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Preface

Time-delay systems have been intensively studied in various disciplines. On one
hand, delay phenomena exist in many dynamical systems encountered in engi-
neering, physics, chemistry, biology, and economics. For instance, examples can be
found in population dynamics [63], biological systems [76], as well as engineering
systems [92]. On the other hand, sometimes, complex dynamics can be well
approximated by a time-delay system (see [36] and the references therein) and a
high-order linear model can be approximately “reduced” to a low-order one with
delays (see [47]). In other words, delays may induce some simplifications in
modeling a dynamical system (less parameters to be taken into account) although
the corresponding time-delay system is infinite dimensional.

It is well known that the delay considerably affects the system stability and
related performances. One may tend to have some intuition that the delay always
has a negative effect (i.e., increasing the value of delay in a system must deteriorate
the system dynamics and even brings instability). This intuition does not always
hold. As pointed out in the control literature, the delay may have a positive effect on
the system dynamics. For instance, several examples in this monograph illustrate
that increasing the delay properly may stabilize some unstable systems.

In this book, we will mainly focus on the analysis of the delay’s effect on the
stability and our objective is to find the whole stability domain with respect to the
delay parameter in the case of linear systems with commensurate delays. Both
retarded and neutral systems will be addressed. This problem, referred to as the
complete stability problem for time-delay systems, has attracted a lot of attention
since the 1950s, but it has not received full characterization. For an overview of the
stability study of time-delay systems, one may refer to [102].

Actually, the complete stability problem is generally much more complicated
than we can expect, due to the intricate spectral characteristics. First, a time-delay
system has infinitely many characteristic roots. For this reason, time-delay systems
represent a class of infinite-dimensional systems. In this context, it is important to
point out that, given a delay, the unstable roots (if any) are always in finite number
for a retarded time-delay system as well as a neutral time-delay system whose
neutral operator is stable. By existing mathematical tools, it is impossible to
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viii Preface

accurately detect all the infinitely many characteristic roots. Second, a critical
imaginary root of a time-delay system has infinitely many critical delays. Thus, a
thorough asymptotic behavior analysis for a general time-delay system is very
difficult to achieve.

In our opinion, the current bottleneck mainly lies in the involved singularities
associated with the spectra (the case without singularities can be studied by the
existing methods). As a matter of fact, the complexity of the singular case (as
illustrated by various examples proposed in this book) was underestimated until
recently.

In order to systematically address the singularities and eventually solve the
complete stability problem, a new methodology will be proposed in this book.
Roughly speaking, a singular point of a time-delay system can be reformulated
(from a new analytical curve perspective) such that its asymptotic behavior can be
studied from the corresponding singular point of the frequency-sweeping curves
associated to this time-delay system. Since such an approach covers the regular
case, it is quite general. The methodology proposed in this book is called a new
frequency-sweeping framework. It is worth mentioning that the origin of the clas-
sical frequency-sweeping method for studying the stability of time-delay systems
goes back to Tsypkin in 1946 (see [114]). Further insights into such approaches and
techniques will be addressed throughout this volume.

Outline of the Book

First, a new analytic curve perspective will be introduced, making the line of this
book distinct from the existing ones in the literature. From this new perspective, the
asymptotic behavior of the critical imaginary roots with respect to the critical delays
can be systematically investigated. One of the most important results is that the
asymptotic behavior of a critical imaginary root can be accurately described and
studied by means of the Puiseux series. Next, we will propose to prove the general
invariance property, to overcome the peculiarity that a critical imaginary root has
infinitely many critical delays. In order to determine whether the general invariance
property holds, we will improve the classical frequency-sweeping method by
adopting the analytic curve perspective. We will show that the asymptotic behavior
of the frequency-sweeping curves can be reflected by the dual Puiseux series. With
the help of such dual Puiseux series, the frequency-sweeping curves will play an
important role in studying the complete stability problem. The general invariance
property will be confirmed by studying carefully the (equivalence) relation between
the Puiseux series and the dual Puiseux series. As a consequence, the complete
stability problem can be fully solved with the following important results.
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e An explicit expression of the number of the unstable roots with respect to the
delay parameter will be found. By using such a function, the analysis and design
of time-delay systems may be significantly simplified.

e The ultimate stability problem (the system stability property when the delay
approaches infinity) can be thoroughly studied. Moreover, all time-delay sys-
tems, according to their ultimate stability properties, may be classified into three
types: Type 1: A time-delay system has infinitely many unstable roots as delay
tends to infinity, Type 2: A time-delay system has a fixed number of unstable
roots for all delay values (delay-independently hyperbolic system), and Type 3:
A time-delay system has a fixed number of unstable roots except at the critical
delays.

e A simple frequency-sweeping criterion will be presented. Using this graphical
test, the asymptotic behavior analysis for the critical imaginary roots at all the
positive critical delays can be fulfilled by simply observing the frequency-
sweeping curves (without any calculation).

In most part of the book, the time-delay systems under consideration are of
retarded type with commensurate delays. The proposed methodology will be
extended to the time-delay systems of neutral type with commensurate delays, by
paying attention to the additional features of the corresponding neutral operators.

The book is mainly based on the contributions of the authors in the last five
years, namely [66—74]. Further extensions could be made in the future, based on the
methodology proposed in this book.

Further Extensions

In our opinion, the ideas proposed here may be applied to some other problems not
covered in this book. In the sequel, we list two possible directions:

From t-decomposition to D-decomposition: If one differentiates the system
parameters in two categories: delays and others, appropriate methods have been
developed to handle the stability problems in frequency-domain. More precisely,
the t-decomposition [64] corresponds to the case when the delay is “free” and the
other parameters are “fixed”. Similarly, the D-decomposition [89] corresponds to
the counterpart case: “free” parameters for all system parameters, except the delay
which is assumed to be “fixed”. This book addresses the T-decomposition problem.
Despite the differences between the two classes of problems, the methodology
proposed here may bring some useful insights into the D-decomposition problem as
it also relies on the asymptotic behavior analysis of the critical characteristic roots.

From single delay parameter to multiple delay parameters: As mentioned
earlier, the time-delay systems considered in this book are supposed to have
commensurate delays. This means that the problem involves in fact only one
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(delay) parameter and we will see that the results to be presented are mathematically
elegant. However, if the delays are not commensurate, the problem has multiple
(delay) parameters and will become much more complicated (the problem is gen-
erally nondeterministic polynomial (NP)-hard [113]). Extending the results of this
book to the problem with multiple incommensurate delays may not be straight-
forward as, to the best of the authors’ knowledge, we still lack an effective math-
ematical tool for multiple-parameter asymptotic behavior analysis.
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Chapter 1
Introduction to Complete Stability
of Time-Delay Systems

Time delays are widely encountered in various types of control systems and usually
affect the stability and related performances considerably. Here, we only mention
a few examples: data transfer in high-speed networks [93], sampled-data control
systems [12, 31], networked control systems [16, 126], design of PID controllers [99,
106], consensus for multi-agents [87, 96], supply chain systems [103], traffic flow
[84], cell dynamics [100], switched systems [50], fuzzy systems [35, 42], fractional-
order systems [28, 81], and neural networks [78, 125].

In this introductory chapter, some preliminaries and prerequisites regarding the
complete stability problem and the sketch of the technical line of the book are given.

1.1 Preliminaries and Prerequisites

Recall now some fundamentals concerning the stability of linear time-delay systems
in the frequency domain framework.

1.1.1 Basic Concepts

In most part of this book, we consider linear systems with commensurate delays:

i) = Apx(t — tr), (1.1)

=0

under appropriate initial conditions, where x(¢) € R” (r € N) is the system state at
timet, Ap € R"™*" (£ =0, ...,m,m € N}) are constant matrices, and t € R4 U{0}
is the delay parameter.
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2 1 Introduction to Complete Stability of Time-Delay Systems

The time-delay system (1.1) is of retarded type. If the system dynamics also
depend on the derivatives of the past states, such a time-delay system, subject to some
appropriate assumptions (associated with the neutral operator), may enter the class
of time-delay systems of neutral type and will be studied specifically in Chap. 10.

We start by recalling some fundamentals needed for our development of the sta-
bility analysis, which can be found in, e.g., [6, 39, 45, 85, 92, 112].

First, the characteristic function of time-delay system (1.1) is given byl

f(r, 7) = det (u - ZAge—m), (1.2)

£=0

which is a quasipolynomial of the form
fOuD) = ao() +arG)e™™ + -+ ag(Me I, (1.3)

where ag(1), ..., a,(A) (g € Ny) are polynomials in A with real coefficients. A
complex number A such that f(x,7) = 0 is called a characteristic root for the
time-delay system (1.1).

A distinctive feature of the time-delay system (1.1) is that it has an infinite number
of characteristic roots for a T > 0, representing a class of infinite-dimensional
systems. It is important to point out that the structure of the spectrum changes when
T increases from 0 to a sufficiently small positive number +¢. When t = 0, the
system (1.1) is finite dimensional with r characteristic roots (i.e., the eigenvalues of
> i—o Ag). During the transition as 7 increases from 0 to +¢, infinitely many new
characteristic roots appear (see [6, 85]). A natural question may arise about the initial
locations of these infinitely many new roots.

As the time-delay system (1.1) is of retarded type, it follows that

deg(ap(1)) > max{deg(ai (1)), ..., deg(ay(A))}.

Such a condition ensures that as t increases from O to +e¢, all the new roots appear
at far left of the complex plane. However, this property does not necessarily hold
for a neutral time-delay system, as will be discussed in Chap. 10. More precisely, in
the neutral case, an infinitesimal change in the delays may sharply change the roots
distribution in the right half-plane C... Such discontinuities are strongly related to
the essential spectrum of the system (see [6, 85]).

‘We now introduce the asymptotic stability definition and a necessary and sufficient
condition characterizing such a notion.

Definition 1.1 The trivial solution x(#) = 0 of time-delay system (1.1) is said to
be stable if for any #p € R and any ¢ > 0, there exists a § = 6(#p, €) > 0 such that

max [lx(®)|| < § implies ||x(¢)|| < € for ¢t > ty. Furthermore, it is said to be
fo—mTtT<t=<ly

! The characteristic function can be equivalently obtained in two ways: (1) substituting a sample
solution into (1.1) or (2) applying the Laplace transformation to (1.1) under the assumption of zero
initial conditions.
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Fig. 1.1 Characteristic roots for Example 1.1.at =0.01. bt =1

asymptotically stable if it is stable, and for any 7y € R, there existsa §, = 8,(t9) > 0
such that max |x(¢)| < §, implies lim x(¢) = 0.
to—mt<t<ty t—00

For convenience, throughout this book, we will simply adopt the expression “time-
delay system (1.1) is asymptotically stable” instead of “the trivial solution x () = 0
of time-delay system (1.1) is asymptotically stable”.

As the system (1.1) is linear and of retarded type, the asymptotic stability is
equivalent to the exponential stability (the definition of exponential stability can be
found in [85]).

Theorem 1.1 The time-delay system (1.1) is asymptotically stable if and only if all
the characteristic roots are located in the open left half-plane C_.

However, a direct application of Theorem 1.1 is generally impossible since the
system has an infinite number of characteristic roots. The following simple example
illustrates the root locations intuitively.

Example 1.1 Consider the following time-delay system:

x(t) = (_01 })x(t) + (_09 _(])‘5) x(t — 1),

with the characteristic function f (A, 7) = (1.5 + 9)e™ ™ + A% — A + 1.

When t = 0, the system has only two characteristic roots —0.2500 £ 3.1524.
As 7 increases from O to +¢, infinitely many new characteristic roots appear at far
left of the complex plane. Figure 1.1a shows the case when 7 = 0.01, where the
two points denote the locations of the original roots. In the domain of Fig. 1.1a, the
other (infinitely many) roots do not appear as they are still at far left of the complex
plane. Next, as t increases, some roots move to the selected domain. For instance,
when T = 1, some roots enter the selected domain and the two original roots enter
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Fig. 1.2 Root loci for Example 1.1. a Re(2) versus Im(A). b Re() versus ©

the right-half plane as shown in Fig. 1.1b. For further illustration, Fig. 1.2 gives the
corresponding root loci with respect to the increasing delay. (]

The root loci in Fig. 1.2 are numerically generated by using the DDE-BIFTOOL
[24]. To verify the theoretical results, we will often provide the corresponding root
loci using this MATLAB®-based package. Additional numerical methods or algo-
rithms for estimating the spectra of time-delay systems include [10, 11, 43, 44, 118].

1.1.2 Complete Stability Problem

Following the notation widely used in the literature (see [64, 97, 109]), we use
NU(t) € N to denote the number of unstable roots (i.e., the characteristic roots
located in C. ) in the presence of delay 7. According to Theorem 1.1, a time-delay
system is asymptotically stable for a given 7, if and only if it does not have roots
located on the imaginary axis and NU (t) = 0.

For a time-delay system with commensurate delays, the objective of this book is
to obtain its exhaustive stability domain for the delay parameter t (i.e., the whole
domain for t > O such that NU (t) = 0 excluding the possible critical points), which
is known as the complete stability problem.

For a finite-dimensional system, e.g., an autonomous system x(#) = Ax(¢) or
a linear system x () = Ax(t) + Bu(t) with the feedback control u(t) = Kx(t),
the characteristic roots are the eigenvalues of A or A + BK, respectively. Thus, the
number of the unstable roots can be easily known. However, the case of time-delay
systems (monitoring NU (t) as t varies) becomes much more involved and, to the
best of the authors’ knowledge, there is no straightforward way to compute NU (7).

Only some partial results were reported on the explicit computation of NU(t)
(related references, e.g., [21, 48, 52,97, 112, 122], will be discussed in Sect. 9.2). To
fix better the ideas, some representative examples from the literature are presented
below.
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Example 1.2 Consider the time-delay system (Example5.11 in [39])

x(t) = (_02 O%l)x(t) + ((1) 8) x(t —1).

This system is unstable when v = 0. While, as t increases, the system may
become asymptotically stable. More precisely, this system is asymptotically stable
if and only if v € (0.1002, 1.7178). The root loci are shown in Fig. 1.3a. ]

It is commonly accepted that increasing the delay tends to destabilize a system.
However, this assertion does not necessarily hold. Example 1.2 and the subsequent
Example 1.3 are counterexamples, where increasing the delay may induce stability.

Example 1.3 The following time-delay system (Example of Sect. 3 in [97])

—113.5 -1 —-5.97.1 =70.3
x(t)=( -3 =1 =2 | x(®)+ 2 —-1 5 x(t —1)
-2 -1 —4 2 0 6

is asymptotically stable if and only if T € [0, 0.1624) U (0.1859, 0.2219). The root
loci are shown in Fig. 1.3b. (]

We underline here an interesting phenomenon, as shown in Example 1.3, that
a time-delay system may have multiple stability intervals. Especially, the system
to be considered in Example 6.3 has 12 stability intervals. For such an interesting
phenomenon, one may also refer to [1, 75, 92, 108].

Solving the complete stability problem requires to analyze N U (t) along the whole
positive T-axis. Some reported approaches can be used to approximately estimate the
delay margin (i.e., the first stability interval, including t = 0). The approach based
on simple Lyapunov-Krasovskii functionals (see [30, 124]) requires a low compu-
tational load and has the advantage of treating non-nominal models. The complete

(a) (b) o2
0.5 :
0.4 0.15
0.3 - :
0.2 0.1
= 0.1 =
T 0 T 005
o -0.1 [any
-0.2 0
-0.3
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-0.1
0 1 2 3 4 5 6 7 8 0 0.2 0.4 0.6 0.8 1
T T

Fig. 1.3 Root loci for Examples 1.2 and 1.3. a Re(%) versus t for Example 1.2. b Re(}) versus t
for Example 1.3


http://dx.doi.org/10.1007/978-3-319-15717-7_6

6 1 Introduction to Complete Stability of Time-Delay Systems

Lyapunov-Krasovskii functionals together with the discretization technique (called
the discretized Lyapunov-Krasovskii approach [37]) may be used in the case of mul-
tiple stability intervals. However, both the aforementioned approaches inevitably
involve conservatism (i.e., some stability interval may be missing). For the above
time-domain approaches, one may refer to [29, 39, 57, 92].

In order to compute NU () for a given delay value, one of the classical ways is
to study the argument of the characteristic function (by complex analysis, see [3])
along some particular contour in the complex plane. Such an idea was explicitly used
in [112] for both retarded and neutral systems and applied to construct the so-called
stability chart, which is a region in the parameter plane (defined by two appropriate
parameters other than delay) such that the corresponding system is asymptotically
stable for parameters belonging to this region. For some extensions of the work of
[112], one may refer to [48], where the derived criterion provides further information
about NU (7) even in the case when some characteristic roots are located on the
imaginary axis. Similar algebraic ideas can also be found in [51, 119].

Although it appears quite complicated to directly compute N U (7), the root con-
tinuity property offers an indirect way. We now recall this important property.

First, if T = 0, the system (1.1) is a delay-free system with r roots. When t
increases from O to +¢, as discussed in Sect. 1.1.1, infinitely many new roots appear
in C_. In parallel, the original r roots vary continuously with respect to T (Rouché’s
theorem [3] offers a simple way to prove such a property). Next, as t increases from
+¢, all the (infinitely many) roots vary continuously with respect to 7. Therefore,
NU (7) changes as 7 increases from +-¢ toward 400 only if for some 7 the system has
characteristic roots located on the imaginary axis Cp, called the critical imaginary
roots. These delays are called the critical delays. For further continuity properties of
time-delay systems, one may refer to [85].

