(s)] ds
(-7 Ot
=x"(D[S+@T—-t+DRx(O)—x' (t-1)[S+ (T —t+1-T)RIx(t-T)

t
+f (-1)x"(s)Rx(s)ds
-7
0=0
(-1)-xI (@)Rx,(0)d0
T

=x; (0)(S+TR)x,(0) — X/ (=7)Sx,(~1) + f

This leads to eq. (6.101).

0
Vi (x¢) = 2%, () PNin(8) + x T (D(S+ (T — t+ OR)X() —x ' (t—1)(S+ (T —t+t—T)R)x(t - T) —f x{ (5)Rx(s)ds
=T
0
:221T,u)PN5cN(r)+xT(t)(s+rR)x(t)—xT(r—r)Sx(t—r)—/ x'(£+$)Rx(t+ s)ds
-7

(6.101)
Recalling the Shimanov notation x;(6) £ x(t+0),the expression for Vn [xt) is rewritten as:
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0
Vi (x;) = 2% () PN in(2) + x; (0)(S+TR)x,(0) — x; (=7)Sx,(~T) — f x; ()Rx;(s)ds (6.102)
-7
As in the cases before, here again, ultimately, the goal is to be able to get to a quadratic form for Vy (x¢) or for an upper
bound of Viy (x¢), in order to enforce negative definiteness on the resultant matrix in the vector version of the quadratic form.
So, if the expression for the augmented state Xy (f), from eq. (6.93), is replaced in eq. (6.102).

T

xt(O) xt(o)
0 0 .
) . Lo(8)xs(s)ds ~_Lo(s)x¢(s)ds 0
Uy (x:) =2 Jorko o N Jrko o +xT O (S+TR X (0)—x] (~1)Sxe(~1)— | x7 ()Rx:(s)ds
L% Ly(9)x,(s)ds L2 Ly(9)%,(s)ds

(6.103)

Itis desired that this expression isin written in quadratic form oris compared to a expression (whichis greaterthan Vy (x¢))

that is in quadratic form. In order to do so, it becomes clear that the derivative expressions need to be replaced. Moreover, a

state that includes the elements of X () as well as x;(—7). For that, the vector Xy (?) is augmented with x,(—7) is needed.
This new state vector is denoted by 8 (#) and is shown in eq. (6.104).

x¢(0)
X (=7)

0
On=| 1/ Lo@xs)ds || N=o (6.104)
1% Ly(9)x,(s)ds
With regards to replacing the derivative terms in eq. (6.103), first, x;(0) is considered:

X:(0) = Apx¢(0) + A1 x4 (—7) (6.105)

As for the terms f?r L (8)x,(s)ds, integration by parts leads to:

0 0 0
[ Li(8)X¢(s)ds = Li(8) X (s) —f Li(8)x:(s)ds (6.106)
=T -1 -7
However, from the properties of Legendre polynomials is that:
d k=l @i+1) Kt ,
—Liw=Y (1 — (-1 )Li(u) ifk=>1 (6.107)
du i=0
Thus,
0 k-1 0
f Li(8)x¢()ds = x,(0) — (= 1)*x,(~7) - Yﬁ\/kf Li(w)x(w)du =T n(k)On(1) (6.108)
-7 i=0 -7

Applying this to the terms of Xx (£) results in the relation eq. (6.109) between Xx (£) and 8 (£):
In(1) = HN(DON (1) (6.109)
where
.
Hy=| F, TR0 TyM - THN) (6.110)

As for the relation between Xy (t) and 65 (1), itis described by:

In() = GnTON(D) (6.111)
where
I On O, n(N+1)
Gy(T) = ! 6.112
N Onv+n,n Onvin,n Tlan+1) ( )
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At this stage, the first three terms of eq. (6.103) can be combined altogether:

05 (Do (T)ON(D)

where

®o(7) = He (GITV(T)PNHN) +diag{S+hR,—S,00y+1)n}

(6.113)

(6.114)

and the operator He is used for obtaining a symmetric version of a matrix. For example, the effect of applying the operator

on a matrix A can be seen in eq. (6.115).
He(A) = Ag+ A"

Based on the Bessel-Legendre inequality, and the definition of Oy (1), eq. (6.116) holds.

0
—f xtT(s)th(s)dss—%eg(t)diag(o,o,RN)eN(t)

=T

Lastly, based on the distributive property of matrix multiplication, eq. (6.117) is obtained.

: 1
Vi (x0) <050 (@No(r) - diag (0,0,Ry)|On(D)

Therefore, the negative definiteness of Viy (x;) is ensured when eq. (6.118) is satisfied.

1
O (1) = Dro(0) ~ — diag(0,0,Ry) <0

This concludes the review of the derivation, and those stability results are summarized in the following theorem.

(6.115)

(6.116)

(6.117)

(6.118)

two matrices S, R € S} such that the following LMIs are satisfied

1
(1) := Py + — diag(0, S,3S,..., 2N +1)S) >0
T

and

1
Oy (1) = Dro(1) ~ — diag(0,0,Ry) <0

Theorem 6.7 ([110]): For a given integer N = 1 and a constant a delay T, assume that there exist a matrix P € S(n+1)n and

Moreover, a similar stability result (derived in [112]) is shown in Theorem 6.8.

Theorem 6.8 ([112]): For a given N and a constant delay T, assume that there exist a matrix Py € S(n+1)n and two matrices
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S,R €S} such that
PN >0, lfN =0
0
ON(T) = ! § :
Pn+3 >0, ifN>0
2N-1)S
R
I'n(0) 3R I'n(0)
(DN(T):(DNQ(T)— . <0
I'n(N) ' Iy (V)
@2N+1R (6.119)
o (1) = He (Gl (1) Py Hy ) + Sy + (1) FY RFy
Sy =diag{S,-S,0nn}
Sy =diagi{s,3S,...,2N+1)S}
Fy=| 40 A1 Opun
In On 0n nN
G = '
N(T) Onngn Opngn  Tlpn
-
Hy = [F TR L. TR (N-1)]
whereT (k) forall k=0,..., N aredefined as follows:
o) (I -1], if N=0
VEEY reuR iy N, i N>o
(6.120)
Joo) -eivy (1 - (—1)’“"), ifi<k
Nk o, ifi >k
The stability intervals of the retarded TDS with a single delay (eq. (6.10)) are the values of time-delay for which eq. (6.119) is sat-
isfied.

6.7 Concluding Remarks

There are many stability results that have been proposed in the literature for the stability analysis of TDSs in the time domain.
However, since it is desired to have time-domain stability results that would corroborate the results obtained from the fre-
quency domain analysis (which are exact results), the set of candidate stability results is narrowed down to the results that
are based off the discretized Lyapunov functional method. The reason for this is that, for increasing N, the solutions of these
matrix inequalities tend to the exact results.

Interesting stability results were developed in [110], and a review of the steps to derive these results has been presented
in the earlier section. As they rely on the discretization of the Lyapunov functional and an effective integral inequality, the
stability result that emerged is able to obtain the analytical results efficiently. As a consequence, it is this stability result that
will be used for the stability analysis of retarded TDSs with a single delays in the time-domain. Note, that with regards to
stability results for neutral-type TDS, as for the case of retarded TDS, there have been several (though noticeably fewer) results
that have been derived in the literature that are based on the discretized Lyapunov functional method. To mention a few, the
reader is referred to the work of Han et al. [124—126], the results of Fridman [105], as well as those of Li et al. [127].

However, due to the efficiency of the stability results based on the Bessel Legendre inequality as well as the discretization
based on taking the Legendre polynomials as a basis, it was fitting to try to derive similar results for the case of the neutral-type
TDS. The derivation of these results as well as their application to examples from the literature can be seen in chapter10.

The discussions in this chapter have been focused on the steps of the derivation of stability results in the time domain.
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However, so far, it has not been mentioned how to obtain the stable time-delay intervals from the presented matrix inequali-
ties. The following final remarks are reserved for that. First, the means to obtain a solution for Linear Matrix Inequality (LMI)s
is discussed. This is followed by a quick discussion on obtaining solutions for more complicated matrix inequalities such as
Bilinear Matrix Inequality (BMI)s.

Many of the stability results that are obtained in the time domain are in the form of LMlIs. This is usually advantageous
because LMIs are known to be convex problems, and many efficient algorithms have been developed in order to solve them
efficiently. Widely-known algorithms that are used to solve LMIs are the ellipsoid algorithm and the interior point method.
However, a discussion on those algorithms is beyond the scope of this research, and the interested reader is referred to the
survey of van Antwerp and Braatz for an overview of the workings of those methods [128].

Not only are there many existent efficient algorithms to solve LMIs, there are several numerical software tools that have
implemented these algorithms and can be used to solve the LMIs. Thisincludes MATLAB®’s LMI Control Toolbox, LMITOOL, and
YALMIP [128,129]. The latter is the most recent of the three and has been often resorted to in the TDS community. Additionally,
YALMIP has the ability to solve for several kinds of optimization problems, including heuristics for global optimization, the
need for which, in solving matrix inequalities such as the ones defined in eq. (6.119) and eq. (6.120), will become clear shortly
[129]. Therefore, it is this tool that will be used for the implementations in this research.

As may have been noticed from the previously presented results, notall are in the form of LMls. Rather, they are in the form
of the more general BMIs which are a category of nonlinear matrix inequalities. That is the case for eq. (6.119) and eq. (6.120).
Solving for these matrix inequalities is in essence more difficult than solving for LMIs. This is because nonlinear matrix in-
equalities are nonconvex problems, and their computational complexity is A Z2-hard [128, 130]. While this does not neces-
sarily mean that there may not be practical solutions to these problems, itimplies thatitis usually very unlikely that thereis an
algorithm that can solve the inequality in polynomial-time [128]. In other words, the A Z2-hardness means that, depending
on the size of the problem, there are no guarantees on the boundedness of the time needed to obtain a suitable solution.

In general, as solving a BMI is a nonconvex problem, global optimization is needed as a part of the solution pipeline. The
global optimization can be performed through heuristictechniques such as branch and bound algorithms. In fact, many branch
and bound algorithms have been developed for solving BMI problems [128]. Thus, effectively, the branch and bound algo-
rithm is responsible for selecting different time-delays. Thereafter, a convex solver solves for the resultant LMI at those se-
lected time-delays to check whether the stability conditions are satisfied. Together those solvers provide a candidate solution
scheme. However, as mentioned earlier, stable time-delay intervals will have already been obtained from the application of
a frequency-domain method. This means that the feasibility of the matrix inequalities can be checked for those time-delay
intervals, as a form of verification of those results.



Pendulum Control System

In this chapter, the stability techniques that have been selected from the earlier chapters will be applied to a control system
comprising of adamped pendulum and an INDI controller. First, the techniques from the frequency domain will be discussed.
Of those, the implemented techniques to determine the critical pairs include the direct method and the frequency sweeping
approach (both graphically and programmatically). As for the analysis of the asymptotic behaviour, this is done both graph-
ically and analytically, through the use of series. As for the time-domain technique, the matrix inequalities presented in sec-
tion 6.6, based off a discretized Lyapunov functional method are implemented. Finally, a number of a simulation runs are
performed to verify the obtained results.

The structure of the chapter is as follows. The expressions for the controllers are determined first. Before delving into
the INDI control of the pendulum control system, the NDI control law of the system is derived. This is done in section 7.1.
Thereafter, the INDI control of the damped pendulum is discussed in section 7.2. With the completion of the discussion on
the suitable controller expressions, the discussion on the stability analyses ensues in section 7.3, where the mentioned chosen
stability methods are applied to the INDI-controlled damped pendulum.

7.1 Nonlinear Dynamic Inversion (NDI) Control
The forced pendulum with friction is modeled by eq. (7.1),

b
1

where 0 denotes the angular deflection of the pendulum (reference chosen to be the bottom position), u is the input to
the system, I is the moment of inertia of the pendulum, b is the damping coefficient of the pendulum, [ is the length of the
pendulum, and m is the mass of the pendulum. This second order equation, eq. (7.1), can be transformed into a system of two
first-order equations. By setting x; = 8 and x» = 0, eq. (7.2) is obtained.

mgl

6+ 9+Tsin9=u 7.1

)51 = X2
b mgl (7.2)

. gl .
Xo=U——X» — ——sin(x
2 72 7 (x1)

Linearizing this system of equations about (x1,0, x2,0) leads to the following system of equations:

.X,:l = X2
) b mgl | mgl (7.3)
X2 = U— —Xp — ——sin(x1) — —— - cos(x1,0) (X1 — X1,0)
1 I I
It can be seen from eq. (7.3) that x, o gets canceled in the linearization process and that only the remnant x; o is relevant
for the linearized dynamics.
Based on the discussion in chapter 2, in order to perform 10 linearization, a suitable choice of the output variable needs
to be made. An important concern related to making this choice are the internal dynamics. Specifically, the choice of output
should ensure that the control system either does not have any internal dynamics or if it does, that the internal dynamics are

13
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Figure 7.1: NDI Implementation Results

stable. To elaborate on the importance of ensuring the latter, the presence of internal dynamics means that full controllability
is not guaranteed, in exception of the cases where it is known that the internal dynamics are stable.

First, the consequences of taking the output to be x, are examined. From this choice, it can be seen that there are internal
dynamics since a single differentiation of the output equation leads to the appearance of the control input, meaning that the
relative degree of the system is equal to 1 which is less than the order of the system, which is 2.

If the output s, instead, taken to be y = x;, then the output needs to be differentiated twice in order for the control input
to appear, as shown below.

b l
j=iki=Xp=u-— sz - gsin(xl) (7.4)

Knowing that the system is second order, this means that the relative degree of the system is zero and the closed-loop
system does not have any internal dynamics, which further means that the system is fully controllable. As a result, the output
is selected to be x;.

In order to linearize the dynamics, the virtual control input is defined according to eq. (7.5).

b l
v=u-— 7)62 - g sin(x) (7.5)

Moreover, for a tracking task, the virtual control is designed based on eq. (7.6).

Vzyref"'Kp(J’ref_J/)+Kd(J’r'ef_}") (7.6)
Combining eq. (7.5) and eq. (7.6) leads to the control law shown in eq. (7.7)

. . b mgl .
U=jref +Kp(Yref = V) + Kg(Vrep — V) + 7352 + TSIH(Xl) (7.7)

Inorder to test its effectiveness, this controller has been implemented with the gains K, = 25and K; = 7, and the simula-
tion results of the application of this controller on a damped pendulum, for a sinusoidal reference signal, are shown in fig. 7.1.
Itis clear from the figure that the error converges to zero at around 6 seconds.

7.2 Incremental Nonlinear Dynamic Inversion (INDI) Control
As discussed before, in INDI, linearization is performed about the current state and control input. In the case of the system
shownineq. (7.1), linearizing eq. (7.4) followed by applying the time-scale separation principle leads to:
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Table 7.1: Parameters used in the implementation of the INDI control of the pendulum control system.

Actuator Sensor Sensor

mkg) bkgls) 1m) I(kgm?) xi00ad) xp0(adls) wolrad/s®) Ky Kq s

1
0.3 0.1 1 1 0.1 0] 1 25 7 190 1 1

= Yo+ B(xo)Au+6(z,At) (7.8)

where §(z, At) denotes the higher order terms. These terms can usually be neglected which reduces eq. (7.8) to:
V=Jo+Au (7.9)

As in the case of NDI, the virtual control is chosen equal to j. Thus,

Au=v-7yp (7.10)

Since a tracking problem is considered, the outer-loop linear control is again set to be as in eq. (7.6), which leads to the
following incremental control law.

Au=jrer + Kp(Yref =)+ Ka(Yrer — ) — o (7.11)

This means that the control law is

u=Au+ug=jref + Kp(Yrer — ¥) + Ka(Vref — ) — Yo + uo (7.12)

The block diagram of the control system that applies this INDI control is shown in fig. 7.2 (and an equivalent block diagram
isshown in fig. 7.3). Based on this structure and the manipulation of transfer functions, it is possible to obtain the closed-loop
formulation for the system dynamics in the frequency domain, for which later a time-domain realization is set up. Each of
these will be needed for the application of the stability analysis methods.

7.3 Stability Regions in the Delay Space of the Pendulum Control System

Inthe following, the stability analysis of the INDI-controlled damped pendulum, whose parameters are shown in table 7.1, will
be discussed. First, the analyses in the frequency domain will be discussed. This is followed by a discussion on the analysis in
the time-domain. A number of simulation tests validate the results.

7.3.1 Frequency-domain Techniques

Two frequency domain techniques will be used to analyze the stability of the control system at hand. The firstapproach, which
is called the direct method, is used to determine the critical pairs. Thereafter, the root tendency is analyzed analytically. As for
the second approach, the frequency sweeping approach, the analysis is done entirely graphically.

7.3.1.1 Direct Method

It can be seen that the characteristic equation can be grouped into two different parts:

PA)+QW)-e T =0 (7.13)
If the equation is rearranged, this leads to
1 —PAY)
eTh 22 714
Q) 714

Since the interest is in the intersection with the y-axis in the pole-zero map, then A can be replaced by jw, and [|e™ 7/ || is
1. This leads to the magnitude equation
PG = 1QGw)Il =0 (7.15)

Thus, solving for the magnitude equation leads to the critical angular frequency values, each denoted by w¢ ;. For the
case of the pendulum control system considered, this leads to two critical imaginary roots which are 1.3207 rad/s and 2.0534
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rad/s. Actually, it should be noted is that there will also be crossings at-1.3207 rad/s and -2.0534 rad/s as well, due to symmetry

property of the spectrum as discussed in section 5.3.1.1. However, for a simpler discussion, only the positive frequencies will be

discussed, and this simplification will be compensated for in the final part in the determination of the stability sequence [9].
Now, to solve for the critical time-delays, the argument of e 7/ is used.

arg(e T/9Ci) = —T . wc; (7.16)

But based on eq. (7.14), arg(e"‘j"’cvi) isalso equal to

i -P(jwc,;
arg(e "/9Ci) = arg M +27k (7.17)
Qjwc,i)
Thus,
1 -P(jwc,i
T= Narg|Z2Y9CD Lok (7.18)
—W(,i Q(jwc,i)
This leads to the expressions for the
Twe1=1.3207 rad/s = —2.216270+4.757412 - k (7.19)
Twe,=2.0534radfs = 0.305067 +3.059841 - k (7.20)

It becomes clear that due to the variable k, that for every critical frequency wc ;, there correspond infinitely many critical
time-delays.

The last part is to determine the stability intervals. This consists of three main steps, the first of which is determine the
numberof unstable roots when the time-delay is zero. The step that follows is to determine the Crossing Direction of Imaginary
Root (CDIR) associated with the critical roots. Finally, the critical time-delays are sorted in increasing order, and the book-
keeping of the number of unstable roots is performed for the intervals between the critical time-delays. This is done based on
the CDIR determined.

Thus, first, the stability of the control system without any time-delays is studied. For the case of the pendulum control
system, based on the input values mentioned above, the 3 roots obtained at T = 0 are: -19.71, - 0.1963 - 2.013i, and - 0.1963 +
2.013i. These three roots are all stable, therefore the starting count is zero.

The CDIR can be obtained based on eq. (5.96) and eq. (5.97) which for convenience is repeated in eq. (7.21). As mentioned
in section 5.3.2.2, this is only applicable when the CIRs are simple [131,132].

dA ] )
— =sign
dart Ao

Moreover, as discussed in chapter 4, according to the invariance property, for all critical time-delay pertaining to a certain
crossing-frequency the crossing direction will be the same [9]. For the case of the pendulum control system, based on eq. (7.21),
the CDIR corresponding to 1.3207 rad/s is -1. That is, whenever there is a crossing at 1.3207 rad/s, if the time-delay is increased
further this particular pole will move to the left-half plane. As for the critical angular frequency 2.0534, the CDIR is +1.

Once the CDIRs are established, it remains to perform thorough book-keeping. The critical time-delays are sorted in in-
creasing order as shown in the first column of table 7.2. The starting score is equal to the number of unstable roots when there
are no delays in the systems, which was determined to be zero. For the result of the scores, every time a critical time-delay with
aCDIR of +1is encountered, the score is increased by 2 (this corresponds to a +1 for the positive frequency crossing and another
+1 for the conjugate CIR). Conversely, when a critical time-delay with a CDIR of -1 is encountered, the score is decreased by 2.
This leads to the scores shown in the second column of table 7.2.

This leads to a constant score between the different critical time-delays. For the pendulum, the result looks like the re-
sult shown in table 7.2. From this table, it can be seen that the score will be zero for the intervals [0,0.305069] and [2.541144,
3.364915] seconds. Therefore, those are the stability intervals.

CDIR =sign

A

(7.21)

A=wc,i

7.3.1.2 Analytic Curve Frequency Sweeping Approach

Unfortunately, notall characteristicequations that will be encountered will be of the form shown in eq. (7.13) and may be more
complicated, thereby making the direct method inapplicable. Therefore, the more general Frequency Sweeping Approach is
resorted to. As discussed in chapter5, frequency sweeping can be used to graphically determine the critical angular frequencies,
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Table 7.2: Stability Sequence for Pendulum Control System

Critical Time-delay Intervals (s) ‘ Number of Unstable Roots

[0, 0.305069] 0
[0.305069 , 2.541144]
[2.541144 , 3.364915]
[3.364915 , 6.424762]
[6.424762 , 7.298558]
[7.298558 , 9.484609]
[9.484609 , 12.055972]

[12.055972 , 12.544459]
[12.544459 , 15.604303]
[15.604303 , 16.813387]
[16.813387 , 18.664149]
[18.664149 , 21.570801]
[21.570801 , 21.723996]
[21.723996 , 24.783843]
[24.783843 , 26.328215]
[26.328215 , 27.843690]

N 0 O A O O DN PPN DDDNOD

as well as to graphically determine the roots tendencies. For the case of the pendulum control system at hand, applying the
frequency sweeping approach serves as a form of verification of the analytical computations.

As explained before, the first step of the approach is to introduce the variable z that replaces the e~ 7**. Moreover, since the
concern is with the intersections with the imaginary axis, to replace A by jw. This leads to the following bivariate equation for
the pendulum:

aO'jw+a1'z+a2-ja)'z+a3~(jw)2+a4-(jw)3+a5=0 (7.22)

The sweeping frequency curves are constructed by "sweeping” the frequency, and ateach frequency, substitutingineq. (7.22)
computing the values of z, and plotting the magnitude of that. In the case of the pendulum, there is only one frequency sweep-
ing curve with two intersections with y=1. The curve is shown in fig. 7.4. It is clear that the two intersection points confirm that
the critical angular velocities are 1.3207 and 2.0534 rad/s.

As for the asymptotic behaviour, this can be determined by examining the frequency sweeping curves, for which it can be
seen that the CDIR is -1 for w = 1.3207 rad/s and CDIR is +1 for @ = 2.0534 rad/s. These are deduced based on the slope of the
curve at their intersection with the horizontal line at1.

The asymptotic behaviour can also be determined based upon a pertubation-based approach or in other words, construct-
ing the Puiseux series at a certain critical pair. The procedure to do is an implementation of the pseudocode shown in algo-
rithm 1.