Remark 1.1 1t is worth mentioning that we keep track of NU () from t = +¢ (not
from 7 = 0) because some systems involve critical imaginary roots when t = 0 (for
instance, the systems considered in Example al of [109] and Example 2 of [122] have
simple critical imaginary roots when t = 0). This case has to be treated carefully
and the related result will be given and explained later.

Based on the root continuity argument, the T-decomposition idea was proposed
and largely used in the literature. Roughly speaking, this corresponds to a two-
step method requiring to solve two problems, which will be reviewed in the next
subsection. The approach we are proposing is in line of such an idea.

1.1.3 t-Decomposition Idea

The 7-decomposition idea may be traced back to at least the 1960s (see [64] and
the references therein), along which a great number of stability results have been
reported, see [7, 19, 21, 85, 97, 122]. In our opinion, the T-decomposition method
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can be applied in two steps by solving the two problems (Problems 1 and 2) described
below.

According to the root continuity argument, if NU (t) changes as t increases,
there must be a critical delay at which the system has a (simple or multiple) critical
imaginary root. This gives rise to the first problem along the t-decomposition idea.

Problem 1 The exhaustive detection (if any!) of the critical imaginary roots and
the corresponding critical delays.

Various effective methods for solving Problem 1 have been proposed in the liter-
ature (one may refer to a survey paper [110]) and the frequency-sweeping approach
proposed in this book also covers Problem 1. In our opinion, Problem 1 has been
well studied and understood.

Unlike for the critical imaginary roots, the analytic computation for the other
characteristic roots is generally very difficult. For instance, one may compute the
characteristic roots located in a vertical line parallel to the imaginary axis. But the
procedure is much more complicated. In order to solve the complete stability problem,
we have to further analyze the variation of a critical imaginary root as 7 increases
near the corresponding critical delay (called the asymptotic behavior of a critical
imaginary root).

So, we are now led to the second problem of the t-decomposition method.

Problem 2 The asymptotic behavior analysis of the critical imaginary roots with
respect to the corresponding critical delays.

A pair (A, 7), where T € Ry U {0} and A € Co, such that f(A, ) = 0 is called
a critical pair. Most of the work in this book will focus on the algebraic properties
of the critical pairs, from a new analytic curve perspective to be introduced in the
forthcoming Chaps.?2 and 3.

Remark 1.2 Owing to the conjugate symmetry of the spectrum, it suffices to consider
only the critical imaginary roots with nonnegative imaginary parts. More precisely, if
acritical imaginary root jw at a critical delay is detected, the system necessarily has a
critical imaginary root — jw for the same critical delay. Furthermore, the asymptotic
behavior of jw and — jw are symmetric with respect to the real axis.

Remark 1.3 Under the assumption that Problem 1 is solved, the critical delays divide
the positive t-axis into infinitely many subintervals and within each subinterval
NU ((7) is constant. We will next monitor NU (t) as t increases by means of solving
Problem 2. For instance, consider a subinterval © € (t/, t”) where t/ and t” are
two positive critical delays such that there are no other critical delays inside this
subinterval. If the value of NU(t' — ¢) is known and the asymptotic behavior of
the critical imaginary roots at T = t’ is properly studied, we may precisely know
the value of NU(z” + ¢). According to the root continuity argument mentioned
previously, for any T € (t/, t”), NU(t) = NU (7’ + ¢). It is worth noting that this
result is accurate, without any conservatism.

However, Problem 2 is rather involved and we need to further divide it into two
sub-problems (see Sect. 1.3 for details).
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1.1.4 Frequency-Sweeping Framework of this Book

We will propose a frequency-sweeping framework along the t-decomposition idea
in this book. In this subsection, we explain the distinction of the frequency-sweeping
approach used in this book with respect to the existing ones in the literature.

The frequency-sweeping idea is not new and has been largely used in studying
the stability of time-delay systems. In [20], some necessary and sufficient delay-
independent stability conditions based on the frequency-sweeping technique were
proposed. However, the interest of the authors focused more on the delay-independent
stability instead of characterizing the delay intervals guaranteeing the asymptotic
stability. Next, some frequency-sweeping criteria were introduced and discussed in
[39] for detecting the stability interval including ¢ = O for time-delay systems. In
[41], the frequency-sweeping test was used to determine the stability crossing set for a
class of quasipolynomials with two delays by an appropriate geometric interpretation
(triangle geometry) of the characteristic equation. An extension of this idea to the
case of three delays can be found in [40]. In [107], a frequency-sweeping approach
within the cluster treatment of characteristic roots (CTCR) framework was given, by
which the potential stability switching hyperspace can be obtained for multiple-delay
systems. Such a result makes use of the so-called Rekasius substitution in order to
detect critical imaginary roots.

The above frequency-sweeping methods were mainly used for solving Problem 1
([20, 39] consider commensurate delays case while [40, 107] treat incommensurate
delays case), without considering Problem 2. In [21, 64], frequency-sweeping tests
were used for studying Problem 2. However, the characteristic functions considered
therein are confined to a class of simple quasipolynomials.

Unlike the existing approaches, we will study in-depth the asymptotic behavior
of the frequency-sweeping curves (the procedure for plotting them will be given in
Sect. 1.2.3) from a new analytic curve perspective. As a consequence, the frequency-
sweeping approach will cover both Problems 1 and 2 for general time-delay systems
with commensurate delays. In this sense, the frequency-sweeping approach in this
book refers not only to the frequency-sweeping curves but also to the new mathe-
matical framework to be established.

1.2 Detecting Critical Pairs and Frequency-Sweeping Curves

In this section, we will show that Problem 1 can be easily solved from the frequency-
sweeping curves (the graphical tool adopted in this book) with the aid of an immediate
yet important transformation of the quasipolynomial. In addition, two useful indices
will be introduced and discussed.



1.2 Detecting Critical Pairs and Frequency-Sweeping Curves 9

1.2.1 Rewriting Characteristic Function

The characteristic function f (i, 7) (1.3) is often transformed by letting 7 = ¢~
into a more tractable form, including two variables A € C and z € C (see [55]):
q .
PO, 2) =D a7 (1.4)
i=0

The function p (A, z) (1.4) is atwo-variate polynomial, which may help to facilitate
our study. The detection of the critical pairs (A, 7) for f(A,7) = 0 amounts to
detecting the critical pairs (1, z) (. € Cp and z € 9D, i.e., A and z are located on the
imaginary axis and the unit circle, respectively) such that p(A, z) = 0.

Remark 1.4 The time-delay system (1.1) is said to be hyperbolic at a given T, if it
has no critical imaginary roots at this 7 [46]. Furthermore, the time-delay system
(1.1) is said to be hyperbolic independently of delay, if it has no critical imaginary
roots for any t > 0. According to the root continuity argument, a time-delay sys-
tem with delay-independent hyperbolicity is either asymptotically stable or unstable
for all T > 0. The former case corresponds to the well-known delay-independent
stability, see [20, 22, 23, 49, 55]. The latter case representing the so-called delay-
independent instability, to the best of the authors’ knowledge, is seldom encountered
in the literature. Such an example will be presented in Sect.9.1.3.

Consider now that the system is not delay-independently hyperbolic. Such a con-
dition will be automatically assumed in the forthcoming chapters. In this context,
without any loss of generality, suppose there are u critical pairs for p(A,z) = 0
throughout this book: (Ag = jwo, z0), (A1 = jo1,21),--., Au—1 = jou—1, Zu—1)
where wyp < w1 < --- < wy,_1. Notice that two critical pairs may share the same
critical imaginary root.

Once all the critical pairs (Ay, z¢), ¢ = 0, ..., u — 1, are found, all the critical
pairs (A, T) can be obtained. More precisely, for each critical imaginary root X,

. .\ . A
the corresponding critical delays are given by Tk = 740 + 21)‘—”, k € N, where

Ta.0 E min{t > 0: e~ " = z,}. The pairs (Aq, To.k), kK =0, 1, ..., define a set of
critical pairs associated with (Ay, z4).
We illustrate the notations introduced above through the following example.

Example 1.4 Consider atime-delay system with the characteristic function f (X, t) =
e 2™ 4 (W2 4 1)e~™ 4+ 1* — 2. The system has five sets of critical pairs: (Ay, Tu.k),
a =0,...,4. In particular, Ay = 0 and hence this system cannot be asymptotically
stable for any T > 0. To further characterize the system property (marginally stable
or unstable), we need to know N U (t) and the distribution of the critical imaginary
roots. The second and the third sets of critical pairs have the same critical imagi-
nary root A: (A1 = j,T1x = 2km) and (A2 = j, ok = (2k 4 1)m). The fourth
and the fifth sets of critical pairs also involve the same critical imaginary root A:

(A3 = 1.3161, 13 = LT ) and 3y = 1.3161, 1a o = 208742y 7
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Remark 1.5 For acritical imaginary root A, = jw,, regardless of its multiplicity, wy
must be bounded (see Proposition 1.8 in [85]). In other words, all the characteristic
roots located on the imaginary axis are bounded. Further remarks on the estimation
of the frequency interval including all the critical imaginary roots can be found in
[27, 95].

Remark 1.6 A critical imaginary root Ay is invariant with respect to the delay shift
2” (i e., if Ay is a critical imaginary root for T = 74,0, then the system has a critical

1mag1nary root A, for all T = 740 + k ,k € N). However, the multiplicity of
a critical imaginary root is not necessarlly ﬁxed with the delay shift (see the next
subsection). This phenomenon is a source of the complexity of the problem.

1.2.2 Two Useful Indices and Related Remarks

Introduce now two indices n and g associated with a critical pair. Such indices play
an important role in the asymptotic behavior analysis.

For a critical pair (A4, 7o k), denote by n € N, the multiplicity of A, at 74 .
Clearly, a critical imaginary root is called a simple critical imaginary root (a multiple
critical imaginary root) if the corresponding index n = 1 (n > 1). In other words,
the index n simply implies that for A = Ay and T = 144,

fAO = ... = f)\,,,l =0, fin #0. (1.5)

Next, introduce the index g € Ny at (Ay, T4 k), by which we may artificially treat
Tq k as a g-multiple root for f(A, 7) = 0 when A = X4, having the property that
when A = A, and T = 744,

fro=--= fre1 =0, fre #0. (1.6)

Both indices n and g are bounded for critical imaginary roots distinct from the
origin, as given in the following property, with g defined in (1.3).

Property 1.1 For a critical imaginary root Ay of the time-delay system (1.1), it
Sfollows that n < oo and that g < q(g = 00) if .y # 0(Ag = 0).

Proof In any vertical strip of the complex plane, there are only a finite number of
(multiplicity taken into account) roots for the system (1.1) (Corollary 1.9 in [85]).
With this remark, the first part of the proof is finished. Next, we have f; = —p,zA,
fre = (=12 p.(z0)? + (—=1)?p.zA2, ... Thus, for A = 0, fy« = 0, Ve € N, For

A # 0, the index g implies that po = --- = p_-1 = 0. Givena A, z can be treated as
a g-multiple root for polynomial equation p(A, z) = 0 with degree g. As a g-degree
polynomial has at most g roots, the second part of the proof is complete. (]

We next recall two important properties reported in [66]:
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Property 1.2 For a critical imaginary root Ay # 0, the index g is a constant for all
the critical delays T k.

Proof Following the proof of Property 1.1, for a critical pair (Ay, To,x) With Ay 7# O,
the condition (1.6) is equivalent to that at the critical pair (Ay, Z¢)

pa = =pa1 =0 ps#0. (17)
The proof is now complete as the condition (1.7) does not explicitly depend on t. [J

Property 1.3 For a critical imaginary root Ay, the index n may vary with respect to
different critical delays T k.

Examples 6.1 and 6.2, to be seen in this book (Chap. 6), illustrate Property 1.3.

Remark 1.7 It would be more formal to express indices n and g as functions of the
critical imaginary root and the corresponding critical delay. For brevity, we simply

[T 1)

denote them by “n” and “g” throughout this book with a slight abuse of notations.

1.2.3 Frequency-Sweeping Curves

Problem 1 can be effectively solved from the frequency-sweeping curves generated
by the method recently proposed by the authors in [70], which is easy to implement
with a low computational load.

Frequency-Sweeping Curves Sweep @ > 0 and for each A = jw we have ¢
solutions of z such that p(jw, z) = 0 (denoted by z; (jw), ..., z4(jw)). In this way,
we obtain g frequency-sweeping curves [;(w): |z; (jw)| versus w,i =1, ..., q.

If (A, To.k) 1s a critical pair with index g, g frequency-sweeping curves collide
with 3 (throughout this book we denote by 3 the line parallel to the abscissa axis
with ordinate 1) at w = w,, and the frequency wy, is called a critical frequency.

Remark 1.8 For each given w, p(jw, z) = 0 is a polynomial equation of z, which
can be easily solved by using the MATLAB command roots.

Remark 1.9 1If some I;(w) collide with 31 at @ = 0 with the associated z = 1 for
p(A,z) =0(.e., A = 0is a critical imaginary root), as earlier discussed, the system
cannot be asymptotically stable for any t > 0. However, if the corresponding z # 1,
A = 0is evidently not a critical imaginary root (since ¢’* = 1 for all T > 0) and this
point should be ignored. For instance, a system with f (A, 7) = A+ 1 +e~ 7" exhibits
the delay-independent stability (sometimes called weak delay-independent stability
[92]). Obviously, A = 0 is not a critical imaginary root, though p(0, —1) = 0.

Remark 1.10 Ifnocritical imaginary roots are detected from the frequency-sweeping
curves, the system is, clearly, hyperbolic independently of delay (Remark 1.4).
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Remark 1.11 As previously mentioned, for a critical imaginary root (say, > = j')
there may exist multiple critical pairs (say, two pairs (jo', z1) and (jo', z2)). In this

A .
case, A = jw' corresponds to two sets of crmcal delays Tk = rl o+ 2/‘7 with

11,0 = mln{r >0:e¢ —t0j — =zi}and 1o = Tzo+ T with 759 = mln{r >0:
e~ ™'} = z,}. Such a case will be presented and dlscussed in Example 7.4.

Consider now a simple example to demonstrate how all the critical imaginary roots
and the corresponding critical delays for time-delay system (1.1) can be detected
according to the frequency-sweeping curves.

Example 1.5 Consider the system in Example 1.2, where f (A, 7) = —e~ ™ + 1% —
0.1A +2and p(A, z) = —z + A% — 0.1 + 2. This system has only one frequency-
sweeping curve and it can be easily generated using MATLAB (or other software for
scientific computation). For instance, in the MATLAB environment, for each given
w, we assign its value to a variable w. The solution of z;(jw) for p(jw, z) = 0 can
be obtained by using the command roots ([-1, (w*j) "2-0.1*w*j+2]).The
frequency-sweeping curve is shown in Fig. 1.4.

Two critical pairs (X, z) for p(, z) = 0 are found from the frequency-sweeping
curve: (Ag = 1.0025, zo = 0.9950—0.1003 ) and (A = 1.7277, z1 = —0.9850—
0.1728). For the first critical pair, we calculate the corresponding critical delays such
that e =70 = zg = ¢~ (O100442km)] We get: 79 4 = 0.1002+ 22<, k € N. Similarly,
for the second critical pair, the associated critical delays can be computed by the
condition: e~ ™ = 7| = ¢~ (2:9680+2k7)j e have that 116 = 1.7178 + 127]‘27;7, k €
N. In addition, n = 1 (i.e., the critical imaginary roots are simple) and g = 1 for
both sets of critical pairs, as f; # 0 and f; # O at these critical pairs.

Following the t-decomposition idea, the positive t-axis can be divided into
subintervals: [0, 0.1002), (0.1002, 1.7178), (1.7178, 5.3546), (5.3546, 6.3676), . ..

When 7 lies in each such subinterval, NU (7) is a constant. (I

Later in this book, some algebraic properties of the frequency-sweeping curves
will be derived from an analytic curve perspective and, consequently, a new frequency-

Fig. 1.4 Frequency- 7.
sweeping result for Example
1.5 61
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sweeping framework will be established. Such a framework will be helpful in order
to characterize and to explicitly compute N U (7) in each detected interval.

1.3 Asymptotic Behavior of Critical Imaginary Roots

Unlike Problem 1, Problem 2 has not been fully investigated (it received some partial
characterizations). Due to its complexity, we further divide it into two sub-problems
(Problems 2.1 and 2.2).

1.3.1 Critical Imaginary Root at a Critical Delay

The first sub-problem of Problem 2 is as follows:

Problem 2.1 The analysis of the asymptotic behavior of a critical imaginary root
at a critical delay.

Introduce now some notations describing the asymptotic behavior of a critical
imaginary root from the stability perspective. Suppose (¢, B) (with 8 > 0)isacritical
pair with the index n. Near this critical pair, there exist n roots A; () continuous with
respect to t satisfying o = A;(B),i = 1, ..., n. Under some perturbation ¢ (—¢)
on B, the n roots are expressed by A;(8 +¢) (A; (8 —¢)),i = 1, ..., n. Denote the
number of unstable roots among A (B+¢), ..., Ay (B+e) A1 (B—¢), ..., An(B—¢))
by NU,(B') (NU,(B7)). With these notations, we define:

ANUy(B) 2 NUL(B*) — NUL(B"). (1.8)

In other words, the notation AN U, (8) simply stands for the change in NU(t)
caused by the variation in the critical imaginary root A = « in some neighborhood
of the root as 7 increases from 8 — € to B8 + €. For a critical pair (Ay, T4k > 0), we
need to compute the value of ANU,,, (74 k) in order to solve Problem 2.1.