For the critical pair (1.3207j,- 2.2162699379655851415058544499415 + 4.7574119376092397956928874557409 - k), the fol-
lowing series is obtained:

AA = (—0.246395 —0.284083 - j) - AT + 0(AT) (7.23)

Since At ineq. (7.23) does not have a fractional power, the series is in fact a special form of the Puiseux series and is in fact
a Taylor series. This is expected because the critical roots are simple. Moreover, based on this Taylor series, it can be seen that
asmall positive increase in 7, i.e. AT = +¢ leads to a decrease in the real part of A which means that the CDIR is -1.

As for the critical pair (2.0534§,0.30506699097870544260886292142673 + 3.0598413425209888724110958597726 - k), the
following series is obtained:

AL =(0.665318—0.123293 - j) - AT + 0(AT) (7.24)

Here, again, since the CIR is a simple root, the series in eq. (7.24) is a Taylor series. Moreover, based on this obtained series,
it can be seen that for At = +¢, that the real part of AA will be positive, which means that the CDIR is +1.
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Figure 7.4: Frequency sweeping curve for the pendulum control system

This can also be verified by examining the frequency sweeping curves. From the curve in fig. 7.4, it can be confirmed that
the CDIRis-1forwc,1 = 1.3207 rad/s and the CDIR is +1 for wc 2 = 2.0534 rad/s. This is deduced based on the slope of the curve
attheir intersection with the horizontal line " = 1, whereby a positive slope corresponds to a CDIR equal to +1, and a negative
slope corresponds to a CDIR equal to -1.

Since the obtained critical imaginary roots and the critical time-delays are the same, the stability sequence will also be the
same, and the same stable time-delay regions are obtained: [0,0.305069] and [2.541144, 3.364915] seconds.

7.3.2 Lyapunov-based Approach
Now, the time-domain approach will be used to further verify the results obtained from the frequency domain analyses. Specif-
ically, the LMIs described in eq. (6.119) and eq. (6.120) will be used. They are used to study the stability of systems of the form:

{ #() = Agx(8) + A x(t—T), Yt=0 .25

x(1) = (1), VYte[-1,0]

Thus, the matrices Ag and A; have to be determined for the pendulum control system. As it is easier to determine the

0 5 10 15 20 25

Figure 7.5: Plot of the number of unstable roots versus time for the considered pendulum control system.
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overall system representation for an LTI system in the frequency domain, the characteristic equation of the pendulum con-
trol system (that had been already determined for the above analyses) is made use of to obtain an equivalent description in
the time domain, which entails applying the inverse Laplace transform to the control system’s characteristic equation. The
obtained differential equation is of the form shown in eq. (7.26), with a; ... a, and by, by being the appropriate coefficients.

X +ag-x+a;-x+ax-X+by-x(t—1)+by-x(t—7)=0 (7.26)

Itis clear from the structure of eq. (7.26) that the pendulum is a retarded type TDS. The highest order of derivative of y
without time-delay is 3; whereas the order of derivative including a time-delay is 1. Since the former is strictly greater than the
latter, the system is a retarded system.

In order to obtain a state space representation from the differential equation eq. (7.26), a state vector denoted by zZ =

-
[x, X, x] is proposed. Re-writing eq. (7.26) in terms of Z leads to eq. (7.27).

z  =Agz+AZ(t-1)
0 1 0

Ay = 0 1

$ —ap -a; -a (7.27)
0 0 o0

Ay =10 0 0
-by —b; 0O

Since eq. (7.27) has the form that is suitable for the stability results in eq. (6.119) and eq. (6.120), it is possible to proceed
to the step of solving for the matrix inequalities for the determined Ay and A; matrices of the pendulum control system. Al-
though, an efficient way to solve those matrix inequalities (which happen to be bilinear matrix inequalities) has not been
found, itis still possible to check the feasibility of the solution of the matrix inequalities for different values of time-delay.

Checking for the first interval [0,0.305069]s The correctness of the first stability interval, [0,0.305069]s, can be verified by
checking the feasibility of the solution of the matrix inequalities in eq. (6.119) and eq. (6.120) for the entirety of this interval.
Moreover, once the limit of the firstinterval is reached, the set of matrix inequalities no longer has a feasible solution, not until
the second stability interval. This is clear from fig. 7.6, where the residuals of V and V constraints both reach zero at what is
visibly around 0.305s.

For finer results on the upper bound of this stability interval, starting with 7 = 0.3s and taking increments of 0.0001s, the
matrix inequalities are feasible up to 0.3050s. N =1 is sufficient to obtain this result. If the steps are taken to be 0.000001,
N= 3 is sufficient to obtain 0.305068 as the largest number that makes the matrix inequalities feasible (for the first stability
interval). The value of N that is sufficient to obtain a certain precision is also dependent on the constraints set for the matrix
inequalities.
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Figure 7.6: Plot showing the evolution of the constraint residuals for the Lyapunov functional condition and the Lyapunov functional derivative condition.
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Checking for the second interval [2.541144,3.364915]s A similar procedure is applied to check the second stability interval.
To do so, checking the feasibility of the matrix inequalities is broken down into two tests. Both tests start by checking the
feasibility of some interior point for the interval, say 3s. One testwould apply delay decrements to thisinitial starting delay, and
the other would apply delay increments. The results of those tests in terms of constraint residuals, for the Lyapunov functional
constraintand the Lyapunov functional derivative constraint, are shownin fig.7.7and fig. 7.8, respectively. Itisseen from fig. 7.7
thatthe solution of the set of matrix inequalities does not have a feasible solution for values that are smaller than around 2.54s
(and which are larger than 0.305069s) because the V constraint residual had already reached zero at this limit. In fig. 7.8, it is
seen how the plots of the constraint residuals terminate at around 3.365s.

To attain the bound 2.541144s with a precision of 6 decimal points (2.541144s as 2.541143s is already in the infeasible re-
gion), if one starts with a value larger than 2.541144s and takes decrements with step size 0.000001s, the value of 2.541144s is
attained with N= 8.
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Figure 7.7: Plot showing the evolution of the constraint residuals for the Lyapunov functional condition and the Lyapunov functional derivative condition.

The bound 3.364915s can be checked in the same manner that was used for the upper bound of the first stability interval,
through delay increments. To attain a value of 3.364915s, N= 8 is needed.
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Figure 7.8: Plot showing the evolution of the constraint residuals for the Lyapunov functional condition and the Lyapunov functional derivative condition.

7.3.3 Verification with the Simulink Model
Based on simulation (which includes the nonlinear pendulum plant) and based on the same initial conditions, gains and all
the parameters that were used in the previous analysis (as well as running at a rate of 10,000Hz), the system appears to be
stable for the intervals [0,0.3] and [2.5,3.4]. Stability is lost for a time-delay of 0.31 seconds, which is in accordance with the
results obtained from the frequency sweeping approach.

The response to a 0 reference (stabilization) leads to the outputs shown in fig. 7.9a, fig. 7.9b, fig. 7.9¢, fig. 7.9d, fig. 7.9¢,
fig. 7.9, fig. 7.9¢g, and fig. 7.9h. The results concur with the stability intervals obtained.
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(a) Response corresponding to a delay of 0.10s for the first 20s.
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(e) Response corresponding to a delay of 3s for the first 20s.

(g) Response corresponding to a delay of 4s for the first 20s.

Figure 7.9: Plots of the response of the pendulum control system, shown for the first 20 s, for different time-delays.
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(b) Response corresponding to a delay of 0.32s for the first 20s.
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(d) Response corresponding to a delay of 2.55s for the first 20s.
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Robust Stability Analysis

For real-world applications, it is practically impossible to describe a system precisely. Uncertainties in the linear system
representation occur due to many reasons. These include approximate or incorrect knowledge about certain parameters in
the system. Another source of uncertainty is the linearization of system dynamics; some parameters may be time-varying
because of nonlinearities in the actual system dynamics or because of different operating conditions. Furthermore, the limited
measurement accuracy of sensors introduces uncertainties in the signals in the system. In some situations, despite having
accurate insight about the plant model, it may be preferred to deal with a deliberately simplified version of the model and to
represent the parts that were neglected with uncertainties [133].

Considering the inevitable presence of uncertainties in practice, it is important to make the analysis robust to such un-
certainties. Doing so involves a two-part procedure. The first part is to characterize the uncertainty, and the second part is to
analyze for robust stability given the established uncertainty representation.

It should be noted that, in the case of TDSs, uncertainties may arise in two main ways: either as uncertainties in the co-
efficients or as uncertainties in the time-delay parameters themselves. While it has been expressed in the literature that the
analysis of the latter is a harder problem, for the case of the problem analyzed in this thesis, the research aim is to determine
the time-delays for which the stability of the control system is ensured while considering uncertainties in the knowledge about
the modelled parts of the system, rather than assessing the stability for time-delay intervals that are known a priori. Therefore,
in this thesis, the concern is with uncertainties in the coefficient matrices (in the case of the time domain) or the coefficient
vectors of the quasipolynomials (in the case of the frequency domain).

Chapter 8 is related to the first part, whereby how to characterize the uncertainty will be dealt with. It will be seen that
of the issues tied to uncertainty characterization are conservatism and mathematical tractability. In chapter 9, a number of
theorems and principles that can be used for robust stability analysis of TDS are presented, and how these methods relate to
the uncertainty structures and other paradigms of uncertainty characterization is discussed.
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Uncertainty Characterization

In this chapterthe concern is with parametric uncertainty, rather than dynamic uncertainty. There are two main paradigms
encountered with parametric uncertainty. In one of the paradigms, the uncertainty characterization is based on each uncer-
tainty parameter varying within a known interval. Depending on the way of the occurrence of the uncertainties parameters
in the equation that is studied, this leads to a number of uncertainty structures. The second paradigm offers the possibility
of grouping the uncertain parameters and assuming a norm-bounded variation on certain elementin the equation of the sys-
tem. In the rest of this chapter, the concepts pertaining to those two paradigms are discussed. The discussion presented in this
chapter mainly follows the discussions in [10, 75, 133].

8.1 Uncertainty Bounding Set and the Family of Systems

In the literature on robust stability analysis, uncertainty bounding sets, typically denoted by the letter Q, that are either in
the form of boxes or spheres are usually encountered [10]. However, Barmish also expresses that it is not very critical which of
the two options is chosen. For this thesis, uncertainty bounding sets that are in the form of hypercubes are assumed, which is
described by eq. (8.1).

Q:{qeRézqi_sqisq;“forizl,z,...,é} 8.1)

The uncertainty bounding set serves only as a description of the uncertain variables. Thus, it is only when this set is com-
bined together with the uncertain function, that the concept of the family of systems is obtained.

8.2 A Hierarchy of Uncertainty Structures

When considering a function with coefficients that have independent uncertainty, then depending on how these parameters
appear in the function, the function may adhere to one of many uncertainty structures. Examples of parametric uncertainty
structuresinclude independent uncertainty structure, affine uncertainty structure, multilinear uncertainty structure, and poly-
nomic uncertainty structure. More specifically, these types form a hierarchy whereby the independent uncertainty structure is
a subset of affine uncertainty structure, which is a subset of multilinear uncertainty structure, and which, in turn, is a subset of
polynomic uncertainty structure, i.e. independent c affine € multilinear < polynomic [10].

This is important to note because robust stability analysis methods that are applicable to systems with uncertainty struc-
tures that are lower in the hierarchy usually are no longer directly applicable to the systems with uncertainty structures that
are higher in the hierarchy. For example, vertex results, which are applicable to the cases where independent uncertainty is
encountered, no longer hold for systems with an affine uncertainty structure.

8.2.1 Independent Uncertainty Structure

As mentioned in the introduction of this section, the independent uncertainty structure is the lowest in the hierarchy. In words,
a system has an independent uncertainty structure if each uncertain variable in the uncertainty set appears only in one of the
coefficients of the system equation [10]. In the frequency domain, interval quasipolynomials take the form shownin eq. (8.2).

n-1[{m
I(s) = s”+z(Zaklsk)e_ﬁlslakle[akl,dkl]eﬂ'\? k=0,....,n-1;1=0,...,m (8.2)
k=0 \1=0
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126 8. Uncertainty Characterization

8.2.2 Affine Linear Uncertainty Structure

An affine linear uncertainty structure which is also known as a polytopic uncertainty structure occurs when the uncertain vari-
ables appear affine in the coefficients. This structure leads to a family that is polytopic. A polytope is the convex hull of a set
of points, where a convex hull of some set C is the smallest convex set that contains the elements of the set C. Furthermore,
a set is convex if any line connecting any two points in the set is contained within that set. Every point p in a polytope P can
be generated as the convex combination of the vertices of P. A convex combination is by definition the linear combination of
points where the sum of their coefficients is equal to 1. Thus, an uncertain quasipolynomial with an affine linear uncertainty
structure has the form shown in eq. (8.3),

T T
F(s) = {Zuzfz(S)qu =0, p= 1} (83)
=1 =1

where f are the vertex quasipolynomials of this family.
In the time domain, the familiy with affine linear uncertainty structure is described in eq. (8.4),

ny ny
Qz{zakw(k)lakzo,kz1,2,...,nL,;Zockzl} (8.4)
k=1 k=1

as the convex combination of w¥, where wF is a pair of vertex matrices as shown in eq. (8.5).

o® =(aP,4P), k=12,..,n, (8.5)

The number of vertices can be easily calculated. Given that there are 7, uncertain parameters, due to the upperand lower
bounds on each parameter, the number of vertices can be determined based on n, = 2"».

8.2.3 Multilinear Uncertainty Structure

As for the case of multilinear uncertainty structure, it arises when every coefficient in the uncertain function is multilinear,
which meansthatifonly one elementofthe vector g is kept free and the rest of the uncertainvariables are fixed, that coefficient
would be affine in that free uncertain variable [10].

In the time domain, the multilinear uncertainty structure manifests as interval/independent matrices. This is a conse-
quence of the transformation that occurs when converting from a state-space representation to that of a characteristic function
representation or vice versa. Furthermore, the family is mathematically described according to eq. (8.6), where the operator
co denotes the operation of obtaining the convex hull.

Qcco{w(i),izl,Z,...,n,,} (8.6)

As presented in [75], in the time domain, and as will be discussed again in the next chapter, the case of sub-polytopic or
multilinear uncertainty is comparatively easy to handle. Thatis, it can be said that the studied system is stable when the matrix
inequalities are satisfied for all the vertices. However, in cases when the vertices are too many which happens in the case of
"combinatorial explosion” of the extreme values of the uncertain parameters, describing the uncertainty using this paradigm
is no longer favourable. Rather, in these cases, it is preferred to describe uncertainties in a norm-bounded form, which is dis-
cussed in section 8.3.

8.2.4 Polynomic Uncertainty Structure

A polynomic uncertainty structure occurs when every coefficientin the uncertain function is polynomial in the elements of the
uncertain variables. This makes this uncertainty structure the most inclusive of the above mentioned structured. Of course,
it should be noted that there are more general uncertainty structures, but these are not relevant within the context of the
stability of LTI control systems.

8.3 Norm-bounded Uncertainty

As mentioned in the introduction of the chapter, the second of the two paradigms of parametric uncertainty that are discussed
in this chapter is norm-bounded uncertainty. In the case of norm-bounded uncertainty, the general representation is to have
the nominal value of the system matrices and add an uncertainty to it. For example, in the case of a retarded TDS of the form
ineq. (4.10), if the matrices Ag and A; are considered to be uncertain, then their norm-bounded uncertainty representation is
given by:

A() = A()n + AAO

A=A +AA 87)
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where the uncertain parts AAg and AA; are described with:

( AAy AA ):EF( Go G ) 8.8)

A more general way to describe the norm-bounded uncertainty is using the Linear Fractional Transformation. It is more
general because it allows to assume that the uncertainties are indepenedent. This more general representation is shown in
eq. (8.9).

(A4 AA)=EU-FD)'F( Gy G | (8.9)

Of course, since there is a matrix inversion involved in eq. (8.9), it should be ensured that this inversion is well-posed.

There are several Lemmas that are helpful for dealing with norm-bounded uncertainty, and they are discussed in section
6.2.3 of [75]. Moreover, an even more general category of norm-bounded uncertainty is discussed in section 6.2.4 of [75] which
is block-diagonal uncertainty.
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Tools for Robust Stability Analysis

The goal of this chapter is to present a number of concepts, principles, and theorems that have been found in the literature,
which form a set of tools that are relevant for the robust stability analysis of uncertain TDSs. Several of those have been en-
countered in the case of the robust stability analysis of uncertain polynomials, and it will be explained here how they may be
applied to the case of uncertain quasipolynomials.

The structure of the chapter is as follows. First, a number of preliminaries are presented in section 9.1. Thereafter, the
approaches for robust stability of systems with uncertainty structures from different parts of the hierarchy are discussed in
section 9.2.

9.1 Preliminaries

Because of their relevance to the methods that will be discussed in section 9.2, some preliminary concepts and principles will
be explained in this section. Those are the concept of uncertain quasipolynomials, the concept of the value set, and the zero-
exclusion principle.

9.1.1 Uncertain Quasipolynomial
Consider the quasipolynomial defined in eq. (9.1).

n m . m
fa=3 > ajA"! e it = > pilV)e " where 0=79<7T;<...<Tp, (9.1)
j=0i=0 i=0

There are two vectors defined in association with the equation of the quasipolynomial in eq. (9.1): the coefficient vector
shown in eq. (9.2) and the exponent coefficient vector seen in eq. (9.3) [75].

a:(“00»---,QOn;ﬂlo»---,dln;---yamn) (92)

r=(r,r2,...,Tm) (9.3)

In the case of uncertainties, where the uncertain parameters belong to some uncertainty bounding set Qp, the resultis a
family of uncertain quasipolynomials, denoted by F:

F={f(s,apl@reQ} (9.4)

However, as previously mentioned, uncertainties in the time-delays will not be considered. Only the cases where there are
uncertainties in the coefficient vector a will be of concern in this thesis. Thus, the elements of the coefficient vector may be in
terms of a number of uncertain elements, where such uncertain elements, in alignment with the notation in section 8.1, shall
be denoted by g;.

9.1.2 Value Set

The value set is an important tool for the robust stability analysis of uncertain functions. However, before explaining why it is
suchanimportant concept, a definition of the value set, in the context of uncertain quasipolynomials, is presented in Definition
9.1. Informally stated, the value set is the range of an uncertain function at a particularimaginary frequency.
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130 9. Tools for Robust Stability Analysis

Definition 9.1 (Value Set [75]): The value set of a family of quasipolynomials F is defined according to:

Ve (o) = { (A0) If € F} ©9.5)

where Ay is a complex number and specifically a pure imaginary complex number at which the value set is evaluated.

One particular reason why the value set is considered to be important is that it is needed to check for the zero-exclusion
principle which is one of the more general principles that are applicable across the different uncertainty structures in the hier-
archy, and which will be explained in the following subsection. Moreover, since the zero-exclusion principle has been instru-
mental to the derivation of several other theorems, the value set, by extension, can be needed to check the conditions of other
theorems as well, as is the case, for example, for the Finite Inclusions Theorem. Another important, and often convenient,
property of the value setis that it is always two-dimensional, irrespective of the nature of the uncertain function or of the type
of uncertainty structure involved.

9.1.3 Zero-exclusion Principle

The zero-exclusion principle is an important principle in robust stability analysis because it provides a necessary and sufficient
condition for the stability of uncertain polynomials and quasipolynomials. In the context of TDSs, i.e. in the context of uncer-
tain quasipolynomials, the zero-exclusion principle is formulated as:

Theorem 9.1 (Zero-Exclusion Principle [75]): Let the family of uncertain quasipolynomials, F, satisfy the following assump-
tions:

1. Every member of the uncertain quasipolynomial F has a non-zero principal term.

2. The exponent coefficient vector of every member of the uncertain quasipolynomial has only positive components, that is
ri>0,i=1,2,...,mforevery f(A) € F.

3. Thereexist R > 0and e > Osuch that for every f (A) in the uncertain quasipolynomial the corresponding quasipolynomial
Wo(S) has no zeros of magnitude greater than R (if any) with real part greater than —e.

4. The uncertainty boundedness set of the uncertain quasipolynomial F, which is denoted by Qp, is compact and path-wise
connected.

Then, all members of F are Hurwitz stable if and only if
1. atleast one member of Fis Hurwitz stable

2. forevery point s = jw on the imaginary axis, the value set, Vi (jw) computed at this point does not contain the origin of
the complex plane.

From the above, a number of concepts are mentioned that deserve attention. In the first point, it is mentioned that the
uncertain quasipolynomial is required to have a non-zero principal term. In order to explain what a principal termis, consider
again the description of the quasipolynomial appearing in eq. (9.1). Equation (9.1) is said to have a principal term if eq. (9.6)
holds [75].

deg(po)=n=deg(p;), i=12,....,m (9.6)

The importance of the principal term is that its existence is a necessary condition for the stability of a quasipolynomial,
which makes it a needed pre-requisite in the zero-exclusion principle. Indeed, in relation to the types of TDSs, retarded and
neutral TDSs satisfy eq. (9.6) and have principal terms [84]. Moreover, as mentioned earlier in chapter 4, in physical applica-
tions, only delays of either retarded or neutral type will be encountered. Therefore, it may be safely assumed that this assump-
tion holds for the cases studied in this thesis.

With regards to the third assumption, it is expressed by Gu et al. that this assumption is satisfied if a stricter version of the
first assumption is satisfied [75]. Specifically, this condition is given by eq. (9.7):

deg(po)=n>deg(p;), i=12,....,m (9.7)

Thus, forexample, eq. (9.8) hasa principal term (since deg(/13+6)L2 +2) >deg (4/1 + 5)) andsodoeseq. (9.9) since deg()t2 +
6A2+5)= deg (7/12 + 5); whereas, eq. (9.10) does not have a principal term because deg(/l2 +51+4) <deg ()Lg +8A+ 9).
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FA) =A3+64%+2)+e 47 (41 +5) (9.8)
F) = (A2 +6A2+5)+e 7. (mz + 5) 9.9)
F) =2 +51+4) +e M. (13 +8A+ 9) (9.10)

As for the fourth assumption, it entails the path-wise connectedness of the uncertainty boundedness set Qr. Formally
stated, path-wise connectedness is defined as:

Definition 9.2 (Path-wise Connectedness [10]): A set X < R is said to be path-wise connected if the following condition
holds: Given any two points x° x! € X thereis a continuous function ® : [0, 1] — X such that ®(0) = x® and ®(1) = x1.

In words, this property means that for any two points in a set X, there is a continuous function defined over the interval
[0,1] and whose range is the considered set X, and for which those two points are the range of the function at the extremes of
the domain, i.e.atOandat1.

From the two main conditions for stability, it can be seen that the second condition can be considered the essence of the
principle; it requires that the value sets of the system do not contain the origin which is also where the principle gets its name
from.

As a final remark on the zero-exclusion principle, it should be mentioned that it is, in general, hard to verify this principle
due to the fact that all the value sets associated with all possible values of w must be checked that they do not contain the
origin. Asaresult, alternatives to this principle are often resorted to such as the theorems that will be discussed in the following
sections. This transition to other theorems is motivated by the concept of reduced test sets, which is explained next.