Remark 1.12 1ft, ¢ = Oforacriticalimaginary root A4, such a situation corresponds
to the case where the system (1.1) free of delays has original critical imaginary roots.
In this case, the asymptotic behavior of the critical pair (Aq, T4,0) refers to how the
original critical imaginary root A, varies as T increases from 0. This information is
necessary for computing NU (+¢) (see Sect.5.1 for details).

Remark 1.13 Thenotation AN U (7) has been largely used in the literature. However,
at a critical delay, the system may happen to have more than one critical imaginary
root. That is the reason for taking explicitly into account the critical imaginary root
as a subscript in the notation (1.8).
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Problem 2.1 will be studied in detail in Chap.4. Once Problems 1 and 2.1 are
solved, we may accurately know the stability property for system (1.1) in the presence
of any finitely large t (see Sect. 5.3). It is worth mentioning that such a stability result
is accurate without any conservatism. For general linear time-delay systems with
commensurate delays, this result represents a new contribution. However, it is still
not sufficient for solving the complete stability problem. First, if 7 is very large, the
procedure may be computationally prohibitive. As we will see in Chap.4, solving
Problem 2.1 is not a trivial task. Second, it is impossible to “calculate” NU(t) as
T — oo by using only the solution of Problem 2.1. Since a critical imaginary root
has an infinite number of critical delays, we are unable to analyze the asymptotic
behavior at all the critical delays one-by-one.

Hence, we need to explore deeply Problem 2.2 discussed below.

1.3.2 Critical Imaginary Root with Infinitely Many
Positive Critical Delays

The second sub-problem of Problem 2 can be described as follows:

Problem 2.2 The analysis of the asymptotic behavior of a critical imaginary root
with respect to all the infinitely many positive critical delays.

Problem 2.2 (though has not been explicitly proposed in the literature) has been
noticed and solved for some specific time-delay systems.

If a critical imaginary root is simple for all the critical delays, it was proved in
[97] together with [109] that the way the critical imaginary root moves as T increases
near each positive critical delay always has the same effect on NU (7). If a multiple
critical imaginary root appears, the case will become much more complicated and
computationally involved. To the best of the authors’ knowledge, only one paper
[54] explicitly discusses such a case. More precisely, in [54], it was proved that if
Aq 1s a double critical imaginary root for one of the critical delays, AN U, (t4,k) 1S
a constant for all k € N with 7, > 0. However, in order to perform the analysis,
additional assumptions are needed in [54] (details are given in Chap. 6).

The above intriguing property (ANU,, (to.k) is a constant for all k € N with
7ok > 0) is called the invariance property. Though this property was only found for
some very specific time-delay systems, we are inspired to consider if the following
more general result is valid:

The invariance property holds for any time-delay system with commensurate
delays.

If the above result (named the general invariance property) holds, Problem 2.2
will be tractable and the complete stability problem can be solved. In Chaps. 6—8 of
this book, we will study in detail the general invariance property. It will be exciting
to see in Chap. 8 that the general invariance property really holds!
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Consider once again the time-delay system in Example 1.5 in order to better
illustrate the objective of Problem 2.

Example 1.6 In the sequel, we will continue the analysis of Example 1.5, for which
all the critical imaginary roots and the critical delays have been found. These critical
delays divide the positive T-axis into infinitely many subintervals.

First, the system has two unstable roots as t = 0. Therefore, NU(t) = 2 for t
lies in the first subinterval [0, 0.1002). In order to compute NU (t) when t lies in
the second subinterval (0.1002, 1.7178), we need to know the asymptotic behavior
of the critical imaginary root 1.0025j at the boundary point T = 0.1002. As thisis a
simple critical imaginary root case, we have at least two effective ways to accomplish
it. We may either compute the derivative of A with respect to T by using the implicit
function theorem (see [97]) or observe the frequency-sweeping curve (see [21]). Itis
not hard to include that, as 7 increases near t = 0.1002, a root crosses Cy at 1.0025 j
from right to left. Due to the conjugate symmetry, a root crosses Co at —1.0025j
from right to left as well when t increases near T = 0.1002. Therefore, NU(t) = 0
for r € (0.1002, 1.7178). Continuing the above procedure, we have: NU (1) = 2
for T € (1.7178,5.3546); NU(t) = 4 for T € (5.3546, 6.3676); NU (t) = 2 for
T € (6.3676,8.9913); .. ..

As the invariance property has been proved for the simple critical imaginary root
case, we have stronger results: Each time 7 increases near some tq x (71.k), tWO
roots cross Co from right to left (from left to right). Moreover, such results can be
directly known from the frequency-sweeping curve. More precisely, for this time-
delay system we have two fascinating properties [70]: (1) The frequency-sweeping
curve crosses 3 from below to above (from above to below) if and only if the
corresponding critical imaginary root crosses Co from left to right (from right to
left). (2) The frequency-sweeping curve touches without crossing 3 if and only if
the corresponding critical imaginary root touches without crossing Cy.

Consequently, we may easily keep track of NU(tr) and analyze the complete
stability: In this case study, the system is asymptotically stable if and only if T €
(0.1002, 1.7178). O

Example 1.6 shows that the frequency-sweeping curves can be used for solving
Problem 2 and considerably simplify the analysis. However, the time-delay system
in Example 1.6 is specific (n = g = 1 for all critical pairs) and extremely simple
to handle by using the existing methods in the literature. For general time-delay
systems with commensurate delays, a new frequency-sweeping methodology will
be established step-by-step and next illustrated through some examples.

1.4 Book Structure

Characterizing the general invariance property as well as the (complete) stability of
linear time-delay systems need a better understanding of the asymptotic behavior
of the critical imaginary roots. In this book, we will introduce a new analytic curve
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perspective to address the problem. From the analytic curve perspective, a series of
new mathematical properties will be obtained regarding the asymptotic behavior of
the critical imaginary roots and the frequency-sweeping curves, which allow us to
thoroughly solve Problems 1 and 2 in the commensurate delays case and to open
interesting perspectives in handling the incommensurate delays case.

The remainder of the book is organized as follows:

In Chap.2, we introduce some preliminary results concerning analytic curves,
including the notions of analytic curves and the Puiseux series, the classical Newton
diagram, as well as some useful properties.

In Chap.3, we show that the analytic curve perspective may be appropriately
adopted for studying the asymptotic behavior of the critical imaginary roots and the
frequency-sweeping curves of time-delay systems.

In Chap.4, we show how to obtain the Puiseux series in order to solve Problem
2.1. Moreover, some important mathematical properties are given.

In Chap. 5, we first present a procedure to compute N U (t) for a finitely large <.
Next, we explain in detail why it is not sufficient for the complete stability problem as
well as the necessity of studying Problem 2.2. In order to find a solution to Problem
2.2, we propose to prove the general invariance property.

In Chap. 6, we prove the invariance property for a specific case where the index
g is always “1”, using the frequency-sweeping curves. An important feature of the
frequency-sweeping curves is that they are independent of the critical delays. It will
play a key role in addressing the general invariance property in Chaps. 6—8.

In Chap. 7, the invariance property for simple critical imaginary roots is revisited.
A contribution of this chapter is that an embryonic form of the frequency-sweeping
framework is presented.

In Chap. 8, we study whether the invariance property holds for general time-delay
systems. First, a new frequency-sweeping mathematical framework is established
based on the embryonic form given in Chap.7. Next, a series of new mathematical
properties regarding the asymptotic behavior of the critical imaginary roots and the
frequency-sweeping curves are found. Finally, the general invariance property is
confirmed in virtue of these new properties.

In Chap. 9, we give a systematic approach, the frequency-sweeping approach, to
study the complete stability of time-delay systems with commensurate delays. We
obtain the explicit expression of NU () and solve the complete stability problem.

In Chap. 10, we extend the proposed frequency-sweeping framework to the time-
delay systems of neutral type by taking care of an additional necessary condition for
the stability of such time-delay systems.

Finally, some concluding remarks and future perspectives are given in Chap. 11.


http://dx.doi.org/10.1007/978-3-319-15717-7_2
http://dx.doi.org/10.1007/978-3-319-15717-7_3
http://dx.doi.org/10.1007/978-3-319-15717-7_4
http://dx.doi.org/10.1007/978-3-319-15717-7_5
http://dx.doi.org/10.1007/978-3-319-15717-7_6
http://dx.doi.org/10.1007/978-3-319-15717-7_6
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_7
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_7
http://dx.doi.org/10.1007/978-3-319-15717-7_9
http://dx.doi.org/10.1007/978-3-319-15717-7_10
http://dx.doi.org/10.1007/978-3-319-15717-7_11

Chapter 2
Introduction to Analytic Curves

The study of analytic curves, which at first sight appears to be unrelated to the
stability analysis of time-delay systems, will be extremely helpful for addressing the
stability problem.

In this book, we will see that the mathematical properties concerning the sin-
gularities of analytic curves provide us with a new angle (called the analytic curve
perspective or point of view in this book) to study the stability of time-delay sys-
tems. New insights for the complete stability problem will be developed based on
this analytic curve perspective. To be more precise, two aspects are essential. First,
it will be used for studying the asymptotic behavior of the critical pairs. Second, the
analytic curve perspective will be used to improve the classical frequency-sweeping
approach. Moreover, as we will discuss later, the analytic curve perspective may be
applied to many other important problems.

In this chapter, we start by presenting some fundamentals concerning analytic
curves. Especially, as an important tool for studying analytic curves, the Puiseux
series will be introduced and discussed in detail.

In Sect. 2.1, we will first present the related concepts on analytic curves and show
that an analytic curve can be understood in an intuitive manner. In Sect.2.2, the
Puiseux series will be introduced for describing and analyzing an analytic curve.
The convergence of the Puiseux series will be discussed in Sect.2.3. In Sect.2.4,
we will briefly review a classical method, the Newton diagram, for computing the
Puiseux series. In Sect. 2.5, we will explain how to analyze the asymptotic behavior of
an analytic curve by means of the Puiseux series. Finally, some notes and comments
will be given in Sect.2.6.
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2.1 Introductory Remarks to Singularities
of Analytic Curves

Consider a power series @ (y, x) in two variables x € Cand y € C:

Py, x)= D dapyx’, 2.1)

o,f>0

where ¢y g (¢ € N, B € N) are complex coefficients.

We suppose that @(0,0) = O (that is, the constant term ¢po = 0) and
that the power series @ (y, x) is convergent in a small neighborhood of the point
(x=0,y=0).

Remark 2.1 TIf there exists a point (y*, x*) other than (0, 0) such that @ (y*, x*) = 0,
we may obtain a new power series with a zero constant term. More precisely, we
may define two new variables X = x — x* and y = y — y*. As aresult, we obtain a
new power series @ (7, %) satisfying that @(0,0) = 0 from the original power series
equation @ (y*, x*) = 0 and the local behavior of the original equation @ (y, x) = 0
as y — y* and x — x* is reflected by that of the new one ®(7,%) = 0asy — 0
and x — 0.

Remark 2.2 One may have a question why we are now considering a power series.
The reason is related to the fact that for many stability problems in the control area,
we need to study characteristic functions of the form p (A, &), where X and & denote,
respectively, the characteristic root and the system parameter under consideration,
and p (X, &) is usually analytic. One may notice that in the case of time-delay system
(1.1), the corresponding characteristic function f (A, t) falls in this class. Next, near
a critical pair (A*, £*) such that p(A*, £*) = 0, we may expand p(A, §) as a two-
variable Taylor series, which is exactly a power series of the @ (y, x) type.

From the algebraic geometry point of view, in e.g., [15, 121], the equation
@ (y,x) = 0 defines an analytic curve in the C? plane.! Instead of studying the
whole curve, we are interested in a small neighborhood of the origin O (i.e., the
point (x = 0, y = 0)) in the C? plane. In other words, we study how y varies near
“0” with respect to an infinitesimal variation of x near “0”. Such a local study will be
extremely useful in the subsequent study of the asymptotic behavior of time-delay
systems.

Throughout this book, we define the notation ord( - ) as follows.

diox) _

Definition 2.1 For a function ¢(x), ord(¢(x)) = « for x = x* denotes that g

0G=0,...,k — 1)and that “£% - 0 when x = x*.

Furthermore, for simplicity, we denote by ord, and ord,, respectively, the values
of ord(®(y, 0)) when y = 0 and ord(® (0, x)) when x = 0. If ord, = 1 and/or

! Note that we cannot explicitly draw such a curve since there are two complex variables.
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ordy = 1, the curve defined by @ (y, x) = 0 is called non-singular at the origin O
and the origin O is called a non-singular point of the curve. If both ord, and ord,
are larger than 1, the curve defined by @ (y, x) = 0 is called singular at the origin
O and the origin O is called a singular point of the curve.

In order to have a better understanding of the above notions and notations,
consider now two simple examples.

Example 2.1 Consider @(y,x) = y> + yx + x (polynomials represent a specific
type of power series). At the point (0, 0), it follows that ©(0,0) = 0, ordy, = 3

2
(d(p(y 0 _ 4 jg’o) 0, & ¢(V 9 £ 0), and ord, = 1 (% # 0). The curve

defined by @ (y, x) = y° +yx +x = 0 is non-singular at the origin O (ord, = 1).J

Example 2.2 Consider @ (y, x) = y> + yx + x2. At the point (0, 0), it follows that

®(0,0) = 0, ordy = 3 (4220 — d ‘j;g 0 _ g, & "’0 9 £ 0), and ord, = 2

(dq)(o 0 — 0, "2";&2“) # 0). The curve defined by (D(y, x) =y 4+ yx+x2=0is
smgular at the origin O (both ord, and ord, are larger than 1). ([

As we will show later in the book, a critical pair for the time-delay system (1.1)
can be viewed as a non-singular (singular) point if n = 1 and/or g = 1 (both n and
g are greater than 1). As expected, the singular case is much more complicated than
the non-singular case.

For simplicity, we will only study the case where both ord, and ord, are bounded.
In fact, we will see that this case corresponds to the complete stability problem under
consideration in this book.

The study of singularities of analytic curves is a meeting point for various math-
ematical fields such as algebra, geometry, topology, and function theory. The first
systematic contribution on curve singularities is due to Isaac Newton. Later on, some
theoretical framework (for analysis and classification of curve singularities) was
established by many geometers such as Puiseux, Smith, Noether, Halphen, Enriques,
and Zariski. A detailed introduction to this subject can be found in e.g., [2, 15, 121].
It is worth mentioning that the analytic curve perspective to be introduced in this
book is at an elementary level at present.

Intuitively speaking, we may view y = 0 as a root for @(y, x) = 0 when x =
0, whose multiplicity is ordy. Clearly, the equation ®@(y, x) = 0 determines the
corresponding ordy root loci near the origin O. Such an angle (we interpret the
relation between y and x as local root loci in the C? plane) is easy to follow and will
be frequently used in the sequel.

We now recall the classical Weierstrass preparation theorem (see, e.g., [15, 60,
91, 121]). It states that in a small neighborhood of O, @ (y, x) can be decomposed as

Q(y,x) =Gy, x)Q(y, x), 2.2

where G(y, x) is a convergent power series with G(0,0) # 0 and Q(y,x) is a
polynomial in y
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ordy—1
0@y, x) =y + > g0y,
i=0
where fori =0, ..., ordy — 1, g; (x) are convergent power series at x = 0 such that

qi (0) = 0. This polynomial Q(y, x) is called a Weierstrass polynomial.

In other words, in a small neighborhood of O, the root loci of y with respect
to x governed by the equation @ (y,x) = 0 coincide with those for the equation
Q(y,x) =0.

Now we know that in a small neighborhood of O, for each x there are ord,
continuous solutions for y, denoted by y(x), such that @(y(x),x) = 0 (since a
polynomial equation with degree ord, always has ordy solutions in C).

In addition, it is not hard to anticipate that the solutions of y(x) can be expressed
by some appropriate convergent series.

Two questions arise here. First, which class of series do the solutions of y(x)
belong to? Second, how to obtain the corresponding series? In the following two
sections, we will give some answers. It should be pointed out that the factorization
(2.2) is in general difficult to find since all ¢; (x) are power series.

2.2 Puiseux Series

In this section we will introduce an effective tool, the Puiseux series, to describe
the local behavior of power series @ (y, x) (i.e., the solutions y(x) in a small neigh-
borhood of O). We start with a specific case. If % # 0at O (ie, ordy = 1),
we may apply the well-known implicit function theorem (see Appendix A). In this
particular case (corresponding to the case where the linear time-delay system with
commensurate delays has a simple critical imaginary root), y(x) corresponds to a
Taylor series, and we can calculate the derivatives of y with respect to x (based on
the implicit function theorem) to determine the coefficients of the Taylor series.
However, in the general case, i.e., ordy is allowed to be greater than 1 (corre-
sponding to the general case where the time-delay system is allowed to have a critical
imaginary root with any multiplicity), the implicit function theorem does not allow to
conclude. For this reason, the analysis of y(x) calls for a different mathematical tool.
In mathematics, the local variation of y(x) can be well studied by using the
Puiseux’ theorem, see, e.g.,[91, 121]. Actually, this theorem has multiple versions. In
the sequel, we briefly recall some results closely related to the objective of our study.
According to the Puiseux’ theorem, the general solutions of y(x) such that

[T

@D (y(x), x) = 0 are some series “s” of the form

5= CixX, (2.3)
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where C; are complex coefficients and N is a positive integer.

The fractional power series of the form (2.3) are called the Puiseux series. The
concept of Puiseux series is not new in mathematics. It was first introduced by
Issac Newton in his correspondence with Leibniz and Oldenburg in 1676 [90] and
further developed by Victor Puiseux in 1850 [101]. The naming of the series after
Puiseux rather than Newton is based upon the fact that Puiseux investigated this
series expansion more thoroughly. The above information can be found in [13].

Remark 2.3 Unlike the well-known Taylor series, the exponents of a Puiseux series
are allowed to be positive fractional numbers.

A Puiseux series s is called a y-root for @ (y, x) = 0if @ (s, x) = 0. In Sect.2.4,
we will introduce an effective tool for obtaining such y-roots.

Remark 2.4 1t should be stressed that a Puiseux series has an infinite number of
terms and, hence, we are unable to entirely obtain a Puiseux series by calculation.
Fortunately, for the stability problem, we only need to invoke finitely many terms of
a Puiseux series (see Chap.4). In particular, we only need to obtain the first-order
term of a Puiseux series in the nondegenerate case. Of course, the more terms we
obtain, a more elaborate picture of the root loci we have.

At the end of this section, we borrow two examples from the literature on solving
polynomial® equations.

Example 2.3 Consider a polynomial equation y> — 3xy 4+ x3 = 0, where y = 0
is a root when x = 0. Following the discussions in Sect. 2.1, there exist three y(x)
solutions near the origin O as ord, = 3. The solutions, which can be found in [115],

are the Puiseux series y = %xQ +o0 (xz) and y = :I:\/gx% + o(x%). O

Remark 2.5 It shall be noticed that solving a polynomial equation generally cannot
be accomplished by radicals (for a power series equation, it is obviously more diffi-
cult). It has been proved that the general equation of the fifth degree is not solvable
by radicals [53].

Example 2.4 Consider a polynomial equation y° + 2xy* — xy? — 2x%y — x> +
x* = 0, for which y = 0is aroot when x = 0. As ord, = 5, the equation has five
y(x) solutions near the origin O. The solutions, reported in [120], are as follows: Two

solutions are of the form y = —x +o0 (x) and the other three ones are y = x% + o(x.%),

In Sect. 2.4, we will provide some details on how to acquire the above Puiseux
series solutions.

2 For simplicity, we here give two examples where @ (y, x) are polynomials, which represent a spe-
cific form of power series. The approach applies to the general power series equations. Historically,
the study of the singularities of analytic curves stemmed from solving the polynomial equations.
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2.3 Convergence of Puiseux Series

Before discussing deeper the way to derive the Puiseux series, it is necessary to pay
attention to the corresponding convergence property. Needless to say, a divergent
series will not be useful for the problem studied in this book. A property regarding
the convergence of a Puiseux series is given as follows, see [15].

°° i
Property 2.1 A Puiseux series Y. C;xN is a convergent series if and only if the

i=1
00

power series Y, Ci x' is convergent.
i=1

x i
We see from Property 2.1 that the convergence of a Puiseux series > C;xN
i=1
depends only on the coefficients C;,i = 1, ..., oo (it does not depend on the inte-
ger N).
As the Puiseux series considered in this chapter are derived from the power series
@(y, x), a nice result for the convergence property is available from [15] and given
below.

Property 2.2 If the power series ®(y,x) are convergent, all the y-roots for
@ (y, x) = 0 are convergent series.

In light of property 2.2, the convergence of all the Puiseux series used in this book
associated with the complete stability problem for time-delay systems with commen-
surate delays (including the Puiseux series for studying the asymptotic behavior of
the critical imaginary roots as well as the dual Puiseux series, to be proposed later in
this book, for studying the asymptotic behavior of the frequency-sweeping curves)
can be guaranteed.

2.4 Newton Diagram

The Newton diagram (or Newton polygon) is a geometrical approach proposed by
Newton in order to obtain the y-roots for the equation @ (y, x) = 0 in terms of the
Puiseux series. In this section, we briefly review this approach.

Consider power series @ (y, x) described by (2.1), where both ord, and ord, are
bounded. As we just mentioned, according to the Puiseux’ Theorem, all the y-root
solutions are in the form of Puiseux series.

In the sequel, we demonstrate how to find the initial terms of the correspond-
ing Puiseux series by using the classical Newton diagram. More precisely, we will
determine the solutions of the form

y = Cxt 4+ o(x"), (2.4)
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where C is the complex coefficient and u is a rational number. Obviously, C and u
may have multiple values.

We mark the point (¢, 8) by a “dot” in a coordinate plane if there is a nonzero
coefficient ¢y g in (2.1). In this way, we obtain a discrete set of points with non-
negative integral coordinates in the coordinate plane, called the Newton diagram of
D(y, x).

We draw a line through the point (0, ord,) (this point belongs to the Newton
diagram) coinciding with the ordinate axis and we rotate this line counterclockwise
around the point (0, ord,) until it touches other points from the Newton diagram.
Among the touched points from the Newton diagram, we select the one with the
greatest abscissa, say (.Z, .#1). We now have a segment linking the two points
(0, ord,) and (41, -41). We next rotate the line counterclockwise around the point
(A1, M) until it touches new points from the Newton diagram. We also select
the one with the greatest abscissa, say (.#2, .#2), among the touched points. We
have a new segment linking two points (.#1, 41) and (.#>, .#>). We continue this
procedure till the segment ending at the point (ordy, 0) (this point belongs to the
Newton diagram) is found.

As a result, we obtain the so-called Newton polygon which consists of all the
segments found by the above procedure (referred to as the rotating ruler method).
Without any loss of generality, suppose that the Newton polygon of @ (y, x) consists
of p € N segments. The starting point and the ending point of the ith segment are
denoted by (#;_1, Ni—1) and (A;, A7) (it is easy to see that .Zy = 0, 4y =
ordy, .#, = ord,, .4, = 0), respectively. The Newton polygon is depicted in
Fig.2.1.

Note that on a segment of the Newton polygon, say, the ith segment with
the endpoints (A;_1, A1) and (A, -4;), there may exist other points from
the Newton diagram. Without loss of generality, suppose there are g points other
than the endpoints lying on the ith segment: (.#Z;1, A;1), ..., (Mg, Nig), With
///,>//Z >~~->/Zl\,'/q>///i,1.

Each segment of the Newton polygon determines a set of solutions of C and .
More precisely, from the ith segment linking points (.#;_1, 4 —1) and (#;, N;),
we have .#; — .#;_1 roots in the form (2.4) with u = ;2:‘—_1'/_‘{1 (note that —u is
the slope of the segment). The coefficient C associated with this exponent p has

Fig. 2.1 Newton polygon A
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M; — ;1 (note that this value is equal to the length of the ith segment’s projection
on the abscissa axis) solutions, which are given by the solutions of the polynomial
equation.

6.1, 4 CI NN ¢ g G CTT N e G g =0 (25)

A rigorous proof of the above results can be found in e.g., [115]. In summary, a
segment of the Newton polygon gives rise to some initial terms of the Puiseux series
with the same exponent. To be more precise, the number of the obtained Puiseux
series equals to the length of the projection of this segment on the abscissa and the
exponent is the negative slope of this segment.

One can see that the p sets of Puiseux series derived from the p segments of the
Newton polygon include all the ord, y-roots (expressed by the first-order terms of
the Puiseux series) for @ (y, x) = 0.

We now give the Newton polygons, for Examples 2.3 and 2.4, respectively, in
Fig.2.2a, b, from which one may obtain the Puiseux series solutions by employing
the Newton diagram introduced above.

2.5 A Direct Application of Puiseux Series

It should be pointed out that, to the best of the authors’ knowledge, there are at least
two ways to express the Puiseux series solutions. The expression given in the sequel
is relatively simple to understand.

Without any loss of generality, the Newton polygon for the power series @ (y, x)
is supposed to have p segments.

(a) ! i | |
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3
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Fig. 2.2 Newton polygons for Examples2.3 and 2.4. a Example 2.3. b Example 2.4

3 In Chap.4, the expression of the Puiseux series will be simplified. However, some additional
algebraic properties (mainly concerning the concept of the conjugacy class) will be required.
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Following Sect. 2.4, the ith segment determines a set of Puiseux series
y=Cpuxti + o), 1 =1,..., M — Mi_y, (2.6)

where p; is the negative slope of the ith segment, C 1,1 are the corresponding coef-
ficients calculated according to (2.5), and .#; — .#;_) equals to the length of the
segment’s projection on the abscissa axis.

Totally, the p segments give rise to the following Puiseux series

y=Cux" + o), 1 =1,...,.40 — M,
: 2.7)
y = éﬂp,le‘l’ +oxtr),l=1,..., M, — M.

With the expression (2.7), we may consider each x* as a single-valued number*
in C. As a result, the .#; — .#;_1 Puiseux series corresponding to the ith segment
as described by (2.6) have .#; — .#;_ values for y(x). The total p sets of Puiseux
series corresponding to all the p segments (i.e., the total ord, Puiseux series) as
described by (2.7) present all the ord, solutions y(x).

Remark 2.6 In (2.7), we only present the first-order terms (also called the initial
terms) of the Puiseux series. As we will see later in this book, the first-order terms
are sufficient for the stability analysis in the nondegenerate case. However, in the
degenerate case, we need to obtain higher order terms. We will see in Sect.4.3 that
the Newton diagram can be used in an iterative manner such that higher order terms
of the Puiseux series can be obtained.

Remark 2.7 On may notice that invoking the Puiseux series (by using the Newton
diagram) is not a trivial work, even if only the first-order terms are required. Some
representative examples will be given in Chap. 4. Fortunately, the calculation of the
Puiseux series may be bypassed. It will be interesting to see that we can accomplish
the complete stability analysis for time-delay systems with commensurate delays
(by adopting the frequency-sweeping approach to be proposed in this book) without
explicitly employing the Newton diagram.

2.6 Notes and Comments

In this chapter, we introduced some useful results for analytic curves including the
basic concepts, the Puiseux series, and the Newton diagram. More precisely, we
followed the ideas proposed by [15, 60, 91, 121] in order to introduce some of the

4 In fact, each x* may have multiple values. We may choose any one among them. As will be
illustrated by the examples in Chap.4, the value set of all the Puiseux series is identical for any
choice.
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notions and properties needed in the forthcoming chapters. From the next chapter,
we will apply these results to study the complete stability problem of time-delay
systems.

In our opinion, the analytic curve idea in fact may be used for a broader range of
stability and stabilization problems in the area of control, as it is applicable to both
continuous-time and discrete-time systems.

For continuous-time systems (including the time-delay systems considered in the
forthcoming chapters), we are concerned with the variation of the critical roots with
respect to the imaginary axis Cp as some system parameters vary. Recall that for a
continuous-time system a critical root refers to a characteristic root located on the
imaginary axis Co. We may perform a qualitative stability analysis through the real
parts of the corresponding Puiseux series.

For discrete-time systems (e.g., the state transition expression of a networked
control system is a discrete-time model [80]), we are concerned with the variation
of the critical roots (note that for discrete-time systems a critical root refers to a
characteristic root located on the unit circle dID) with respect to the unit circle 9D,
as some system parameters vary. In this case, the stability analysis requires to know
the variation directions of the critical roots with respect to the unit circle dID, based
on the Puiseux series. For instance, if for a critical root its variation direction points
to the outside (inside) of the unit circle dID, it implies that the critical root becomes
an unstable (stable) root.

It was already pointed out that we only adopt some preliminary results on the
singularities of analytic curves and one will find that they are not hard to follow.
The studies from a decidedly geometrical viewpoint (e.g., resolution of singularities
and classification of singularities) are generally much more complicated and can be
found in [2, 15, 121].



Chapter 3
Analytic Curve Perspective
for Time-Delay Systems

In this chapter, we will apply the analytic curve point of view to the stability problem
of time-delay systems with commensurate delays, using the prerequisites introduced
in Chap. 2.

In Sect.3.1, we will explain in detail why the analytic curve standpoint helps us
to understand the asymptotic behavior of the critical imaginary roots more deeply.
We will first present a motivating example in Sect. 3.1.1 to show that some key infor-
mation may be hidden behind the characteristic function. Then, in Sect.3.1.2, we
will propose to obtain the series expansion expression of the characteristic function,
instead of using it directly. Based on this series expansion expression, we will see
in Sect. 3.1.3 that the analytic curve perspective fits well with the asymptotic behav-
ior analysis of the critical imaginary roots for time-delay systems. In Sect.3.2, we
will roughly demonstrate that the analytic curve perspective is also applicable to
the asymptotic behavior analysis for the frequency-sweeping curves. A motivating
example will be given to show that such a new idea is important as the classical
frequency-sweeping method fails to handle the general case.

3.1 Further Focus on Asymptotic Behavior Analysis
of Critical Imaginary Roots

Consider the time-delay system (1.1)
m
i) = Awx(t — tr),
£=0

with the characteristic function (1.3)

FOLT) = ap) +ar(Me”™ + -+ ag (Ve 1™,
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As discussed in Chap. 1, in order to analyze the stability of system (1.1), for a
critical imaginary root we need to know its asymptotic behavior at a critical delay.
This is the objective of Problem 2.1.

We now explain through a motivating example why the existing methods (based
on a direct study of f (X, t)) do not allow solving Problem 2.1.

3.1.1 A Motivating Example

It is true that the asymptotic behavior of a critical imaginary root with respect to a
critical delay is fully determined by the characteristic function f (X, t). In fact, most
of the existing results are based on a direct study of f (A, 7).

However, we here point out that some key information may be hidden behind the
characteristic function f(A, t) (or, its explicit form), as demonstrated below.

Example 3.1 Consider the following three different characteristic functions:

f(l)()\', T) — 6—3‘[)\ _ (}\‘6 _ )\‘4 + )\'2)6—2‘[)» _ ()\'lo _ )\‘8 + )\'6)e—1.')» + )“12, (31)

FO0, 1) = e 2 4 (%,\3 2+ %,\ + 1) e %,\5 — %ﬁ —32, 32

Ogrymeth L g5 _Ta STys wty Tm, w
) =e +8)» 8A+4)» 4A+8A 8+1. (3.3)
For all the above three quasipolynomials (3.1), (3.2), and (3.3), A = j is a triple
critical imaginary root at T = . However, the asymptotic behavior of the critical
pair (j, ) is quite different for the quasipolynomials above, which can be observed
from the root loci near (j, 7) shown in Figs.3.1, 3.2, and 3.3.

The root loci of f S (X, T) given in (3.3), as shown in Fig.3.3, exhibit a nearly
symmetric structure with respect to the critical imaginary root. By contrast, the root
loci of £V (%, 7) given in (3.1), as shown in Fig.3.1, are asymmetric (in fact, they
are independent of each other, as will be further illustrated in Chap. 4). Finally, the
root loci of @ (i, T) given in (3.2), as shown in Fig. 3.2, are mixed with the nearly
symmetric and the asymmetric structures (among the three root loci, two are nearly
symmetric while the other one is independent).

What is the reason causing different structures of the root loci? The answer is
related to their respective dominating partial derivatives of the quasipolynomials.
Some nonzero partial derivatives induce the leading effect on the root loci.!

Leaving the detailed analysis in Chap.4, we are listing the respective dominant

factors for the three characteristic functions: For £ (4, t) given in (3.1), f)g ) #0

and fr(; ) # 0 and these two quantities are the dominant factors. For f® (i, 7) given

! This argument will be verified later in Chap. 4.
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in32), £ # 0, £2 # 0, and £ # 0 are the dominant factors. Finally, for

P, 1) givenin (3.3), fg ) # 0 and f,(3) # 0 are the dominant factors. O
Remark 3.1 It should be pointed out that most of the existing methods (e.g., [21, 97,
122]) cannot be used to analyze the asymptotic behavior of the quasipolynomials in
Example 3.1. Generally, these methods are based on the implicit function theorem
and not applicable to Problem 2.1 in the case of multiple critical imaginary roots (the
reason will be given in detail in Sect.4.1).

3.1.2 Two-Variable Taylor Expansion

Inspired by Example 3.1, we realized that the asymptotic behavior of a critical pair is
determined by the information concerning the partial derivatives of the characteristic
function f (A, T) with respect to A and t.

So, instead of treating the characteristic function f (X, t) directly, we propose to
transform it into a power series. As f (A, 7) (1.3) is a quasipolynomial, it is analytical
with respect to variables A and t. Thus, in a small neighborhood of a critical pair
(A, Ta k), the characteristic function f (X, t) can be expanded as a convergent power
series of the form:

Fir(AR? + 2 i ALAT + frr (AT)?

SO, 1) = [, T k) + (LAL+ frAT) + o

F3(AN? +3 2, (AV? AT 4 3£, 2 AM(AT)? + f3(AT)?
+ il 4+,
(3.4)

where A = A, + Al and 7 = 74k + A7.
The expression (3.4) is a standard two-variable Taylor expansion of f (A, 7). All
the partial derivatives of f (A, t) with respect to A and t are included in this formula.

Remark 3.2 'We can see that the relation between AA and At is completely deter-
mined by the two-variable expansion given in (3.4). In fact, such a relation implicitly
describes the asymptotic behavior we are interested in.

Remark 3.3 We will focus mainly on the case with no characteristic roots at the origin
for time-delay system (1.1). If A = O is a characteristic root, this root is invariant
with respect to the delay parameter and hence the system cannot be asymptotically
stable for any T > 0. It is worth mentioning that an example (Example 4.7) will
be presented later to explain the particularity of such a case and the corresponding
asymptotic behavior.

Furthermore, we may reformulate (3.4) in a convenient form. Since f (A, 1) =
[ (Aa, Tok) = 0, we have:
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Fir(AN? 4 2 fir ALAT + frr(AT)?
2!