9.1.4 TestSet

In many of the theorems and tests that analyze for robust stability, it is required to check a certain condition for a typically
large set of elements. As a result, reduced test sets have been sought. The result of such attempts has been the emergence of
concepts and theorems such as the concept of convex directions, Kharitonov’s theorem, and the edge theorem. Since reduced
test sets are important for both uncertain polynomials and uncertain quasipolynomials (in the case of TDSs), the examples
mentioned of the concept of convex directions, Kharitonov’s theorem, and the edge theorem had been first encountered in
the case of uncertain polynomials. Their variants have been later developed for the case of uncertain quasipolynomials.

9.2 Stability Results Based on the Hierarchy of Uncertainty Structure

In this section, the robust stability analysis based on the hierarchy of uncertainty structures will be discussed. A discussion
on independent uncertainty structure is omitted as it is the lowest in the hierarchy. It will only be mentioned that Mori and
Kokame have extended Kharitonov’s theorem for the case of TDSs with an independent uncertainty structure [134].

9.2.1 Affine Uncertainty and the Edge Theorem

The edge theorem was originally developed for the stability of uncertain polynomials that have an affine uncertainty structure.
This theorem was later extended to the case of retarded uncertain quasipolynomials by Fu et al. [135]. These results were
further extended to the case of neutral TDS by the same researchers [136].

The theorem states that when the system can be described as a polytopic family of quasipolynomials, the stability of that
family can be deduced from the stability of the edges of its polytope. Specifically, the family is stable if and only if all the edges
of the family are stable.

Given the affine uncertainty structure, the quasipolynomial describing an edge can be determined from the linear combi-
nation of two vertex quasipolynomials pertaining to a particular edge, denoted by fy(s) and fi (s). Thisis shown in eq. (9.11).

fuW) =10 - foA) +ufi(A), where p € [0,1] (9.11)

Remark 9.1: The explanation for why the vertex quasipolynomials are the generators for the polytope is presented in the following.
Consider eq. (9.1) again. Since an affine uncertainty structure is considered, this means that each of the polynomials p; in eq. (9.1)
can be described as shown in eq. (9.12), where c; are known coefficients that are not affected by uncertainty and g* are generators
of the uncertainty bounding set Q.
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n . n .
pild) =) cigid' =) ¢ (Zﬂqu) Al (9.12)
j=0 j=0 k
This means that eq. (9.1) can be written as follows:
fA=) piVe ™ =) > ¢ (Z,ukq )/lle_” (9.13)
i=0 i=0j=0 k
Some re-arrangements of eq. (9.13) lead to eq. (9.14).
m m n .
fa=> pi)e Tt = NI cigfrie it (9.14)
i=0 k i=0 j=0

The term in the parentheses is the evaluation of the uncertain quasipolynomial at g*, which is a vertex of the uncertainty bounding
set. Moreover, the structure shown in eq. (9.14) is that of obtaining a convex combination. This means that every quasipolynomial
can be described as the convex combination of quasipolynomials that are evaluated at the vertices of the uncertainty bounding set,

Q

In the literature, Tuzcu et al. have used the edge theorem to extend the stability analysis approach based on the direct
method (explained in section 5.3.1.1) to the case of TDSs with polytopic uncertainty [137]. Along this line of research, it was
interesting to attempt to extend the analytic curve frequency sweeping approach with the edge theorem. As the analytic curve
frequency sweeping approach is more general than the direct method, this extension will lead to a robust stability analysis
technique in the frequency domain thatis applicable to a wider group of TDSs, consisting of TDSs with commensurate delays.
To the knowledge of the author, this had not been previously presented in the literature. This extension has been made, and
its results have been presented in the attached article.

There exist graphical methods for checking the stability of a TDS with affine uncertainty. One such test has been proposed
by Fuetal., which allows to verify the results that are obtained based on a robust stability analysis method applied to a system
with polytopic uncertainty. The theorem reads as follows:

Theorem 9.2 ([135]): Consider a polytope of n-th order (real or complex) quasipolynomials P Ey, Es, ... E; are used to denote the
edges of P and pyo(A) and py1 (1) to denote the vertix quasipolynomials of Ey.. Then, P is stable if and only if the following two
conditions apply forevery Ex, 1< k< t:

- the frequency response plot of pro(jw)/ (jw + 1)™ does not enclose the origin.

- theplot of 5’;(1) 83; does not cross (—oo, 0] (the non-positive part of the real axis).

where n is is the order of the principal term.

An example of the plots obtained as part of these graphical tests are shown in fig. 9.1. These plots pertain to an example
presented in the paper of Tuzcu et al. which studies the robust stability of eq. (9.15) [137],

fA,q1,q0) = 7L3+(7+q1)~)L2+(22+q2)-/1+(25+q1+2-q2)+((3— G+ ) A2+ T+q1—qo)- A+ (5—q2))~e‘” (9.15)

where each of g; and g, belong to [-1, 1]. They have been generated for T = 0.5s, as was done in the paper itself. Indeed,
these plots are in alignment with the robustly stable time-delay regions obtained in the paper, which have been determined
to be [0,0.5832]s, [0.9738,1.8561]s, and [2.7331,3.1289]s. This can be seen from the fact that the curves appearing on the left
side of fig. 9.1 do not encircle the origin, and the ones on the right side do not cross the negative real axis, which does indeed
support that the system eq. (9.15) is robustly stable for T = 0.5s.

9.2.1.1 Convex Directions

Many of the concepts that had been developed and used in the stability analysis of uncertain polynomials have been revisited
and extended to the case of uncertain quasipolynomials, and the concept of convex directions is no exception to this. It has
been initially combined with the edge theorem to reduce the test set for the stability analysis of polytopic polynomials. It was
later extended by Kharitonov and Zhabko to the case of uncertain quasipolynomials [113].
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(a) The first test plot for the first edge of the polytope of quasipolynomials of eq. (9.15).  (b) The second test plot for the first edge of the polytope of quasipolynomials of eq. (9.15).
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(c) The first test plot for the second edge of the polytope of quasipolynomials of eq. (9.15). (d) The second test plot for the second edge of the polytope of quasipolynomials of

eq. (9.15).
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(e) The first test plot for the third edge of the polytope of quasipolynomials of eq. (9.15).  (f) The second test plot for the third edge of the polytope of quasipolynomials of eq. (9.15).
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(g) The first test plot for the fourth edge of the polytope of quasipolynomials of eq. (9.15). eq.(915)

Figure 9.1: Plots showing the results of the tests for frequencies w € [0,100] rad/s (Note that the red diamond indicates the point corresponding to w =0 rad/s).
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Since the edge theorem is relied upon in the stability analysis of polytopic quasipolynomials, the test set is reduced to an-
alyzing the stability of the edges of the polytope. A convex direction for such family of quasipolynomials is a quasipolynomial,
usually denoted by g(s), such that the stability of fy(s) and fy(s) + g(s) ensures the stability of fu(s) forall p € [0,1]. Thatis
why, it can be seen that finding a convex direction greatly reduces the test set of the family of polytopic quasipolynomials.

Theorem 9.3 (Necessary and Sufficient Conditions for a Convex Direction [75, 113]): A quasipolynomial g(s) is a convex
direction for the set of Hurwitz stable quasipolynomials of the form f(A) = Z?io pi e Tt ifand only if for all > 0 where
g(jw) # 0 the following inequality holds:

darg(g(jw)) _ Tm . sin(2arg(g(jw)) + T mw)
0w T2 2w

(9.16)

9.2.1.2 Finite Inclusions Theorem

The Finite Inclusions Theorem emerged as the byproduct of the Finite Nyquist Theorem as well as the Zero-Exclusion Principle.
It was originally developed for the case of uncertain polynomials, and it has been extended to the case of uncertain quasipoly-
nomials with independent and affine uncertainty structures, by Santos et al. [138—140]. In words, the theorem states that if it
is possible to fit the value sets of the uncertain quasipolynomial inside sectors vertexed at the origin, then the system is stable.

9.2.2 Multilinear Uncertainty and the Mapping Theorem

While there have been discussions on the robust stability of interval and polytopic quasipolynomials, to the knowledge of the
author, the discussion on the robust stability of multilinear and polynomic quasipolynomials has been mainly lacking. That
is why, the literature on the robust stability of multilinear and polynomic polynomials is referred to as a starting point for the
analysis of uncertain quasipolynomials with such uncertainty structures.

Itis known thatin the case of multilinear uncertainty structure that the vertex and edge results cannot be used for studying
the robust stability of uncertain functions with multilinear uncertainty. For example, it may be the case that the system is
stable for the parameters on the edges of the uncertainty bounding set. However, there may still be a point in the interior of
the uncertainty bounding set such that the system is unstable.

This problem can be dealt with using the mapping theorem, which state states that for a set of uncertain parameters g;
(the set of which is denoted by Q) and a multilinear function f, such that f(Q) = {f(g) : g € Q}, the convex hull of f(Q) is equal
to the convex hull of the set { f(g;)} [10]. This is graphically explained with fig. 9.2 [10]. Formally, this is expressed as follows:

Theorem 9.4 (The Mapping Theorem [10]): Suppose Q < RY isa box with extremepoints{qi } and f : Q — R¥ ismultilinear.
Let

FQ={f@):qeQ} (9.17)
denote the range of f. Then it follows that

convf(Q) = conv{f(qi)} (9.18)

Such overbounding of the value set with a convex polytope means that the edge theorem can now be applied to the over-
bounded value set. Consider, for example, the multilinear polynomial given by eq. (9.19),

(5+2¢q1—q2+3q192) + (7— 641 —5¢2 + 10g1g2) A where g1, 92 € [0,1] (9.19)

The value set for this function for some imaginary value, say Ag = 17, is constructed. The resultis shown as the blue scatter
plotin fig. 9.3. Moreover, the convex hull of the evaluation at the extreme points of the bounding uncertainty set is shown in
red. Itis clear that the convex hull of the blue region in fig. 9.3 isindeed the red plot.

This is an example involving an uncertain polynomial. However, the mapping theorem was defined for generic functions,
as can be seen in Theorem 9.4. Therefore, it is applicable to uncertain quasipolynomials as well. This will be demonstrated
with an example that is similar to the one in eq. (9.19).

(5+2q1—-q2+3q1G2) + (7- 641 — 592+ 10g1g2) A - e %14 where g1, ¢, €0,1] (9.20)

The value set of this quasipolynomial for A = 1 j can be seen as the scatter plot shown in fig. 9.4. Moreover, the red contour
is formed by the convex hull of the vertex quasipolynomials of this family of uncertain quasipolynomials. Itis clear thatindeed
this convex hull is also the convex hull of the value set.
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Figure 9.2: Aniillustration of the implication of the mapping theorem [10]

10

Figure 9.3: Value set of the function eq. (9.19) at A = 1j

Itshould be noted that this solution comes at the cost of conservativeness. This means that the stability of the overbounded
region is only sufficient for the stability of the actual range of the uncertain quasipolynomial. Hence, if the overbounded sys-
temis unstable, then a conclusion cannot be made about the stability of the system.

9.2.3 Polynomic Uncertainty

As in the case of dealing with a multilinear uncertainty structure, here too, the problem needs to be transformed into that
of analyzing the stability of an uncertain system with an affine uncertainty structure, so that it is possible to apply the edge
theorem.

It has already been established that a system with multilinear uncertainty can be overbounded with a system of an affine
uncertainty structure. Thus, for the case of a system with polynomic uncertainty, only the means to transform a system with a
polynomic uncertainty structure to that of a system with a multilinear uncertainty structure needs to be found. The solution to
this problem, in the case of uncertain polynomials, is the following theorem which was proposed by Sideris and Sanchez Pena
[141].