0= (frAh+ fi AT) +

F3(AN3 +3f,2, (AN AT 43 £, 2 AM(AT)? + f3(AT)?
+ 3 + ...

(3.5)

Recall that, in light of the index n, f), = --- = fi»—1 = 0and fy» # 0. Asaresult,
for a critical pair (A4, To.x) With indices n and g, we now obtain a series expression
Fg .0 (AX, A7) (from the right-hand side of (3.5)) describing the relation between
A) and At as follows:

o o o0
Flrg i) (AR, AT) = D" Lio(AL) + D~ (AW D Li(A1)! =0, (3.6)
i=0 =1

i=n

where Lj; = (fﬁ’r;)l, (iJl.’l) ((iJl.’l) denotes the number of i -combinations from a set of i +/
elements). In addition, in view of the index g, we have that Lo; = --- = Lo—1) =0
and Log # 0.

From the root-locus point of view, fora At, AX must have n solutions (multiplicity
taken into account) satisfying that F;, ¢, ,)(AA, At) = 0 and that AL — 0 as
At — 0. The n solutions of AX represent the local root loci near the critical pair for
the time-delay system.

Remark 3.4 For the sake of simplicity, in the remaining part of the book, we usually
use a more concise expression F (AL, At) (i.e., we omit the subscript “(Ay, Te.k)”)
when no confusion occurs.

3.1.3 Analytic Curves and Asymptotic Behavior
of Critical Imaginary Roots

Now, we can see that the asymptotic behavior of a critical pair for the time-delay
system (1.1) is fully determined by the corresponding power series F(AA, At).
Moreover, F' (AL, A1) belongs to the class of the power series @ (y, x) discussed in
Chap.2 since F(AA, A1) is convergent near the point (0, 0) with F (0, 0) = 0. As
a consequence, we can use the existing mathematical results for analytic curves to
study the time-delay system (1.1).

The first important result concerning the variation of AA with respectto At, based
on the expression (3.6), can be summarized as follows:

Theorem 3.1 Consider the time-delay system (1.1) and assume Ay # 0 is an
n-multiple imaginary root for t = to k. If T is perturbed at T4 x by A, the variation
AM of L at Ly corresponds to n Puiseux series solutions with respect to At. Any
Puiseux series solution converges in a neighborhood of (Ar = 0, At = 0).
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The proof of Theorem 3.1 can be found in [71]. In order to make the book
self-contained, a modified version of the proof is given as follows:

Proof The solutions of AX in terms of At are determined by F (AL, At) = 0,
where F'(AX, At) is a power series given by (3.6). In F(AX, A1), the term (AL)"
appears with a nonzero coefficient, in view of the multiplicity n. According to the
discussions in Sects. 2.1 and 2.2, the solutions are in the form of Puiseux series.

As F(AMA, At)is aconvergent power series, any Puiseux series solution converges
in some neighborhood of the origin (Property 2.2). ]

Unlike the well-known Taylor series, the Puiseux series are generally with frac-
tional exponents. Thus, it is much more complicated to determine a Puiseux series
(by means of calculating the exponents as well as the associated coefficients). The
approach for computing the Puiseux series (based on the Newton diagram) will be
detailed in Chap. 4. Furthermore, in Chap. 4, some useful mathematical properties of
the Puiseux series will be presented. With the aid of these properties we may express
the Puiseux series in a more convenient form.

At the end of this subsection, we give some useful remarks concerning the power
series F(AA, AT).

In order to explicitly compute the Puiseux series solutions AA(A7), we need to
invoke the power series F'(AX, At). Generally, it is neither necessary nor possible
to obtain all the infinitely many terms of F(AMA, At). We only need to calculate a
finite number of partial derivatives of f (X, 7) with respect to A and t, as will be seen
in Chap. 4.

Without any loss of generality, F'(AA, At) may be decomposed as a product of
some power series:

F(AL, At) = U(AX, AT)F1(AA, AT) -+ F, (AL, AT), (3.7)
where U(0,0) # 0, Fi(0,0)=---=F,(0,0)=0, and each F;(AA, At) (I =
1,...,v)isirreducible (i.e., it cannot be further decomposed into a product of some

power series which equal to O at the point (0, 0)).

Property 3.1 For a critical pair (A 7# 0, 7o k), neither AX factor nor At factor
appears in the right-hand side of (3.7).

Proof According to Property 1.1 (Chap. 1), for a critical pair (A, # 0, 7o %), the
indices n and g must be bounded. Thus, F(AX, A1) cannot be decomposed into
the form U (AL, AT)(AMX(AT)F1(AA, At)--- F, (AL, AT) (x € N, k € N,
X + k > 1), as both the (AA)" term and the (A71)8 term exist in F (AA, At). O

The decomposition form (3.7) indicates that each equation Fj(AA, At) = 0
independently determines some Puiseux series solutions (equivalently, some local
root loci). That is, according to (3.7), the Puiseux series can be divided into groups.

It is important to point out that the decomposition form (3.7) is generally very
difficult to find in practice (since F1(AA, A1), ..., F,(AA, A1) are all power series)
and that we do not need to really decompose F(AA, AT).
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Instead, the decomposition form (3.7) will be implicitly used along with the
concept of the conjugacy class, to be introduced later in this book. We will see
in Chap. 8 that such an idea is very useful for a macroscopic study of the asymptotic
behavior of the critical pairs.

3.2 Asymptotic Behavior Analysis of Frequency-Sweeping
Curves

The frequency-sweeping approach is by now a classical tool in the field of control
theory and has been extensively used for the stability analysis of time-delay systems.
One of its first versions is the so-called Tsypkin’s criterion [114] (see, e.g., [92] and
the discussions therein) used for studying delay-independent stability of some closed-
loop systems. However, to the best of the authors’ knowledge, in most of the existing
applications, the frequency-sweeping curves are only used to detect the critical pairs
(if any!) of time-delay systems, see, e.g., [39]. Only a few attempts have been made
to employ the frequency-sweeping curves to the asymptotic behavior analysis. For
instance, in [64], the (single) frequency-sweeping curve is used for analyzing the
asymptotic behavior of the critical imaginary roots. However, the scenario considered
therein is specific and it is not easy to extend the approach to the general case.

In the sequel, we give a motivating example to show that the frequency-sweeping
curves of a time-delay system may possess some involved characteristics, even if the
time-delay system under consideration has only simple critical imaginary roots.

Example 3.2 Consider a time-delay system with the quasipolynomial f (A, 1) =
e 3T 4 3e72TA 13,7 Th )3 — A2 4 A, where A = j (for T = 2k + D)7, k € N)
is a simple critical imaginary root with g = 3. At the critical frequency w = 1, the
frequency-sweeping curves (see Fig.3.4) have a multiple point. To the best of the
authors’ knowledge, such a case has not been reported and investigated so far. [
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Fig. 3.4 Frequency-sweeping result for Example 3.2. a Frequency-sweeping curves for 0 < w <
1.8. b Zoomed-in figure near w = 1
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Similar examples will also be encountered in Chaps. 7 and 8, for which the existing
frequency-sweeping approaches do not allow to conclude.

As mentioned in Chap. 1, we will adopt the analytic curve perspective to study
the asymptotic behavior of the frequency-sweeping curves and gradually we will
establish a new frequency-sweeping framework (detailed development will be given
from Chap. 6). Roughly speaking, the following new results will be obtained.

First, we will introduce a new concept: the dual Puiseux series. For the charac-
teristic equation f (A, 7) = 0, we propose to consider the variation of t in C with
respect to A. This is equivalent to analyzing the way At varies in C with respect
to A\ for the equation F(AX, At) = 0. The resultant series are the so-called dual
Puiseux series At(AM).

Second, we will prove that the frequency-sweeping curves have a close connection
with the dual Puiseux series. Consequently, the asymptotic behavior for general
frequency-sweeping curves can be fully studied by means of the dual Puiseux series.

With the above mentioned novelties, the classical frequency-sweeping approach
will be improved and the frequency-sweeping approach in this book is also referred
to as the the frequency-sweeping framework. Using this frequency-sweeping frame-
work, the complete stability problem will be systematically solved for linear time-
delay systems with commensurate delays. Moreover, computing the Puiseux series
(through first transforming f (A, 7) into F'(AA, At) and then employing the Newton
diagram), which is clearly not a trivial work, will not be necessary. The complete
stability may be graphically studied from the frequency-sweeping curves. Such an
idea will be proposed and discussed in Chap.9.

3.3 Notes and Comments

In this chapter, we briefly explained how the mathematical tool for studying the
analytic curves (introduced in Chap. 2) can be used for the stability analysis of time-
delay systems. Such an analytic curve perspective presents a novelty with respect to
the existing studies in the literature (see, e.g., [6, 39, 45, 85]) and most of the results
to be proposed in this book arise from this idea.

Although the study of analytic curves appears to be complex and computation-
ally involved, most of the relevant results used in this book can be appropriately
interpreted from an intuitive root-locus angle, making the contents of this book not
difficult to follow.


http://dx.doi.org/10.1007/978-3-319-15717-7_7
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_1
http://dx.doi.org/10.1007/978-3-319-15717-7_6
http://dx.doi.org/10.1007/978-3-319-15717-7_9
http://dx.doi.org/10.1007/978-3-319-15717-7_2

Chapter 4
Computing Puiseux Series
for a Critical Pair

As pointed out in Chap. 3, the Puiseux series is an effective tool for analyzing the
asymptotic behavior of the critical imaginary roots for general time-delay systems.
Thus, computing the Puiseux series is important in solving the stability problem and
the Puiseux series will be extensively used throughout this volume.

In Sect. 4.1 we will explain why the existing methods for describing the asymptotic
behavior do not work in the general case. Next, in Sect.4.2, an algorithm for calcu-
lating all the Puiseux series will be proposed. Furthermore, we will show (Sect.4.3)
that the proposed approach can be used in an iterative manner to obtain higher order
terms of the Puiseux series such that the degenerate case can be studied appropriately.
In Sect. 4.4, some useful properties on the Puiseux series will be presented. Finally,
concluding remarks will be given in Sect. 4.5.

4.1 Why Puiseux Series Are a Necessary Tool

To the best of the authors’ knowledge, the Puiseux series was first introduced in
the stability analysis of time-delay systems in a recent paper [19] (see Sect.4.5 for
more details). In this section, we will explain the necessity for adopting this tool.
It is worth mentioning that the idea may be extended for dealing with systems with
incommensurate delays.

4.1.1 Introductory Remarks

Consider the time-delay system (1.1)

m
i) = Awx(t — tr),
=0
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with the characteristic function (1.3)
fOLT) =a0() +a1()e™ + -+ +ag (e 1™

As discussed in Chap. 1, we need to know how a critical imaginary root behaves
at a critical delay, which is nothing else than the objective of Problem 2.1.

If a critical imaginary root A, is simple at a critical delay 7, (i.e., f = 0 and
fr. # 0 at (Mg, To.k)), we may compute the derivative of A with respect to T based
on the implicit function theorem (see Appendix A):

dl = —ﬁ. 4.1)
dt fa

As a result, we have a straightforward asymptotic behavior characterization for a
critical pair (A, To.x > 0) as: As 7 increases from 7, x — € to 74 k 1€, a characteristic
root A such that f (X, t4.k) = O crosses the imaginary axis Co from the left half-
plane C_ to the right half-plane C_ if Re(%) > 0, while it crosses the imaginary

axis Cp from the right half-plane C to the left half-plane C_ if Re(%) < 0.

Remark 4.1 As mentioned in Remark 1.12, the case when 7 = 0 is a critical delay
will be specifically discussed in Sect.5.1 (for computing NU (+¢)).

Throughout this book, we usually adopt a more concise (but less precise) expres-
sion “a critical imaginary root A, crosses (or touches) Cq near a positive critical
delay 7, " instead of “a characteristic root A such that f(Ay, 74,k) = O crosses (or
touches) Cy as t increases from 7, x — € t0 Tk + &7

If Re(%) = 0, the first-order derivative is not sufficient for concluding on the
variation of the critical imaginary root with respect to Cy. This is the so-called degen-
erate case, for which higher order derivatives are needed. To intuitively illustrate such
degenerate cases, we present two examples:

Example 4.1 Consider a time-delay system with f (A, 7) = e 27 4 (=16 — 3% —
3A2 4 4 +2)e ™ — 17 =228 —31% — 60* — 313 — 612, where A = j is a simple
critical imaginary root at T = 7. For the critical pair (j, 7), Re( %) = Re(%) =
0, Re(%) > 0. Thus, the critical imaginary root j crosses Co from C_ to C4 near
the critical delay 7. The corresponding root locus is given in Fig.4.1a. (]

Example 4.2 Consider a time-delay system with f(A, t) = e _ (W2 —1)e r 4+
10 — A% 4+ A + 2, where A = j is a simple critical imaginary root for r = 7. For
the critical pair (j, ), Re(j—)r‘) =0, Re(%) # 0. Therefore, the critical imaginary
root j touches Cy near the critical delay 7. The corresponding root locus is given in
Fig.4.1b. O
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A more formal description on the asymptotic behavior of a simple critical imagi-
nary root is given in Theorem 7.1! stating that:

The variation of a simple critical imaginary root, A\, with respect to an infin-
itesimal perturbation At at the critical delay, subjects to the Taylor series A\ =

oo .
> Ci(At)', where Cy # 0, Cgq1, Cota, ... are complex coefficients.

i=
gRecall that g denotes the index defined in (1.6) for a critical pair. The coefficients
C = %, C) = % 327}2‘, ... can be obtained using the implicit function theorem.

However, if the critical imaginary root is multiple, i.e., f = f; = 0, the implicit
function theorem is no longer valid (the denominator of the right-hand side of (4.1)
is 0). In such a situation, we have to seek a new mathematical tool describing the
asymptotic behavior.

The asymptotic behavior analysis plays a critical role in describing the qualitative
behavior of the dynamics of physical systems with respect to the change of the system
parameters (see [104, 116], and the references therein). If such a methodology was
largely applied to various classes of dynamical systems, to the best of the authors’
knowledge, its application to time-delay systems needs further developments. The
research in this book as well as some earlier contributions (e.g., [64, 122]) related to
Problem 2.1 follows this line.

4.1.2 Asymptotic Behavior Must Correspond to Puiseux Series

As pointed out by Theorem 3.1 (Chap.3), the asymptotic behavior of a critical
imaginary root must correspond to some Puiseux series AL(AT). For a critical pair
(Ao To k) With indices n and g, the critical imaginary root A, is an n-multiple root
for the equation f (A, 7) = 0. Equivalently, for a Ar, there must be n solutions for
AM such that F(AA, At) = 0, where F(AM, At) is defined in (3.6).

! The theorem as well as the proof will be given in Chap. 7.
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Obviously, the Taylor series is only valid for the simple critical imaginary root case
since it is a single-valued function with respect to At. Unlike the Taylor series, the
Puiseux series are generally with fractional exponents and hence they are multiple-
valued for each A7. As a result, we may use the Puiseux series to appropriately
describe the local root loci of a multiple critical imaginary root if the exponents and
the associated coefficients are available.

Remark 4.2 Notice that a Puiseux series has infinitely many coefficients since it is a
power series. Fortunately, in practice, calculating finitely many terms of a Puiseux
series will be sufficient for the stability analysis.

4.2 How to Obtain Puiseux Series

In Sect.4.2.1, we will present an algorithm, which is an application of the Newton
diagram for computing the Puiseux series. Some illustrative examples will be given
in Sect.4.2.2.

4.2.1 An Algorithm for General Case

For some specific time-delay systems, the Puiseux series were calculated in [71]
(Propositions 1 and 2 of [71]). In the sequel, we present an algorithm (Algorithm 4.1)
for general time-delay systems with commensurate delays.

Algorithm 4.1 Algorithm for calculating the Puiseux series

Step 0: Let g = 0 and By = g.
Step 1: Define u = max{’j"_—;ﬁ > 0: Lgg # 0,0 > ap, B < Po}, where the coefficients Lyg are
defined in (3.6).
Step 2: If there exists a u, go to Step 3. Otherwise, skip to Step 5.
Po—B

Step 3: Collect all the nonzero Lgg satisfying ooy = WO form a set

{ Loy (AN (AP, Loyp, (AN)2 (AT, .}, 4.2)
with the order @y > a > ... We find a set of Puiseux series
AL = C (AT 4 0((ADM), 1= 1,..., a1 —ag, 4.3)
where the coefficients C, w1 are the solutions of the polynomial equation
Loy C¥'7% + Ly g, C¥27%0 + - + Ly g, = 0. 4.4

Step 4: Let g = &1, Bo = B1 and return to Step 1.
Step 5: The algorithm stops.




4.2 How to Obtain Puiseux Series 39

Theorem 4.1 For an n-multiple nonzero critical imaginary root of the time-delay
system (1.1), all the Puiseux series can be obtained by Algorithm 4.1.

Proof The relation between AA and At is determined by the equation F (AL, At) =
0, where F(AA, At) is the power series described by (3.6). We apply the Newton
diagram to obtain the Puiseux series, as introduced in Sect. 2.4. The Newton polygon
may be constructed via Steps O, 1, and 4. Each segment of the Newton polygon
determines a set of Puiseux series: The exponent is given by the negative slope of
the segment (Step 1) and the associated coefficients are determined by all the points
from the Newton diagram lying on the segment (Step 3).

According to (1.5) and (1.6), ord(F (AX, 0))| a3—o = n and ord(F (0, At))| Ar—0
= g. In light of Property 1.1, n and g are bounded. Thus, the Newton polygon starts
at the point (0, g) (Step 0) and must terminate at the point (n, 0). The first segment
can be obtained by performing Step 1 for the first time, the endpoint found of which
is denoted by (.#, -#1). Step 1 acts as the rotating ruler method to construct the
segments of the Newton polygon. Then, we set (.#], .41) as the initial point for
the next segment, which is realized by Step 4. Repeating Steps 1, 2 and 4, we can
construct the remaining segments. Without any loss of generality, we assume that the
Newton polygon is composed of p (p € N ) segments linking the points (.#y, -4),
(A, M)y (Mp, Ny) (My = 0, M = g, M, = n, N, = 0), as shown
in Fig.2.1.

During the ith (i = 1, ..., p) implementation of Step 1, there must exist a
with 0 < p < oo. The repeating of Steps 1-4 must stop when the pth segment
is found. After that, no new u can be found and Algorithm 4.1 stops. The Puiseux
series obtained from the p segments correspond to totally Zf: | My — My =n
roots. In other words, all the Puiseux series can be found. O

Remark 4.3 The boundedness of n and g ensures that Algorithm 4.1 necessar-
ily terminates. However, if A = 0 is a characteristic root, g = oo and conse-
quently Algorithm 4.1 does not stop. Such an example will be studied specifically in
Example 4.7 and show that this case can be treated in light of the proposed approach.

4.2.2 Illustrative Examples

We first revisit the three quasipolynomials discussed in Example 3.1. All the three
quasipolynomials have a triple critical imaginary root. However, they exhibit different
types of Puiseux series. Next, we present an example with g > n. To the best of the
authors’ knowledge, such cases have not been sufficiently discussed in the literature.
Finally, we consider an example with a critical imaginary root at the origin.

Example 4.3 Consider a time-delay system with f(A, 1) = e 3T (W0 — 2t 4
12)e 2A— (W10 2841044112 (i.e., the quasipolynomial (3.1)). Fort = 7,1 =
Jj isatriple critical imaginary root (5 (j, 7) = fix(J, w) = 0and fi3(j, w) # 0). As
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fz(j,m) = fr(j,m) =0and f3(j, ) # 0, g = 3. By calculation, f3.(j,7) =0.
Now, we invoke Algorithm4.1.In Step 0, we letorp = O and Bp = 3.In Step 1, we find
w = 1.Next, in Step 2, as there exists a i, go to Step 3. The set satisfying Bo=B _ 1is

oa—og
(£ /3G, (AW, ] fi2. (G, 1) (AN AT, § f12(j. ) AL(AT)?}. We obtain three
series AL = 61,1At+0(Ar), 1 =1,2,3, where 51,1 are the solutions of the equation
f13G, 1)C? 43 f12,(, 1)C? + 3 £502(j, 1)C + fr3(j, ) = 0, with f33(j, 7) =
—643.34 — 422.61j, f,2,(j, m) = 150.80 — 28.78, f1,2(j, m) = —18.85 + 24j,
f:3(j,m) = —6.00j. Thus, we have AL = (0.14 — 0.23j)At + 0(A7), AL =
(0.15 = 0.12j)At + 0o(At), and AX = (0.13 — 0.07j) At + o(At). After Step 3,
in Step 4, we let g = 3, Bo = 0 and return to Step 1. In Step 1, there does not exist
a ;0 > 0 and hence we skip to Step 5. All the Puiseux series have been explicitly
found and, in particular, they are three Taylor series.

We now study how the asymptotic behavior of the critical imaginary root affects
the stability (more precisely, the number change of the unstable roots caused by
the splitting of the critical imaginary root) based on the Taylor series. For the three
Taylor series, we compare the real parts of AL when At = +¢ and At = —¢,
respectively. It is easy to conclude that as t increases from  — ¢ to 7w + ¢, three roots
cross the imaginary axis Cyp at j from C_ to C, i.e., the asymptotic behavior of the
triple critical imaginary root leads to three more unstable roots. The above analysis
is consistent with the root loci given in Fig.3.1. (]

Example 4.4 Consider a time-delay system with f(A, 7) = e 2Tk 4 (%A3 — A2
Zh+De ™ — Z15 — Z213 — A2 (i.e., the quasipolynomial (3.2)). Fort = 7, A = j
is a triple critical imaginary root with g = 2. We now invoke Algorithm 4.1. In Step
0,weletapg = 0and By = 2.InStep 1, we find u = 1 (f: (j, ) # 0). Next, in Step
2, as there exists a 1, go to Step 3. The set satisfying go:aﬁ = lis{far(j, m)ALAT}.
We have a Taylor series AL = 51,1Ar + 0o(At), where 51,1 is the solution of
FQF(.mCH+ fre(j, 7)) =0, with for (j, ) = 24 7j, fre(j, 7) = —2. Thus
we have AL = (0.14 — 0.23j) At + o(Ar). After Step 3, in Step 4, we let g = 1,
Bo = 1, and return to Step 1. In Step 1, we find u = % In Step 2, as there exists

a 11, go to Step 3. The set satisfying 2= — 1 is {3 f2(j. m)(AN)3}. We have

o—0op

the Puiseux series AL = E%J(Ar)% + 0((Ar)%),l = 1, 2, where 5%’1 are the

solutions of %f;\s(j, T)C? + (G, m) =0, with f5: (j,7m) =24+7j, f3(.7) =
—36.47 + 148.04j. We have AL = (0.15 + O.35j)(A7:)% + 0((At)%) and AL =
—(0.1540.35/)(A7)? + 0((AT)?). After Step 3, in Step 4, we let g = 3, o = 0,
and return to Step 1. In Step 1, there is no u > 0. In Step 2, we skip to Step 5. All
the Puiseux series have been explicitly found.

We now study the effect of the asymptotic behavior on the stability. We first
consider the Taylor series. We conclude that one root crosses Cp at j from left to
right as delay increases. We next consider the Puiseux series. Unlike the Taylor
series case, for a Puiseux series, the fractional power of a At has multiple values. In

. 1
fact, we may choose any one among them. For this example, two values of (At)2
corresponding to At = —+¢ are =4/ At. For either value, the two Puiseux series take
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the values AA = #(0.15 4 0.35/)v/ At + o(~/A7). Similarly, for AT = —¢, two
values of (Ar)% are £ j+/—Art. For either value, the two Puiseux series take the
values AL = £(0.15 + 0.35)) jo/—At + o(+/—AT). We conclude that two roots
collide at j as 7 increases from 7w — ¢ to 7, one from C_ while the other from C .
As 7 increases from 7 to 7w + ¢, the root j splits into two branches (one heads for C_
while the other heads for C.). Thus, from the stability point of view, the asymptotic
behavior of the triple root leads to one more unstable root. The root loci (Fig.3.2)
are consistent with the above analysis. In particular, the root locus corresponding to
the Taylor series is marked in the figure. In this case, unlike the ones corresponding
to the Puiseux series, the root locus is smooth near the critical imaginary root. [J

Example 4.5 Consider a time-delay system with f (%, 7) = e™™ 4 325 — %ZA“ +
ST”A3 — ”Tzkz + %”)\ — %2 + 1 (i.e., the quasipolynomial (3.3)). Fort = n, A = j
is a triple critical imaginary root with g = 1. We invoke Algorithm 4.1. In Step O,
weletag =0and fp = 1. InStep 1, u = % In Step 2, as there exists a u, go to
Step 3. The set satisfying bo=B _ % is {%fp J, n)(Ak)3}. We have the Puiseux

a—aq
series A\ = 5%’Z(At)% + 0((A1')%),l =1, 2,3, where 5%1 are the solutions of
éfks(j,n)C3 + fr(j,m) =0, with fi3(j,7) = —16.12 —29.61j, f: (j, 7) = j.
We have A = (0.55+0.09/)(A7)5 +0((A7)3), Ak = (—0.36 +0.43 /) (AT)5 +
0((AT)7), and Ak = (—0.20 — 0.53/)(A7)3 + o((AT)3). After Step 3, in Step 4,
we let oy = 3, Bo = 0, and return to Step 1. In Step 1, there does notexista u > 0. In
Step 2, we skip to Step 5. Algorithm 4.1 terminates. Similar to the analysis presented

in Example 4.4, the number of the unstable roots decreases by 1 due to the asymptotic
behavior of the triple critical imaginary root (see the root loci in Fig. 3.3). ]

Example 4.6 Consider f(i, 7) = e 3™ —3¢72™ 4 3¢~ ™ 4 2* + 222 For 7 = 0,
A = j is a double critical imaginary root with ¢ = 3 (f,.(J, 27) = 0, fou(j, 27) =
=8, fr(J,2m) = fr:(j,2m) =0, fir(j,2m) =0, f3(j, 2mw) = 6). This is a case
with g > n. By Algorithm 4.1, the Puiseux series are AL = (0.35 +0.35j)(Ar)% +
0((Ar)%) and AL = —(0.35 + 0.35j)(Ar)% + 0((Ar)%). Unlike the previous
examples, the numerators of the first-order exponents in this example are not 1. [

For a more intuitive illustration, we explicitly give the Newton polygons for the
above four examples in Fig.4.2.

In the previous part of this chapter, we have not considered the case where the
origin is a critical imaginary root. In this case, there is always a root at the origin
(invariant root) for all delay values and thus the system can never be asymptotically
stable. When studying the stability, it appears as a common assumption that the
origin is not a critical imaginary root. However, one may still wonder how the critical
imaginary roots at the origin vary with respect to delay (Algorithm 4.1 is not valid
in this case). In the sequel, we give such an example and show that we can also
explicitly compute the Puiseux series following the idea of the Newton diagram.
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(0]

Fig. 4.2 Newton polygons for Examples4.3-4.6. a Example 4.3. b Example4.4. ¢ Example 4.5.
d Example 4.6

Example 4.7 Consider the example of an inverted pendulum controlled by a delayed
controller as discussed in [105]. The characteristic function of the linearized system
in closed-loop writes as (by choosing, e.g.,e =2/3,a = b = 1in[105]): f(A,T) =
A2 4+ 2(e7 (1 + 1) — 1). It is easy to see that (0, T) = O for all . We study the
asymptotic behaviorneart = 1.ForA = O0andt = 1, fi = fi, =0, fi3 = 4. Thus,
A =0isatriplerootat t = 1. Forany y € N, for = 2(1 + A)(=A)Ye"™ = 0.
Algorithm 4.1 can not be applied since g = co. However, it is not hard to treat the
problem. We have that f,; = —2 # 0. As discussed in [71], to make the right-

13

hand side of (3.5) equal to 0, the only possibility is to let =% (AN + fir ArAT =

0(AAAT). Itiseasy tohave AL = (3Ar)% +o((A71) %) (itis a degenerate case, which
will be discussed in the next section). The Puiseux series provide the information on
two roots passing through the origin. Since there are three root loci (the multiplicity
is 3), we need to find the expression of AX for the remaining one. Obviously, it is
A) = 0, which is easy to understand: A = 0 is an invariant root for all delays and
as 7 increases to 1 two new roots collide at the origin. The root loci are shown in
Fig.4.3. The fixed root A = 0 is seen in Fig.4.3b. ]

Remark 4.4 1t is worth mentioning that, in Example 4.7, the multiplicity of the root
at the origin is larger than the degree of the polynomial corresponding to the delay-
free system. For a deeper discussion on tracking the root multiplicity at the origin
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Fig. 4.3 Root loci for Example4.7. a Re(}) versus Im(1). b Re() versus ©

of time-delay systems as well as related upper bounds and properties, one may refer
to [8, 9].

4.3 Studying Some Degenerate Cases

For Examples 4.3-4.6,2 all the first-order terms of the Puiseux series do not contain
purely imaginary numbers when At = +e¢. Thus, the first-order terms of the Puiseux
series are sufficient for the asymptotic behavior analysis. However, the first-order
terms of the Puiseux series are not sufficient for our problem if they involve purely
imaginary numbers when At = =e¢ (this is the so-called degenerate case). The
following example will show that we may invoke Algorithm 4.1in some iterative
manner to obtain the higher order terms of the Puiseux series. As a consequence, the
asymptotic behavior in the degenerate case may also be analyzed.

Example 4.8 Consider the time-delay system

0 1 0 0 0 0
xt)=10 0 1) x(t)+ 0 0 0 x(t — 1),
027 —7n22 )

with f(h, 1) =23 =202+ Q4+ 7)A 4+ ((r =22 +2nh+7d)e ™ Ast =1,
A = jm is a double critical imaginary root with g = 1 (f;, = 0, fi, = 7(2j—-2)
(r — 1) # 0). Near the critical pair (j, 1), the power series F (A, At) (3.6) is

1
F (A), AT) = fy AT + 5fm(m)2 4+

2 Example 4.7 is specific as there is an invariant characteristic root at the origin.
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Lt}

(the terms denoted by ““---” are not needed for computing the first-order terms
of the Puiseux series). Using Algorithm 4.1, we have the Puiseux series AL =

3.04j(A7)? +0((A7)?) and Ak = —3.04j(A7)? +0((A7)?). This is a degenerate
case and we need to calculate the higher order terms. For AA = 3.04 j(Ar)% +
0((AT)?), we let Ay = (At)?. By substituting A% = A7(3.04j + Ak) into
F(AL, At), we have F(Ax, At) = (A1) F) (A1, Aty) with

_ 1
Fi (Ar1, A1) = 3.04) fiuAdi + 3.04) for + ;(3.O4j)3fA3)An +.e-

Applying Algorithm4.1to F| (AL, Aty) = Oyields Ak = (2.15+0.68) A1+
o(At1). Hence, we obtain a Puiseux series sufficient for the asymptotic behav-
ior analysis AA = 3.04j(A7,')% + (2.15 + 0.68j)At + o(Art). Similarly, for
Ah = —3.04j(AT)? + o((A7)?), we have AL = —3.04j(A7)? + (2.15 +
0.68j)At + 0(A7). Root loci near (jr, 1) (Fig.4.4) illustrate the results. O

4.4 Useful Properties for Puiseux Series

In this section, we will introduce some algebraic properties of analytic curves (see
[2, 15, 121]). These properties will be very useful for invoking and analyzing the
Puiseux series.

4.4.1 Conjugacy Class

In the examples of this chapter, for an n-multiple critical imaginary root, we invoke n
independent Puiseux series. Such expressions are in fact a little clumsy. The Puiseux
series can be expressed in a more compact form if we introduce the concept of
conjugacy class, see, e.g., [15].
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For a Puiseux series s = > o, CixN (2.3), N is called the polydromy order if N
and all i with C; # 0 have no common factor greater than 1. Without any loss of
generality, if a Puiseux series is given in the form (2.3), N is the polydromy order.

For a Puiseux series s described in (2.3), the Puiseux series og (s) EN=1

US(S) = Z%‘icixﬁ 4.5)

i=1

will be called the conjugates of s. The set of all the N conjugates of s will be called
the conjugacy class of s. Recall that for a power series @ (y, x), the Puiseux series s
is called a y-root for @(y, x) = 0if @ (s, x) = 0 (Sect.2.2). We have:

Property 4.1 Ifs is a y-root for @(y, x) = 0, then all conjugates of s are y-roots
too.

According to Property 4.1, for the Puiseux series belonging to one conjugacy
class, one expression will be sufficient to describe all of them. We demonstrate the
advantage through the following example.

Example 4.9 Revisit now Example 4.5, where (j, ) is a critical pair with indices
n = 3 and g = 1. For the critical pair, three expressions of the Puiseux series are:
A = (0.5540.09 /) (A7)3 +0((AT)3), AL = (—0.3640.43/)(AT)3 +0((AT)3),
and AA = (—0.20 — O.53j)(Ar)% + o((Ar)%). These three expressions correspond
to a same conjugacy class. Therefore, any one among the above three expressions is
enough to fully express the asymptotic behavior of the triple critical imaginary root.
For instance, we choose the expression AL = (0.55 + 0.09j)(Ar)% + 0((Ar)%).
The variation of the triple critical imaginary root as delay increases from 7 tow + ¢
(mr — ¢ to ) can be deduced by substituting the three values of (+8)% ((—8)%) into
(Ar)% for this expression. One may notice that the value sets of the Puiseux series
by the substitution of the values of (—i—a)% and (—8)% do not change if we choose the
other two expressions of the Puiseux series. (]

Remark 4.5 Tt should be pointed out that a critical pair may correspond to multiple
conjugacy classes of Puiseux series. In this book, without any loss of generality, we
suppose that a critical pair corresponds to v € Ny conjugacy classes of Puiseux
series. For the sake of simplicity, we adopt the short expression “v Puiseux series”
instead of “v conjugacy classes of Puiseux series”.

4.4.2 Structure of Puiseux Series

Algorithm 4.1 only allows us to obtain finitely many terms of the Puiseux series. In
the remaining part of the book, we will often need to know the general expression
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(also called the structure) of the Puiseux series. The general expression is determined
by the number of conjugacy classes, polydromy orders, and first-order coefficients.
We now explain it through revisiting Examples 4.4 and 4.6.

For Example 4.4, (j, m) is a critical pair with n = 3 and g = 2. The asymp-
totic behavior corresponds to two conjugacy classes of Puiseux series. The general
expression of the Puiseux series is

o) .

Al = z Cii (A7),

e
zoo i

Ax = D Cyi(AT)2,
i=1

where Cy; (C11 # 0) and Cy; (Cz1 # 0) are complex coefficients.

For Example 4.6, (j, 27) is a critical pair with n = 2 and g = 3. The asymp-
totic behavior corresponds to one conjugacy class of Puiseux series. The general
expression of the Puiseux series is

o .
Ak =D Cii(AD)E,
i=3

where C1; (C11 = Ci2 =0, C13 # 0) are complex coefficients.