Theorem 9.5 ([141] as seen in [10]): Consider the family of polynomials 2 = {p(-, q) : q € Q} with p(s, q) having polynomic
uncertainty structure and uncertainty bounding set Q which is a polytope. Then there exists a second family of polynomials & =
(A, §) : G € Q such that (s, ) has multilinear uncertainty structure Q is a polytope and

P=P (9.21)

Although this theorem has been developed for families of polynomials, this theorem may also be used to obtain an over-
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Figure 9.4: Value set of the function eq. (9.20) at A =1

bounding set of the polynomic family of quasipolynomials. The reason for this is that a quasipolynomial is the sum of the
product of polynomial and exponential terms. Thus, if the polynomic polynomials are transformed into equivalent polynomi-
als with a multilinear structure, then a quasipolynomial with multilinear uncertainty is obtained.

In order to demonstrate how this can be done, consider the example uncertain quasipolynomial shown in eq. (9.22), which
has a polynomic uncertainty structure due to the term qg.

A

(5+2q1 —q§+3q1q2)+ (7-6q —5q2+10q1q2)/1-e_°'1 where g1, g2 € [0,1] (9.22)

Thevaluesetofeq. (9.22) isshownin fig. 9.5. Clearly, the convex hull of the vertex quasipolynomials (the red contour) does
not contain all of the value set (the blue scatter plot). In other words, unlike in the cases of affine and multilinear uncertainty
structures, the vertex quasipolynomials are not the generator quasipolynomials, where the generator quasipolynomials are
quasipolynomials that can be used to construct the convex hull of the family of quasipolynomials.

In order to be able to apply the edge theorem, the generators of the convex hull of the value set need to be determined,
and this is facilitated with Theorem 9.5. Based on the theorem, the following transformation is obtained:

G — G2 4s (9.23)

This means that the quasipolynomial eq. (9.22) is equivalent to the uncertain quasipolynomial shown in eq. (9.24).

(5+2q1 - G2 +3q1G2) + (7- 641 — 542 +10q1G2) A- e "1 where g1, 42 = G5 € [0,1] (9.24)

Based on this reformulation, the new obtained bounding contour contains the entire value set. This can be seen in fig. 9.6.

Remark 9.2 (Refinement for Tighter Bound on the Value Set): Note that, in the construction of the convex hull, the relation
G = s is not accounted for. In order to heed this dependence, a concept from interval analysis which is refinement can be used.
Refinement entails that breaking down the uncertainty bounding set into parts and performing the analysis on these parts will
lead to less conservative results than performing the stability analysis for the original uncertainty bounding set.

Forexample, considereq. (9.24) again. Its boundingsetis Q : q1, Go = g3 € [0, 1]. Ifthis bounding set is split up into two bounding
setsQq: q1 €10,0.5], 42 = g3 € [0,11and Q= q1 € [0.5,1], G2 = g3 € [0, 1], then the obtained valuesetsfor L = 1 j rad/s are
showninfig. 9.7aand fig. 9.7b. From these figures, it is seen that the union of the regions enclosed by the ved contoursin fig. 9.7a and
fig. 9.7bis smaller than the region enclosed by the red contour in fig. 9.6. This means that the intersection of the obtained stability
results from performing the analyses for Q, and Qy, is expected to be less conservative than the result obtained from performing
the stability analysis for Q.

Remark 9.3 (Gridding Approach): Anotherapproach which can be applied is to grid the uncertainty set and perform the stability
analysis at each grid point in the stability set. This approach will be used to verify the results of the robust stability analysis. Albeit
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Figure 9.5: Value set of eq. (9.22) for A = 1 rad/s.
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() Value set of eq. (9.24) at for A = 1 rad/s for g; €[0.5,1] and G2, 43 € [0.5,1]. (b) Value set of eq. (9.24) at for A = 1j rad/s for ¢y € [0.5,1] and 2, 43 € [0,0.5].

computationally intensive, it is important to make in order to verify the correctness of the implemented robust stability analysis
methods.
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10

Proposed Stability Results for Neutral Time-delay
Systems

In this chapter, an extension of the previously presented stability results summarized in Theorem 6.7, whose derivation was
reviewed in section 6.6, to the case of neutral TDSs is proposed. As a first step, consider a neutral TDS of the form shown in
eq. (10.1).

X()—-Cx(t—1)=Apx(t) + A1x(t—1)
x()=¢), te[-1,0] (1.1

It should be noted that analyzing the stability of neutral TDSs requires taking into account two particular aspects. First, for
the case of neutral TDSs, there is an additional necessary condition for stability which is that the strong stability of the delay-
difference operator needs to be ensured. This can be checked using the Schur-Cohn stability criterion on the matrix C. This
means that the delay-difference operator of the neutral TDS is strongly stable if the eigenvalues of the matrix C lie within a
unitcircle. This is expressed in eq. (10.2).

I (O <1 (10.2)

The second aspect that needs to be taken into account is that the complete Lyapunov-Krasovskii functional for the case of
neutral TDSs is slightly different than that of a retarded TDS. Several complete Lyapunov functionals for neutral TDSs have
been derived. For example, in [124] and [125], the functional shown in eq. (10.3) is used.

T T [°
Vix)=[x(t)=Cx(t—1)] -P-[x(t) - Cx(t—1)]+2-[x(t) - Cx(t—1)] Q) x:(0)do
-7

0 (10.3)

0 O
+ / / x; (61) T (61,62) x; (62) d61d6, + f x/ (0)S0)x,(6)do
-TJ-T

=T

However, according to Xu-guang et al. [118], the functional is not general enough. Instead, they propose to use the func-
tional shownineq. (10.4) which includes an additional term shown at the end of the equation, which is f?r xtT (OR(O)x:(6)d6.

0
Vix) =[x(t) - Cx(t-1)] - P-[x(t) - Cx(t—D)] +2- [x() - Cx(t-D)] " | Q©O)x;0)dO
0 O 0
+ f f x/ (01) T (61,62) x (62) 6, dO + f x[ (0)S6)x,(6)d0 (10.4)

=T

0
N f ] 0)X(0)1:(0)d0

=T

The same discretizations for the matrices Q, T, and S, which were used in the case of retarded TDSs and as was done in [110],
will be taken here as well.

141
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N
QO) =) Q;L;(0)

i=0
NN 10.5
TOM =) Y LiOL;NT;; 109
i=0j=0
S@)=S+(T+0)R
Similar to the case of matrix S, a piece-wise linear discretization is applied to matrix X (6), as shown in eq. (10.6):
XO)=X+(@T+0)Y (10.6)

In the following, the expansion and the manipulation of the terms in eq. (10.4) to obtain their quadratic forms will be

presented. An augmented state is proposed, denoted by &, and its definition is shown in eq. (10.7). It will become clear why
such an augmentation is needed.

x¢(0)
X (=7)

en=| 1/ Lo@xds | N0 (10.7)

1[0 Ly(9)x,(s)ds

The derivation of the quadratic form for term 1 from eq. (10.4), in terms of the augmented state ¢, is shown in eq. (10.8).

[x(t) —Cx(t— r)]TP[x(t) —Cx(t—-1)]
=(x"(®-x"(t=1)C"| Plx(8) - Cx(t—1)]

=x' (OPx()—x (OPCx(t-1)—x' (t-1)C"Px() +x' (t—-7)C" PCx(t—1)

PO - 0 0 -PC 0 0 0 0 0 0 0 0 0 0
00 -+ 0 0 00 - 0 -c'p 0 0 0 C'PC 0 0
=£L 0o 0 -~ 0 §N+§L 0 0 0 0 €N+§L 0 0 0 len+én] O 0 0 ... 0 gy
0 0 - 0 0 00 - 0 0 0 --- 0 0 0 0 - 0

P -PC 0 0
-C'Pp C'PC 0 0
=§L 0 0 0o -+ 0 En
0 0 0 0
(10.8)

As for term 2 of eq. (10.4), obtaining its quadratic form is shown in eq. (10.9).
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0
2-[x(-Cx(t-1)]" | Q©O)x,(6)d6

0 0
=2.x"(0) | QOx,©0do-2x"(t-1)CT | QO)x,(0)dO
-7 =T

0N 0(N
=2-x" (1) (Z Q,-L,'(G))xt(e)dH—ZxT(t—r) CTf > QiL,-(G))xt(H)de
~T\i=0 -1 \i=0
[0 0 0 0 0
g g T'OQO T'OQI T.OQN 0 0 7:C"Qy 7-CTQy ... 7-C"Qn (10.9)
=200 . .. _ _ En—28] 0 0 0 0 0 En
- i ) : Do : : 0
000 o 0 [0 0 0 0 0
0 0 27 Qo 27-Q 27-Qpn
~loo —21-CTQy -2t-CTQ; ... —-21-C'Qp
=N N : : : N
0 0 0 0 0

Making this contribution symmetric, the expression in eq. (10.10) is obtained.

0 0 ‘L"Q() T'Q1 T'QN
0T 0T -7-C'Qy -7-C'Q; ... -7-C"Qn
7-Qy -1-Q,C 0 0 0
N T-Q] -1-Q/C 0 0 0 én (10.10)
T-Qy -1-QiC 0 0 0

As forterm 3in eq. (10.4), the contribution is the same as was in the case of the retarded TDS, and it is shown in eq. (10.11).

0 0 0
T Too ... Ton
fNGN . . : Gnén (10.11)
0 Tno Tnn
where
I On 0n,n(N+1)

Gn(T) = (10.12)

Onv+n,n Onavin,n Tlav+1)

At this point, it is possible to group the contributions of the first three terms of eq. (10.4). Thus, the expression for may be
rewritten as shown in eq. (10.13).

0 0

x"(O)(S+ T +0)R)x(6)do + f T O)(X+T+0)Y)x(6)do (10.13)

=T

V, =fI;PNZ<fN+f

=T

where
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' 0 0 T'QO T‘Ql T-QN
PT TPC 0 0 0 0 -7:C'Qy -7-C'Qy ... -1-C"Qn
-C'P C'PC 0 - 0 T T
_ 0 0 0 - 0 7-Qp -T-Q,C 0 0 0
Py, = ) . ) |t el -1QfcC 0 0 . 0
0 0 0 0 T'QX] —T-QX]C 0 0 0 (10.14)
0 0 0
T 0 Ty ... Ton
+Gy | . . . GN
0 Tno ... Tnw

For term 4 of eq. (10.4), the Bessel-Legendre inequality is applied (see Lemma 6.5). Moreover, some modifications to ac-
count for the fact that the expression needs to be in terms of & 5 (¢), rather than Xy (#), are made.

0
f x'(s)Sx(s)ds = %x},m diag(0,$,3S, ..., 2N + 1)S) &, (1)
=T

. (10.15)
= ;ejT\,(t)GlTVdiag(o, 5,3S,...,2N+1)S)Gnén

which is also equivalent to

0
f x"(s)Sx(s)ds = %EL(I) diag(0,0,$,3S,..., 2N +1)S)én (10.16)

=T

As forterm 5in eq. (10.4), based on eq. (10.6)

0 0 0 0
[ i O)XO)%,0)d0= | i O)X+T+0)Y]x,0)dO= | i (0)Xx,0)d6 + [ i @)[(T+0)Y]x,0)dd (10.17)

-7 -7 =T -7

With regards to the first term in eq. (10.17)

.
. [2 Lo(s)x(s)ds [° Lo(s)x(s)ds
f i 0)Xx,0)ds > - : diag(X,3X,...,2N+1)X) :
‘ 1O Ly(9)k(s)ds 1O Ly(s)k(s)ds h018)
1. . '
= ;x;diag(o,x,gx,..., @N+1DX) iy
1
= ;(SLH;,diag (0,X,3X,..., 2N+ 1)X) Hyén
The contributions from the terms can be combined, and the resultis eq. (10.19).
0 0
Vn, (x1) 2 4@, (MEn + f x; O)[(r +6)Rlx,(0)d6 + f % O)[(x+0)Y]%:(0)dO (10.19)
=T =T

where
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0 0 7-Qo T-Q1 7-Qn
PT TPC X X 0 0 -1:C'Qy -7:C'Q; ... —-1:C"Qn
—CTP CTPC 0 0 . .
t (1) = 0 0 0 - 0 T:Qy -7-QC 0 0 0
@y, (1) = . : : : + T'Qir —T-QIC 0 0 0
0 o0 0 T-Qf -T-QLC 0 0 0
o 0 .. 0

+1 90 Too ... Ton
+Gy .