The structures of Puiseux series for some specific classes of time-delay systems
will be given in Chaps. 6 and 7. The structure for general time-delay systems with
commensurate delays will be presented in Chap. 8.

Remark 4.6 For a critical imaginary root ), associated with infinitely many critical
delays 7ok, k € N, the structure of the Puiseux series may vary considerably with
respect to different k, which makes the analysis of the complete stability involved.

4.5 Notes and Comments

To the best of the authors’ knowledge, the Puiseux series was first introduced in
studying the stability of time-delay systems by a cornerstone work [18, 19],% impact-
ing significantly our research. The perturbation analysis for analytic matrix functions
(see[5, 56]) was adopted therein. However, in our opinion, the method of [18, 19] can-
not be applied directly to the general case. As discussed in Chap. 3 and this chapter,
the analytic curve perspective allows us to fully study the asymptotic behavior of a
critical pair. Moreover, some useful properties for analytic curves will be introduced
later for the complete stability problem.

Most of the results in the first three sections of this chapter are taken from [71].
The materials in Sect. 4.4 are new.

3 The earlier conference versions of the work were reported in [17, 33].


http://dx.doi.org/10.1007/978-3-319-15717-7_6
http://dx.doi.org/10.1007/978-3-319-15717-7_7
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_3

Chapter 5
Invariance Property: A Unique Idea
for Complete Stability Analysis

In Chap. 4, we have pointed out that the asymptotic behavior of a critical imaginary
root must correspond to some Puiseux series. Furthermore, an algorithm was pre-
sented to obtain all the Puiseux series of a critical pair. Therefore, we can now solve
Problem 2.1.

In the first three sections of this chapter, we will show that the number of unstable
roots (NU (7)) can be precisely calculated for any finitely large 7, based on the
solution of Problem 2.1. More precisely, in Sect.5.1, we will give the procedure to
compute N U (+¢) and in Sect. 5.2, we will explain how to calculate AN U, (74, k) for
acritical pair (Ay, To.k > 0). A method for the calculation of N U (7) will be presented
in Sect.5.3. However, it is still far from being able to solve the complete stability
problem for time-delay systems with commensurate delays. The obstacles will be
explained in Sect. 5.4, giving rise to Problem 2.2. Since there exist no appropriate
“routine” ways to address Problem 2.2, we need to seek for a new analysis line.
The existing literature is helping us, and a very useful property will be recalled in
Sect.5.5: The invariance property has been found for some specific types of time-
delay systems. If such an invariance property holds for any time-delay system with
commensurate delays, then Problem 2.2 can be fully investigated. However, it appears
rather uncertain if this hypothesis is true. In Sect. 5.6, we will formally formulate the
problem of proving the general invariance property.

A main purpose of this chapter is to propose a potential solution (by means of
proving the general invariance property) for Problem 2.2. Rigorous proof will be
given in subsequent chapters.
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5.1 Infinitesimal Delay Case and Spectral Properties

As mentioned earlier, it is always required to know N U (+¢) for precisely studying
the stability of a time-delay system. If the delay-free system contains no critical imag-
inary roots, then, according to the root continuity argument, NU (+¢) = NU (0). If
the delay-free system has simple critical imaginary roots (without multiple ones), the
method based on the implicit function theorem for computing N U (+¢) was proposed
in e.g., [109, 122]. Such a situation appears naturally when oscillatory systems are
controlled by using delay (block) controllers (see [58, 85, 92]). However, to the best
of the authors’ knowledge, the scenario that the delay-free system involves multiple
critical imaginary roots has not been studied.

In this section, we give a procedure to compute N U (+¢), covering the general
case. The procedure is stated in the following straightforward result.

Theorem 5.1 If the system (1.1) has no critical imaginary roots when t = 0,
NU(+e) = NU(0). Otherwise, NU (4+¢) — NU(0) equals to the number of the
values in C4. of the Puiseux series for all the corresponding critical imaginary roots
when T = 0 with At = +e¢.

Example 5.1 Consider the time-delay system in Example 4.6 with f(A,7) =
e 3T — 372 4 3¢7™ 4 3% 4+ 2)2. When t = 0, this system has four character-
istic roots. More precisely, A = j as well as A = —j is a double critical imaginary
root. Using Algorithm 4.1, we have the following Puiseux series for the critical pair
G, 0

Ak = (0.3536 + 0.3536,)(A7)2 + 0 ((Ar)%). (5.1)

Fig. 5.1 Re(}) versus 7 for
Example 5.1

! Notice that the two independent Puiseux series calculated in Example 4.6 can be expressed by a
conjugacy class of Puiseux series (5.1) following the discussions in Sect.4.4.1.
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Substituting At = +¢ into (5.1) indicates that as t increases from 0, the double
root j splits into two branches toward C_ and C, respectively, which is verified
by the root loci given in Fig.5.1. Thus, NU (+¢) = +2 in light of the conjugate
symmetry. (]

5.2 Quantifying Asymptotic Behavior of a Critical
Imaginary Root

In the sequel, we show that ANU,,, (t4,k) can be accurately calculated by means of
the Puiseux series for the critical pair (Ay, T4,k). More precisely, for a critical pair
(Ao Ta k) With 74 > 0, we substitute At = +¢ (At = —¢) into the corresponding
Puiseux series. Then, the value of ANU,,_, (74,x) can be obtained by comparing the
numbers of the values of the Puiseux series in Cy when At = +¢ and At = —e¢,
respectively.

Example 5.2 Revisit the time-delay system in Example 4.5 with f (A, 1) = e T+
3?”)\5 — %2)\4 + 57”)»3 — ”TZAZ + %’A — %2 + 1, where . = j is a triple criti-
cal imaginary root at t = m. For the critical pair (j, ), the Puiseux series have
one (two) value(s) in C; when At = +e (At = —¢). Thus, ANU(7) =
1—2=-1. O

5.3 Stability Test for Bounded Delay

Now we can effectively solve Problems 1 and 2.1. As a consequence, we are able to
compute N U () for any finitely large delay value 7.

Theorem 5.2 For a finitely large © which is not a critical delay, NU(t) for the
time-delay system (1.1) can be computed as

NU(t) = NU(+e)+2 D ANU, (tai)- (5.2)

0<Tur<T

Proof Due to the root continuity argument, as t increases from -+¢, only at critical
delays N U (7) may change. Ata critical delay tq , the variation of NU (7) caused by
the asymptotic behavior of Ay is ANU,, (74.k). In view of the conjugate symmetry
of the spectrum, at the critical delay 74 x, —A 1S also a critical imaginary root and the
effect of its asymptotic behavior on NU (7) can also be quantified as AN Uy, (Ta k).
Thus, the proof is completed. (]
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Fig.5.2 NU(r) for 8
Example 5.3

NU(t)

An example is given below to show that we may plot NU (t) for any bounded
interval of 7.

Example 5.3 Consider the time-delay system in Example 5.1. Our task is to compute
NU(7) and plot NU(t) for t € [0, 7]. This system has two sets of critical pairs

(j, 2km) and (1.9566/, (2113%16); ). According to Theorem 5.2, it follows that

NU(T) = NU(+¢&) + 2ANU;(2rr) + 2ANUj 9566, (1.6056)
+2ANUj 9566 (4.8169),

where NU(+¢) = 2 (see Example 5.1). Using the approach in Chap.4, we
have that the Puiseux series for the critical pairs (j, 27), (1.9566;, 1.6056), and
(1.95667, 4.8169) are respectively: AL = (0.3536 + O.3536j)(Ar)% + 0((A‘L')%),
Al = (0.6036—0.5253j) At +0(A7), and AL = (0.1357—0.3543j) At +0(A7).

Next, ANU;(2m) = 0, ANU1.9566,(1.6056) = +1, and AN U1 9566, (4.8169) =
+1, following the discussions in Sect.5.2. We have NU (7) = 6 and the variation of
NU (7) for t € [0, 7] can be obtained, see Fig.5.2. O

In Example 5.3, we invoke four Puiseux series for four critical pairs (including
the critical pair (j, 0) in order to compute N U (+¢)). For each Puiseux series, we
only need to compute the first-order terms as no degenerate case occurs. However,
the computational load may significantly increase for a more involved case (e.g.,
when t is large and when the degenerate case occurs).

5.4 Limitations

Although we can now compute NU (t) for any bounded 7, the existing results are
still not enough for the complete stability problem. In this section, we list the main
limitations of the currently available results.
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5.4.1 Computational Complexity Issues

The calculation of NU(r) for a given t requires a series of tedious algebraic
manipulations. We have to manually obtain the Puiseux series for all the critical
pairs (Ay, Ta,k) With 7o < 7. Unfortunately, for the moment, this task cannot be
automatically fulfilled by existing software. Note that, even for a same critical imag-
inary root, the Puiseux series may exhibit remarkable differences (not only in the
coefficients but also in the structure) for different critical delays. If the number of
critical pairs to be analyzed is large, the computational load increases accordingly.
Thus, it is very difficult to explicitly calculate NU (t) by Theorem 5.2 when t is
large.

5.4.2 Large Delays and Ultimate Stability Problem

In order to thoroughly solve the complete stability problem, we need to understand
the way the spectrum changes when t — +-00. This is the so-called ultimate stability
problem, which has not been fully investigated so far.

As seen in Example 1.2 (i.e., Example 5.11 in [39]), Example 1.3 (i.e., the case
study of [97]), and Example 2 in [122], increasing the delay in a certain interval may
bring a stabilizing effect. One may naturally wonder the effect of delay (stabilizing
or destabilizing) if it keeps increasing. To answer this question, we need to know the
limit behavior as T — o0, i.e., rlglgo NU(7).

To the best of the authors’ knowledge, it is impossible to “compute” N U (co) by
using the existing methods. Without a general understanding of NU (00), we will
always suspect if some stability intervals distant in the 7-axis are missing since, as
already discussed, we can only compute N U (t) by Theorem 5.2 for a finitely large t
in practice.

5.5 Invariance Property for Some Specific Delay Systems

A very useful property of the form “ANU,,_, (tq.x) is a constant for all k € N with
Tk > 07 (called the invariance property) has been found for some specific time-
delay systems. Most of the studies reported in the literature were devoted to case
with only simple critical imaginary roots, see [21, 122], and the references therein.
One may think that the issue of proving the invariance property in the case without
multiple critical imaginary roots should be easy. In fact, it was in two recent papers
[97, 109] that this issue was systematically solved. However, the above approaches
cannot be extended to general time-delay systems as the mathematical tools used are
only valid for the specific scenario without multiple critical imaginary roots.
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To the best of the authors’ knowledge, only a few results have been reported for the
invariance property related to time-delay systems with multiple critical imaginary
roots. A pioneering work is [64], although the invariance issue was not explicitly
discussed therein. An interesting geometric criterion was proposed, which offers a
simple way to analyze the asymptotic behavior: An any-multiple critical imaginary
root’s asymptotic behavior can be graphically determined by the criterion. However,
the time-delay system considered therein is restricted to have a simple form of char-
acteristic functions. The result in [64] is very enlightening as the critical imaginary
root is allowed to be with any multiplicity. However, in our opinion, the mathematical
argument proposed in [64] (based on the Lagrange’s inversion formula) cannot be
easily extended to the general case. Another work motivating considerably our study
is the recent paper [54]. Its novelty consists in characterizing explicitly an invariance
property for multiple critical imaginary roots of time-delay systems, though some
strong constraints (it is required that n < 2 and g = 1 and that the degenerate case
does not occur) were imposed.

5.6 General Invariance Property Statement

Asdiscussed earlier, Problem 2.2 cannot be addressed by a “routine” method. Inspired
by the invariance property for some specific time-delay systems recalled in Sect. 5.5,
we wonder if this useful property holds for any time-delay system with commensurate
delays. If such a property is true, Problem 2.2 then can be fully investigated and new
insights for time-delay systems may be derived.

However, this appears very uncertain as the Puiseux series for a critical imaginary
root may vary considerably with respect to different critical delays. We now formally
present the concept of general invariance property in this study, as follows:

General Invariance Property For a critical imaginary root Ao, ANU; (T4k) 1S a
constant for all k € N with 7, x > 0.

In the subsequent three chapters, we will concentrate on proving this general
invariance property.

5.7 Notes and Comments

As we will see it is not a trivial work to verify whether or not the general invariance
property holds. The difficulty lies in that we do not have an effective tool at hand
for this issue. Furthermore, no existing mathematical results in the literature can be
directly employed to prove it. The frequency-sweeping framework to be proposed in
this volume will allow addressing such a problem.



Chapter 6
Invariance Property for Critical Imaginary
Roots with Index g =1

We start confirming the invariance property with the specific case where g = 1
for all the critical pairs, which is the central task of this chapter. For this specific
case, we will find in this chapter a useful equivalence relation between the critical
imaginary roots’ asymptotic behavior and the frequency-sweeping curves, based on
which the invariance property can be proved in the case g = 1. In the following two
chapters, such an equivalence relation will be further studied and play a pivotal role
in confirming the general invariance property.

6.1 Preliminaries

Consider the time-delay system (1.1)

%) = ZA@x(t —l1),

=0

with the characteristic function f (X, 7) described by (1.3)
FOLT) = ap) +ar(Me™™ + -+ a, (Ve 1™,

The aim of this chapter is to confirm the invariance property, under the following
assumption:

Assumption 6.1 Assume that g = 1 for all critical pairs.

If Assumption 6.1 is violated, the problem will be deferred to the latter chap-
ters. Furthermore, Assumption 6.1 ensures that A = 0 is not a characteristic root
(otherwise, the system cannot be asymptotically stable for any T > 0).
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Property 6.1 Under Assumption 6.1, .. = 0 is not a characteristic root of the system
(1.1).

Proof If . = 0 is a characteristic root, f; = 0 at all the associated critical pairs,
which contradicts Assumption 6.1. (]

We now recall the results of [54], which considerably motivate the current study.

Property 6.2 ([54]) If Ay is a double root at v, (k' € N) of the system (1.1)
and Assumption 6.1 holds, then A, is a simple root for the system (1.1) at any v,k
(k #£K).
Sketch of the proof: For a double critical imaginary root, f; = 0. Thus, at (Ay, 7o k),
fr = pPr—Dz2Tar = 0(p(A, z) isdefined in (1.4)). Itis natural that at any (Ay, Te k)
withk # k', fo, = —p;z2(tax — Tax) # 0, as p; # 0 under Assumption 6.1.

In fact, the condition “ f;, = 0 will be used for any critical imaginary root with
multiplicity larger than 1 (to be seen in the proof of Property 6.5).

Theorem 6.1 ([54]) Suppose Assumption 6.1 holds and A, is a double root at Ty j» >
0 of the system (1.1). Near (A, Ty k'), the variation of A with respect to T can be
expressed as the Puiseux series

AL = C1(AT)? + 0((AT)?), 6.1)

where Cy is the complex coefficient with C12 = —2%. IfC12 is not purely real, it
follows that for any ty > 0,k # k',

ANU,, (tax) = ANU;, (Tq k). (6.2)

However, if Cl2 is purely real, Theorem 6.1 does not help in concluding on the
asymptotic behavior and this is called a degenerate case. In this chapter, we will
extend the results of Theorem 6.1 in order to handle the cases of any multiplicity as
well as the degenerate cases. For a general time-delay system (1.1), to the best of
the authors” knowledge, the Puiseux series expansion represents the only effective
tool for studying the asymptotic behavior of critical imaginary roots. In Chap.4, a
systematic approach for computing the Puiseux series was proposed. However, the
closed form of the Puiseux series for a general time-delay system has not yet been
explicitly reported in the literature. As discussed in Sect.4.4.2, a critical imaginary
root may exhibit various types of Puiseux series. In the sequel, we will give the
general expression of the Puiseux series for the systems under consideration in this
chapter. Next, we will propose a more general invariance property and an easily
implemented frequency-sweeping criterion.

6.2 General Expression of Puiseux Series When g =1

For a critical imaginary root satisfying Assumption 6.1, according to Property 1.1
(Chap. 1), the multiplicity n» must be finite. We have the following result:
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Theorem 6.2 For an n-multiple critical imaginary root Ay of the system (1.1) at a
critical delay v, 1, if Assumption 6.1 holds, all its root loci are subject to the Puiseux
series ' ) ,

Al = C1(ATt)n + Cr(AT)n + C3(AT)n + - -+, (6.3)

where C1 # 0, Cy, C3, ... are the complex coefficients.

The proof of Theorem 6.2 can be found in [72], following a similar line of [123].
In the sequel, we give a more concise proof.

Proof First, using Algorithm 4.1, we have that the exponent of the first (nonzero)
term of the Puiseux series is % We may next finish the proof according to the fact

that the Puiseux series has n values for a At. As the term (At)% has n values for a
Art, the general form of the Puiseux series must have only one conjugacy class and
the polydromy order must be n. The general form (6.3) is now obtained. ]

Remark 6.1 When n = 1, the Puiseux series (6.3) reduces to the well-known Taylor
series. We can study the stability accordingly, see [70].

For an n-multiple critical imaginary root Ay at Ty g/, AN Uy, (To 1) can be obtained
according to the Puiseux series (6.3). If it is the non-degenerate case, the first-order

term C[(A‘L’)% (C = (—n!]{:T )% by Algorithm 4.1) is sufficient. However, in the

n

degenerate case, the higher order terms are required. In the sequel, we will show that
we can estimate AN U, , (14 r/) without invoking the Puiseux series.