1
Gy + =G, diag(0,$,3S,..., 2N +1)S)Gy
P : T
0 TN() TNN
1
+—Hy diag (0, X,3X,..., 2N + 1) X) Hy
T

(10.20)
The positive definiteness of the expression for the lower bound in eq. (10.19) needs to be ensured. Towards this goal, the
following result is proposed:

Proposition 10.1 (Lyapunov Functional Condition): The positive definiteness of the Lyapunov Functional Condition V is en-
sured when the following expressions hold:

<DX,2(T) >0
R>0 (10.21)
Y>0

where d>]+\,2 (1) is defined in eq. (10.20).

Taking the derivative of eq. (10.13), eq. (10.22) is obtained.

. 0
Vi, (x¢) = 26 y Py én + X[ (0)(S+ TR)x,(0) — x] (—7)Sx(—T) — f x{ (5)Rx(s)ds
0 ot (10.22)
+ 3 (0)(X +TY)%(0) - %] (—=7) X%, (~T) —f i ()Y i, (s)ds

=T

The expression for En(1) is based on taking the derivative of eq. (10.7) with respect to time. This leads to eq. (10.23).

x¢(0)
X (-71)
. 1 r0 .
v =| 1/ 5b®xs)ds | Nso (10.23)

L0 Ly () (s)ds

By applying integration by parts and making use of the properties of the Legendre polynomials, then ffr Li(8)X:(s)ds
evaluates to the expression shown in eq. (10.24).

0
f Li(8)Xs(8)ds = L(s)x:(s)

=T

0 0
—f Li(8)x¢(s)ds

=T

0
:Lk(o)xt(o)—Lk(—T)xt(—T)—f Li(s)-x(s)ds
-7 (10.24)

k-1 i i 0
2i+1) (1_(_1)]‘“)[ Li(s)x:(s)ds

=x:(0) + (D (-1) - Y
i=0

=Tnk)En ()
Moreover, x;(0) can be expressed according to eq. (10.25).

xt(O) =ont(O)+A1xt(—T)+C‘5Ct(—‘L') (1025)
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Incorporating those results into the expression for & x(#) from eq. (10.23), the following is obtained.

Apx:(0) + A1 x4 (—=T) + C- X4 (—7)
Xt (=7)

1TN(0)EN(D) , N=0 (10.26)

Eni =

Irn(NéEn (D)

From eq. (10.26), it can be seen that another augmentation of the state vector is due. In particular, x;(—7) has to be added

to the vector & 5 (¢) to form a new vector which shall be denoted as y (£).

x4(0)
X (—71)
X¢(=1)

'WN([)Z %fBTLO(S)xt(S)dS N=0 (10.27)

o Ln()xe(9)ds |

In order to rewrite the expression for VN2 (xt) in terms of ¥ (), the transformation between 1y (£) and £ (£) has to be

established. This transformation, denoted by J, is shown in eq. (10.28).

En() =Inyn (D)
_ IZn,Zn 02n,n 02n,n(N+l) (10'28)
In=
Onv+n2n Onv+n,n Inv+1),n(v+1)

Note, that the transformation, in contrast to Gy, does not depend on 7. Rewriting the expression for &x (£) in terms of

wn(t) leads to eq. (10.29).

[ Aox,(0) + Ay x (1) + C- 5 (-7)

Xt (=7)

En(D) = 1TN(O) Ny N (D)  N=20
irnW vy N (D)

Ay A1 C Opnwv+n |wn(D)

On2n Inn Onnven |YnN(D)
= TN NN (D) , N= (10.29)

TN vy (D)

Ay A1 C Opupwv+n
0n,2n In,n 0n,n-(N+l)
1
NN wn() , N=0

I TN

Thus, the first term in the expression for VNZ (xt), shown in eq. (10.22), becomes:
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Ap A1 C Opnwv+y
0n,2n In,n On,n-(N+1)
) 1
28 NPh,EN = 20NN (D) Py, TNy (D)

1TN(N)IN
Ay A1 C Opuiv+n
0n,2n In,n 0n,n-(N+l)
1
=2y (O] 5PN, 1IN0 wN (D)

iITN(N) TN
Ay Ay C Opuiv+n
1 0n,2n In,n 0n,n-(N+l)
1
=2wL(r)§He JnPN, 1IN0 wN (D)
iITN(N) TN

Ap A1 C Opnw+y
On,Zn In,n On,n~(N+1)
1
=y (O He| J\ Py, TN O)JN wn (D

TN (N) TN

Av .
Contribution1

Re-writing the second term of eq. (10.22), in terms of the new vector y (1), eq. (10.31) is obtained.

S+tR 0 --- O
T - 0 0O -+ 0
X OS+TRGO =y 0| . NG

~
Contribution 2

As for the third term of Vi, (x¢) (eq. (10.22)):

0 0 O 0 0O 0 O 0
0 S O 0 0 -S 0 0
-x (-)Sx,(-1)=-ywy | 0 0 0 0 lyn=ypym| 0 0 0 0
o 0 o ... 0 o 0 0 ... 0

Contribution 3

(1)

(10.30)

(10.31)

(10.32)

With regards to the integral terms — fBT xtT ()Rx¢(s)ds and — f_OT xj(s) Y x:(s)ds, they are overapproximated with the

Bessel-Legendre inequality (Lemma 6.5).

0
—f x{ (5)Rx(s)ds < —%XN(I) diag (0, Ry) &n(0)

-7

1
=y —;éLmG;(t) diag (0, Ry) Gn(DEN (D) | wn ()

Contribution 4

As for the term — ffr J'ctT(s) Y x:(s)ds, the following inequality holds.

(10.33)
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0 1
- f X[ ()Y (s)ds<w), - T\ Hy diag (0, Yn) HyIn | N (10.34)

=T

N s

Contribution 7

Note, that the contribution from the above equation has been denoted by Contribution 7 because it pertains to the last
term, which is the seventh termin eq. (10.22).
As for the fifth term of Vv, (x¢) (eqg. (10.22)), the resultin eq. (10.35) is obtained.

% (0)(X +7Y)%(0) = [Agx,(0) + Alxt(—r)]T (X +7Y) [Agx:(0) + A x4 (—7)
= [xtT(O)AOT + xtT(—T)AlT] (X +1Y) [Agx:(0) + Ay x,(~T)]
=x; (0)A) (X +TY)Agx(0) +x; (0)AJ (X +TY) A1 x,(~T)
+x] (1) A] (X +TY)Agx(0) + x; (=T)A] (X +TY) A1 X, (~7)

A X+TV)A) AjX+TY)A; 0 - 0 (10.35)
Al (X+1V)A) A/ X+TY)A; 0 ... 0
=yl 0 0 0 .. 0 |yy
0 0 0 ... 0

Contribution 5

As for the sixth term of VNZ (xt) (eqg. (10.22)), the contribution in eq. (10.36) is obtained.

—x] (—T) X5 (1) = = [Apx, (-7) + Alxt(—ZT)]T X [Aoxi(—T) + Ay x(-27) ]
= =[x =0A] + 5] 20 AT | X [Aoxi(-1) + Arxi(-27)]
=—x] (-1)Ag X Agx(=1) — x/ (-T) Aj X A1 x,(~2T)

—x] (=21)A] X Agx,(~T) — x] (=27) A] X A1 x,(~27)

0 0 0 0 -~ 0 (10.36)
0 -AjXAy -AjXA 0 ... 0
T T
=yl | 0 —A XAy -AXAL 0 - 0 |y,
0 0 0 0 ... 0

Contribution 6

Assimilating these contributions, the following proposition that ensures the negative definiteness condition of the deriva-
tive of the Lyapunov functional is obtained:

Proposition 10.2 (Negative Definiteness Condition): Ifeq. (10.37) holds, then the negative definiteness of the Lyapunov func-
tional is ensured.

VN2 (1< 1//} (Contribution 1+ Contribution 2 + Contribution 3 + Contribution 4+ (10.37)
Contribution 5 + Contribution 6 + Contribution 7) wnN<0 '

Those two propositions are then combined into a stability result for the neutral TDS which was defined in eq. (10.1).

Proposition 10.3 (New Stability Results for Neutral TDSs): For a given N and a constant delay T, if matrices P, S, X € Sy,
and R, Y € S} and Too ... T such that T;; = Tj; and Qq ... Qn € R, are determined such that eq. (10.21) and eq. (10.37)
hold, then the system eq. (10.1) is asymptotically stable for this particular time-delay value.

The correctness and effectiveness of the proposed stability results is verified through applying the obtained stability re-
sultstoan example from the literature. Specifically, consider the following example shownin eq. (10.38), which was taken from
the paper of Han et al. [124].
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Table 10.1: Comparison of results from previous stability results in the literature for the stability of eq. (10.38) for different values of c.

(4 0 0.1 0.3 0.5 0.75 0.9

[142] 447 349 206 114 0.54 0.3
[143] 435 433 410 362 273 0.99
[144] 447 435 413 367 287 141

[145] 447 442 417 369 287 141

[146] (N=2) 572 5.61 518 446 334 152
[146](N=3) 597 584 539 4.6l 344 154
[146] (N=4) 6.06 593 546 467 347 154
[146] (N=5) 610 597 549 469 350 155
[124] 617 6.03 554 473 35 1.57
Proposition 3

(N=2) 6.17 6.03 554 473 35 1.57

-2 0 -1 0 c 0
Ag = A =
0 0 -0.9 o 1] “Flo

lel<1

(10.38)

Applying the stability results of Proposition 3 with an N that is as small as 2 leads to the results obtained by Han et al.
A comparison of those results with previously published results are shown in table 10.1. Moreover, the evolution of the con-
straint residuals from the implementation of the proposition and its application to this example are shown in fig.10.1, fig.10.2,

fig.10.3, fig.10.4, fig.10.5, and fig. 10.6 for values cequal to 0, 0.1,0.3, 0.5, 0.75, and 0.9, respectively.

Constraint Residuals
N
T

Figure 10.1: Plots of the evolution of the constaint residuals for case c=0.
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Figure 10.2: Plots of the evolution of the constaint residuals for case c=0.1.
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Figure 10.3: Plots of the evolution of the constaint residuals for case c=0.3.
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Figure 10.4: Plots of the evolution of the constaint residuals for case c=0.5.
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Figure 10.5: Plots of the evolution of the constaint residuals for case c=0.75.
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Figure 10.6: Plots of the evolution of the constaint residuals for case c=0.9.
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11

Conclusions and Recommended Future Research

In this chapter, the progress made with this thesis work is reflected upon. Specifically, the progress made in addressing the
research (sub)questionsis reported in section 11.1. Based off this reflection, a number of recommendations are made for future
research in section 11.2.

11.1 Synopsis
The work that was presented in this thesis targeted the research aim which is to establish the means to determine the stable
time-delay regions of an incremental control system, while considering actuator dynamics and uncertainties.

The report comprises of a large portion dedicated to a literature review which began in chapter 2. This chapter consisted of
areview of the incremental control technique which is INDI, as well as its "prequel” NDI. In doing so, the steps of constructing
an INDI controller were established, and Q1.1 (What are the steps involved in constructing an INDI controller?) was addressed.

The goal of the chapter that followed, chapter 3, was to present a commonly-used model of a digital computer, and there-
after, to show different ways with which to model sampled-data systems. The models that were found were either entirely in
continuous time or entirely in discrete time. Since itis intended to employ the time-delay framework, the model was required
to be in continuous time. The discussion based on the work of Noijen et al. showed that the fidelity of two particular models
that were modeled fully in continuous were higher than those of others. Based on those models, two generic block diagrams
foranincremental control system were established. Therefore, the content of the chapter can be seen as an acceptable answer
to Q1.2 (What are the possibilities for modeling a sampled-data system as a fully continuous control system?).

With the knowledge about INDI and about modeling sampled-data systems, it became evident how to construct the closed-
loop formulation for the control system. Thus, chapter 2 and chapter 3 had successfully addressed the first main research ques-
tion, Q1 (What are the ways to represent the nonlinear system and the incremental controller, which is implemented on a digital
computer, in order to obtain the closed-loop formulation in the form of a linear TDS?).

In chapter 4, an introduction to TDSs was provided. Specifically, the chapter discussed ways to represent TDSs, a taxonomy
for the classification of TDSs, and some important properties of TDSs. Thus, this chapter addressed the first sub-question
of the second main research question, Q2.1 (What are TDSs?). The following chapter, chapter 5, focused on answering the
sub-question that followed, Q2.2 (What techniques can be used for the stability analysis of linear TDSs in the frequency domain?),
by giving an overview of different frequency domain techniques that can be used to analyze the stability of linear LTI TDS.
Moreover, the chapter nominated the analytic curve frequency sweeping approach as the method of choice for the stability
analysisin the frequency domain. Inalignmentwith the sequence of sub-questions, the chapter after that, chapter 6, provided
a review of stability results in the time domain which are based on the extension of Lyapunov’s second method to TDSs. This
chapter thereby gave an answer to Q2.3 (What techniques can be used for the stability analysis of linear TDSs in the time domain?),
which is the final part of the second main research question,Q2 (What methods are suitable to analyze the stability of linear
TDSs?). Moreover, as in the case of chapter 5, a stability result was selected to be applied later on in the analyses, and the
motivation for its selection was presented in the concluding remarks of the chapter. The chosen stability results are applicable
to retarded TDSs and are based on the discretized Lyapunov functional method.

In chapter 7, the selected stability analysis methods were applied to a pendulum control system. The implementations of
the selected stability results obtained from the answers of Q2.2 and Q2.3, provided answers that concurred. This was a nice
verification test of the correct implementation of the stability results. Another form of verification of the implemented ap-
proaches was that the analytical results correctly predicted the stability (or lack thereof) of the Simulink® model for different
time-delays. As for checking whether the control system has been modeled appropriately, this, unfortunately, could not be ad-
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dressed. Itis predicted thatappropriate validation would be possible with real-world experiments or high fidelity simulations,
which is beyond the scope of this research work.

Chapter 8 discussed two main possibilities to characterize uncertainties and, in doing so, addressed sub-question Q3.1
(What are suitable ways to characterize the uncertainties in the TDS system?). From this chapter, the hierarchy of uncertainty
structures was the main framework that was employed for uncertainty characterization in the examples presented in the arti-
cle.

The chapter that followed, chapter 9, presented a number of concepts, theorems, and principles that are relevant for the
robust stability of TDSs. The review was not exhaustive, as time-limitations did not allow to investigate techniques such as
p—analysis and multivariable approaches, for example. However, the chapter has indicated the zero-exclusion principle, the
finite exclusion principle, the edge theorem as tools that have been previously used to analyze the robust stability of TDSs,
which provided an answer to Q3.2 (Which existing robust stability analysis techniques for TDSs are applicable for the linear TDS ob-
tained?). With regards to the last sub-question, Q3.3 (Can a new technique for the robust stability analysis of TDSs be developed?),
a new technique that is based on the combination of the analytic curve frequency sweeping approach and the edge theorem,
which has been referred to in the article as the "robust analytic curve frequency sweeping approach’, has been proposed and
applied. This amalgamation was inspired by the work of Tuzcu et al. who proposed to combine the direct method with the
edge theorem as a novel robust stability approach [137]. Moreover, besides the novelty of this combination, the discussion in
section 9.2 outlined how this new approach can be made applicable to systems with an uncertainty structure that is not neces-
sarily polytopic. In particular, the multilinear theorem allows the robust analytic frequency sweeping approach to be applied
to TDSs with a multilinear uncertainty structure because itindicates how to obtain a convex overbound of the mutlinear family
of quasipolynomials. Moreover, Theorem 9.5 allows to further expand the reach of this new approach to polynomic families
of quasipolynomials. Similar to the multilinear theorem, Theorem 9.5 presents the means to obtain the generator quasipoly-
nomials of the convex hull enclosing the polynomic family of quasipolynomials. Thus, the main steps that are involved in the
augmentation of the analytic curve frequency sweeping approach to make it a robust technique are to first obtain the convex
hull of the quasipolynomial family that is being analysed, which may require the use of either the multilinear theorem and/or
Theorem 9.5, depending on the uncertainty structure. Thereafter, based on the edge theorem, the robustly stable time-delay
intervals of the obtained convex hull are determined by obtaining the time-delay intervals that the ensure the stability of all
of its edges. These outlined steps address Q3.3.2 (What are the steps that can be taken in order to augment the delay-dependent
stability analysis techniques implemented with those newly considered techniques, in order to make the resultant method applica-
ble to the robust stability analysis of time-delay systems?). Furthermore, it should be noted that many of the tools mentioned
in chapter 9 have been previously encountered in the stability of uncertain polynomials, the literature for which was mainly
based on the book of Barmish [10]. The multilinear theorem and the theorem of Sideris and Sanchez Pena (Theorem 9.5) were
encountered there. Thus, the group of techniques for the robust stability analysis of uncertain polynomials have inspired parts
of the discussion on the approach to the robust stability analysis of uncertain quasipolynomials. Therefore, these techniques
are the answer to the research subquestion, (Q3.3.1- What are techniques, that have been used for the robust stability analysis of
systems without time-delays, which can be used to inspire a new robust stability analysis technique for the linear time-delay systems
considered?).

In relation to this sub-question (Q3.3.1), there was another source of inspiration for the possibility of a new robust stability
analysis technique for TDSs, which was the subject of interval analysis. The reason for this interest is that interval analysis has
been previously applied to analyze the robust stability of systems without time-delays. For example, Sinar has applied itin the
robust stability analysis of re-entry vehicles, and she has shown a number of advantages of interval analysis in comparison to
more traditional techniques, such as p-analysis [147]. In relation to TDSs, some previous work has been uncovered thatapplies
interval analysis to the robust stability analysis of TDSs. Specifically, di Loreto et al. have investigated the use of interval analy-
sis for studying the delay-independent stability of TDSs. In particular, the Set Inversion Via Interval Analysis (SIVIA) algorithm
was used in order to determine the presence of the characteristic roots of the TDS in a certain region in the right-half plane.
When analyzing for robust stability, this procedure was performed for all the quasipolynomials in the quasipolynomial family.
Ultimately, the system is said to be robustly stable if the family of quasipolynomials are Hurwitz stable [148]. Apart from the
mentioned academic work, to the knowledge of the author, no further research has been done on making use of interval anal-
ysis to address the robust stability problem of TDSs. However, it seemed that, for the task of delay-dependent stability, that
the use of interval analysis would a cumbersome approach.

Nonetheless, asmentioned in Remark 9.2, itseems promising to make use of the concept of refinement, a concept from the
field of interval analysis, to reduces the conservatism of the robust analytic curve, for the cases of multilinear and polynomic
uncertainty structures.

The final milestone of this thesis work was the application of the mentioned techniques to an aerospace plant. Namely,
the analyses were applied to the short period dynamics of the Cessna Citation aircraft, and the results were presented in the
attached article. Moreover, the outcomes from both the pendulum control system and the control system for the short pe-
riod dynamics demonstrated the effectiveness of the methods in determining the robustly stable time-delay intervals of the
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incremental control systems.

11.2 Recommendations for Future Research

Branching off the reflections made in the synopsis, a number of directions will be proposed for future research work. These
recommendations can be grouped into categories: further analyses, and the development of new stability results.

In the category of further analyses, a number of suggestions are made. First, it is recommended to apply the methods
proposed in this thesis to the stability analysis of IBS-controlled systems. IBS is a sibling and competing incremental control
technique to INDI, and part of unraveling the theoretical gaps regarding incremental control is to compare those two methods.
It is particularly interesting to show how the time-delay stability regions for these control techniques compare. Equally as
importantis to make a similar analysis to NDI-controlled systems. This would address the question of which of the two control
techniques, NDI or INDI, is more robust to time-delays.

Another set of analyses based on the consideration of the ZOH are recommended in order to determine how changing
the sampling period affects the resultant stability regions. This may be done by performing the stability analysis for differ-
ent sampling periods through fixing the sampling period or through a more sophisticated analysis that accommodates for
multiple time-delays. Furthermore, the results presented in the article show that even large sampling periods admit stable
time-delay intervals, which is a slightly suspicious result. Therefore, it is recommended to re-assess the model used for the
sampled-data system and to attempt to check how representative it is of the control system, in addition to checking whether
it may be that the analytic curve frequency sweeping approach cannot be applied in this case, even when the sampling period
is fixed. Rather, perhaps an approach that accommodates for multiple delays needs to be applied, instead. This realization
makes leeway to the next recommendation.

In reality, incommensurate delays are often encountered. That is why, the stability results need to be extended to the case
of multiple incommensurate delays. In the frequency domain, such an extension of the analytic curve frequency sweeping
approach has already been proposed in the literature. Itis called the "Iterative Frequency Sweeping Approach”, and it has been
presented in section 5.3.4. As for the time domain, the stability results for both the retarded and neutral cases need to be
extended for the case of multiple delays. Moreover, it is recommended to revisit the results that were derived in chapter 10
and verify them further. Thereafter, once they are properly verified, they can be applied to the short period dynamics example
thatis presented in the paper. Itshould be checked whether the results corroborate those that were obtained from the analysis
in the frequency domain.

Itisalsorecommended todevelop robuststability results in the time domain thatare based on norm-bounded uncertainty.
The reason for making this recommendation is that the analyses based on norm-bounded uncertainty can be more tractable
(although more conservative) than the robust analyses that were presented in this thesis.

Furthermore, as mentioned in Remark 9.2, itisworth attempting to combine the "robust analytic curve frequency sweeping
approach” with the concept of refinement to reduce the conservativeness in case of the analysis of systems with multilinear or
polynomic uncertainty structures.

The focal point of this thesis has been on LTI systems. While the toolkit for the LTI analysis can be further developed, the
branch of the robust stability analysis of time-varying or nonlinear TDS remains untouched. Therefore, it might be interesting
to investigate the topic of the robust stability of the TDS under dynamic uncertainty as that might allow to consider the system
as an Linear Parameter Varying (LPV) system.

As mentioned before, for some control applications, a more representative way to model the time-delays in the system
is as distributed delays. That is why, another recommendation is to develop the time-domain stability results for the case of
distributed delays. As mentioned earlier, in section 4.3.1, the results of the analyses are not equivalent, and this discrepancy
manifests itself in the phenomenon of quenching.

Finally, in relation to tackling the theoretical gap that relates to sampling-time, the analysis of the sampled-data system
may be based on consideration of the system as a hybrid system, as it truly is. However, this means that the TDS framework is
shifted from, and approaches for the stability analysis of hybrid systems need to be studied and utilized instead.
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