6.3 Invariance Property When g = 1

TA

Introducing z = e~ **, we can rewrite f (X, t) as (1.4)

q
P2 =D @
i=0

We assume thatag (jw) # Oforany w € R, . Asdiscussedin[70], this assumption
is introduced here only for brevity and does not affect the result of the work.
Define

q
P2 =D @i =0, (6.4)
i=0
where a; (L) = Z;(&; It is easy to see that g, (1) = 1. Givena; (1) (i =0, ..., q),
there exist continuous functions L;(A) (I =1, ..., g) such that

q q
po=[]r=]]Gc+Loy. (6.5)
=1

=1
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We do not need the explicit expressions of L;(A). The following properties will
be sufficient for confirming the invariance property.

Property 6.3 The continuous mappings Li()) : C+— C(l =1, ..., q) are unique.

Proof For each given A, p(A, z) = 0 can be viewed as a polynomial equation in z,
with the solutions —L1(A), ..., —Lg(}). O

The following property will reveal that (A, t) = 0 at (Aq, 7o &) if and only if
one factor (z 4+ L;(A)) is O at (Ay, 7o 7). In addition, the corresponding function
L;(A) is analytic with respect to A near A,.

Property 6.4 Assume that (Ay, Ty ') is a critical pair for the system (1.1). Under
Assumption 6.1, there is only one factor fi = z 4+ Li(A) = 0 at (Ay, Tq.k’). The
Sunction Li(X) with z + Li(A) = 0 at (Aq, Tox’) is analytic with respect to A at
A= Aq.

Proof As fr = —p,zA, p, # 0 at any critical pair under Assumption 6.1. Thus,
7 = e "at*a js a simple root of p(X, z) = 0 when A = A,. By the implicit function
theorem (see Appendix A), there exists a unique solution z(A) satisfying z(Ay) =
e~ Tk* which is analytic at A. O

Without any loss of generality, we let f{ = O and f; # 0,] = 2,...,q at
(Aas Tok)- Infact, by this setting, fi =0and f; #0,1 =2, ..., n,atall (Ag, Tak),
keN.

Property 6.5 Suppose Ay is an n-multiple root at to s for the system (1.1). If
Assumption 6.1 holds, it follows that:

(i) rq is an n-multiple (a simple) root at Ty (any Ta i, k # k') for the system
(1.1).
(i) Only factor fj =0when A = Ay andt = 14, k € N.

Proof First, Ay is a k-multiple (¢ € N ) root of the system (1.1) at 7, ;- if and only if
Ao 18 a k-multiple root for f1 = 0 at 7, x/, due to Property 6.4 and our setting. Next,
if Ay is a multiple root at 7, 4/, the condition f; = 0 holds at (A, 7o x7). As f1 =0
and f; # 0,1 =2,...,q, at (e, Tup), fr = (—te™ ™ + LBy £ £ 6, () at
(Aas Tok')- According to the context, —Te ™ 4 % =0and f2--- fya,(A) #0
at (Aq, To.p’). Then, at any (Ay, Ta k), k # k', fo # O since —te ™ 4 % =
—(Tak — ra,k/)e_fa-k’k" # 0 (the value of f5 - - - f;a,(}) is independent of k). Thus,
for any ty k, k # k/, Ay is a simple root for the system (1.1). (]

To summarize, all these properties lead to the following result:

Theorem 6.3 Under Assumption 6.1, if Ao = jwq is an n-multiple root at to j» > 0,
it follows that, for any Tk > 0 (k k'), ANU, (Ta k) = ANU,, (T).
Furthermore, Ly = jwy is an n-multiple root for fi = 0 at to y.
Finally, for all positive critical delays ty , k € N, the following properties hold:
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(1) ANU,, (ta.x) = +1(—1) if and only if as w increases, |L1(jw)| — 1 changes
its sign near wy from negative to positive (from positive to negative).

(i) ANU,, (tq,k) = 0 ifand only if as w increases, |L1(jw)| — 1 does not change
its sign near wy.

The proof relies on the following lemma:

Lemma 6.1 Assume that .o = jw, is an n-multiple critical imaginary root at Ty i
for the characteristic equation

e+ o(1) =0, (6.6)

where ¢ (X)) is an analytic function at A,. At all positive critical delays Ty k, k € N,
ANU,,, (tq,k) is mirrored by the frequency-sweeping property of ¢ (X):

(1) ANUy, (tax) = +1(=1) ifand only if as w increases, |¢ (jw)| — 1 changes its
sign near wy, from negative to positive (from positive to negative).

(i) ANU,, (to.x) = 0 if and only if as w increases, |¢ (jw)| — 1 does not change
its sign near wy.

Lemma 6.1 is slightly extended from Theorem 15 in [64], where ¢ ()) is of the
(D)

form 20 (h(}) and g(A) are polynomials). The proof of Lemma 6.1 is given below.
Proof The characteristic equation (6.6) can be rewritten as T = % with ¢ =

—1In(—¢(A)) + 2kmj (In(-) denotes the principal value of the logarithmic func-
tion). The geometric criterion used in [64] is obtained by analyzing the derivatives
of ¢ with respect to A, which is equivalent to the frequency-sweeping test here. More

;-Ot,k,

precisely, if Ay is an n-multiple root at 7,4, we can define: 7, = 55—, {ypr =
—1In(—p (W) + 2ko7j, Tk = 25, Lk = Luir + 2(k — K')7j, where ko € Z. By
Property 6.5, at all 744, k # k', Lo is a simple root. It is easy to see that £, ;» and
.k have the same derivatives (of all orders) with respect to A. Thus, according to
the approach in [64], ANU,,_, (t4,k) is a constant for all positive 74 and it can be
examined by the frequency-sweeping test as stated in the lemma. It can be seen that
the result in [64] is applicable to any ¢ (1) only if ¢ (X) is analytic at A. ([

According to Property 6.4, L1(A) is analytic at A,. We can now prove Theorem
6.3 based on Lemma 6.1.

Remark 6.2 The explanation of Theorem 6.3 is twofold. First, it proves the invariance
property of any-multiple critical imaginary roots, including the degenerate case.
Second, it provides a simple method to compute ANU,, (74,k). We may simply
observe the frequency-sweeping curves, without invoking the Puiseux series.

We recall here the procedure for generating the frequency-sweeping curves given
in Sect. 1.2.3: Sweep w and for each A = jw we have ¢ solutions of z such that
p(X, z) = 0 (denoted by z1(jw), ..., z4(jw)). In this way, we obtain ¢ frequency-
sweeping curves [j(w) : |z;(jw)| versus w (i.e., in the context of this chapter,
|L; (jw)| versus w since z; (jw) = —L;(jw)), i =1,...,q.
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6.4 Simple Class of Quasipolynomials

In this section, we will consider specifically a simple class of quasipolynomial:
Q() + P(R)e™™, 6.7)

where Q(X) and P (A) are co-prime polynomials in A with deg(Q (X)) > deg(P(1)).

This class of quasipolynomials (6.7) have been largely studied in the literature,
see [7, 21, 64, 77, 82]. However, the complete stability has not been solved so far.
We now make use of the approach proposed in this chapter and we will see that the
complete stability problem can be fully investigated.

Property 6.6 For any nonzero critical imaginary root of the system (6.7), the index
g equals to 1.

Property 6.6 follows straightforwardly from Property 1.1 (Chap. 1).
Thus, all the results derived in this chapter apply to the time-delay systems whose
characteristic functions are in the form (6.7). We have the following results:

Corollary 6.1 For an n-multiple nonzero critical imaginary root of the system (6.7),
the Puiseux series is in the form (6.3).

Corollary 6.2 The invariance property holds for a time-delay system whose char-
acteristic function is of the form (6.7).

6.5 Illustrative Examples

We first revisit some of the examples proposed and discussed in Chap. 4.

Example 6.1 Consider the time-delay system of Example 4.5 with f (A, 1) = e~ ™"+
S — %z)ﬁ + 2223 — ”Tzkz + 20— %2 +1.Ast =m, A = j is a triple critical
imaginary root with f; # 0. Using the approach proposed in Chap.4, we have the
Puiseux series A% = (0.55 + 0.09))(A7) 5 + o((A7)3). Thus, ANU, () = —1.
This result can be directly obtained from the frequency-sweeping curve as shown
in Fig. 6.1a. Moreover, the invariance property holds (Theorem 6.3). At the critical
frequency w = 1, the frequency-sweeping curve crosses the line J; from above to
below. Therefore, according to Theorem 6.3, ANU; ((2k+ 1)) = —1. Both the two
cases are included: (1) As 7 increases near 7r, the number of unstable roots decreases
by 1 due to the splitting of the triple critical imaginary root. (2) As 7 increases near
3w, 5w, ..., each simple critical imaginary root A = j enters in C_. That is to say, at
the point A = j, despite simple or multiple critical imaginary root, the influence of
the asymptotic behavior on NU (7) is equivalent. To further argue the analysis, we
may observe the root loci in Fig. 6.1b. (]
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Fig. 6.1 Frequency-sweeping curve and root loci for Example 6.1. a Frequency-sweeping result.
b Re()) versus ©

Example 6.2 Consider the time-delay system of Example 4.8 with f (A, 7) = A3 —
2224+ Qr +a9)r+ (r — DA + 2k +7¥)e ™. Ast = 1 and A = jm,
L. =0, fu=72j —2)(r — 1) #0. Thus, at t = 1, A = jm is a double root. In
addition, Assumption 6.1 holds as f; = 73(2j — 2) # 0. This is a degenerate case
and hence one cannot use the method proposed by [54], i.e., Theorem 6.1.

According to Theorem 6.2, the Puiseux series is in the form AA = Cy (Ar)% +
CQ(AT)% + --- and, as discussed in Example 4.8, the Puiseux series is AL =
3.04j(AT)? + (2.15+ 0.68/) AT + 0(At). Therefore, ANUj (1) = +1.

The above result can be easily derived without invoking the Puiseux series by
observing the corresponding frequency-sweeping curve as shown in Fig.6.2a. At
the critical frequency w = m, the frequency-sweeping curve crosses the line 3
from below to above. Therefore, according to Theorem 6.3, ANU; (1) = +1.
Moreover, according to Theorem 6.3, we may have a stronger result, the invariance
property. No matter the critical imaginary root A = jm is simple or double (it is
double at T = 1, while it is simple at the critical delays other than 7 = 1), its
asymptotic behavior always makes the number of unstable roots increase by 1. The
above analysis is verified by the root loci as shown in Fig. 6.2b. For further illustration,
we also list two Taylor series, which are also degenerate, corresponding to the critical
delays 7 = 3 and t = 5: AL = —1.5708j At + 2.4118 (A1) + (1.8506 —
8.1679)(A7)? + 0((A1)?) for T = 3 and AL = —0.7854j At + 0.4978j (AT)? +
(0.1157 — 0.6155)(A7)? + 0((A1)?) for T = 5. We may notice that the proposed
approach significantly simplifies the analysis since we have to invoke two terms of
the Puiseux series and three terms of the Taylor series if the series expansion analysis
is used. ]

Finally, we give two interesting examples to illustrate the results in Sect. 6.4.
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Example 6.3 Consider the following oscillator system (see, e.g., [58])

d4 d2
[W +55 4} Dx(t) = u(), (6.8)

where x(¢) is a scalar. It has been pointed out in the literature that the system (6.8)
cannot be stabilized by a state feedback u(r) = Kx(¢) (K is the scalar gain). Inter-
estingly, the system can be stabilized by a delayed controller u(t) = Kx(t — 7).

The characteristic function of the closed-loop system is f(, ) = A* + 51% +
4 — Ke~™. As the characteristic function falls in the class discussed in Sect. 6.4, we
may straightforwardly study the complete stability (here, we let K = —0.1) from
the frequency-sweeping curve. Note that, the system has critical imaginary roots for
7 = 0. As mentioned earlier, we may calculate NU (+¢) using Theorem 5.1.

The frequency-sweeping curve is given in Fig. 6.3a, from which we find four sets
of critical pairs: (Ao = 0.9834), 0 = 3.1947 + ;5Z), (b1 = 1.0167), 714 =

9834
L), (2 = 19916, 12k = 7o), and (A3 = 2.0082, 73 = 1.5643 + 7200).
The “NU(t) versus t” plot can be obtained (see Fig.6.3b). This system has
multiple stability intervals and NU (t) — oo as t — o0. U
Example 6.4 Consider a chain of three integrators (see [94])
3
—x(t) = u(1), (6.9)

de3

(x(¢) is a scalar) controlled by a proportional + delay controller u(t) = K>x(t) +
Ki1x(t — 1), where K| and K, are scalar gains. The characteristic function of the
closed-loop system is f(A,7) = A3 — K — Kje~ ™. It is easy to see that the
system cannot be asymptotically stable if K1 = 0. We now try to find the appropriate
parameters (K1, K>, and t) such that the closed-loop system is asymptotically stable.
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K3

We first consider the cases when ‘K—l‘ < 1 and ‘g—f > 1. For both cases,

NU(0) > 0. If the system can be stable for some 7, there must exist critical imagi-

nary roots whose asymptotic behavior causes a decrease in NU (7). When ‘ % ’ <1,

the frequency-sweeping curve is depicted in Fig.6.4a. We see from Fig. 6.4a that
the system has one and only one positive critical imaginary root, whose asymptotic
> 1, the
system has no critical imaginary roots (see the frequency-sweeping curve depicted in

Fig. 6.4b). Next, we consider the case ‘ %

behavior always causes an increase in NU (t) (by Corollary 6.2). If ‘%

=1. If% = —1, A = Oisacharacteristic

root. If % = 1, the system has no critical imaginary roots (see Remark 1.9).
By the above discussions, the system (6.9) cannot be stabilized by a proportional
+ delay controller. This conclusion is consistent with Proposition 1 in [94]. ]
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6.6 On Some Limitations (Lack of Analyticity)

The development of the results in this chapter is relatively simple as we may follow
the idea of [64] through introducing a factorization (6.5). However, there are two
limitations for extending the approach in this chapter to general time-delay systems.

First, if Assumption 6.1 does not hold, the factor f is not necessarily analytic
at the critical imaginary root and hence the method of this chapter will be invalid
(having in mind that the analyticity of f is the prerequisite of Theorem 6.3). Such
examples will be seen in Chaps. 7 and 8. Especially, we will see in Chap. 7 that the
index g may be larger than 1 even for a simple critical imaginary root.

Second, the mathematical tool lying behind Theorem 6.3, the Lagrange’s inversion
formula (which plays a critical role in the study of [64]), is not easy to apply to
general time-delay systems. As mentioned earlier, we need a mathematical machinery
compatible with the Puiseux series.

6.7 Notes and Comments

The work of this chapter, though only applied to a specific case, opens some inter-
esting perspectives in analyzing the general case. More precisely, as the frequency-
sweeping curves are independent of different critical delays, we may choose their
asymptotic behavior as a “reference object”. If for each positive critical delay 4k,
an equivalence between AN U, , (o k) and the asymptotic behavior of the frequency-
sweeping curves at @ = w,, is proved, the general invariance property can be proved.

Particularly, for the time-delay system considered in this chapter, the asymptotic
behavior of the frequency-sweeping curves refers to their intersection with respect to
J1 at w = wg. More specifically, we know from Theorem 6.3 that ANU,, (Te.k) =
+1 (—1) if and only if the corresponding frequency-sweeping curve crosses 31 from
below to above (from above to below) and that AN Uy, (1o k) = 0 if and only if the
corresponding frequency-sweeping curve “touches” without crossing J1. It is worth
mentioning that the key lemma (Lemma 6.1) in developing the above results is an
extension of Theorem 15 in [64].

However, the above result will be invalid when the frequency-sweeping curves
may have multiple points at some critical frequencies. Such a situation will be encoun-
tered and studied in the next chapter. A more general description and discussion on the
asymptotic behavior of the frequency-sweeping curves will be proposed, providing
an embryonic form of the new mathematical framework of this book.

Most of the results of this chapter were reported in [72]. Some new materials are
added in Sects. 6.4-6.6.
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Chapter 7
Invariance Property for Critical Imaginary
Roots with Index n = 1

First of all, it should be emphasized that the invariance property for simple critical
imaginary roots has been proved in [97, 109]. However, as mentioned earlier, the
mathematical tool used therein is not applicable to general time-delay systems. In this
chapter, we will “revisit” the invariance issue for simple critical imaginary roots by
adopting the frequency-sweeping approach. In this context, some new perspectives
will be introduced and they will be crucial for confirming the general invariance
property in Chap. 8.

More precisely, we will equip the classical frequency-sweeping approach with a
new mathematical tool. First, we will point out that the frequency-sweeping curves
may involve multiple points if g > 1 and the existing results will be no longer valid
in this case. To cover the general case, we will introduce a new notation AN F, (wy)
to describe the asymptotic behavior of the frequency-sweeping curves. Next, we will
propose a new mathematical tool, the dual Puiseux series, and we will prove that the
value of AN F, () is fully determined by the dual Puiseux series. Finally, a useful
equivalence relation between the Puiseux series and the dual Puiseux series will be
found, based on which the invariance property can be proved.

Based on the new ideas proposed in Chap. 6 and this chapter, we will establish a
new frequency-sweeping mathematical framework in Chap. 8.

7.1 Preliminaries

Consider the time-delay system (1.1)

%) = ZAex(t —l1),

=0

with the characteristic function f (X, t) described by (1.3)
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SO T) =ao() +ai(Ne”™ + -+ +ag(Me 1™,

Without any loss of generality, suppose that the time-delay system (1.1) has u
sets of critical pairs (Ay, Tak), @ = 0,...,u — 1, k € N. As usual, we adopt the
common assumption that A = 0 is not a characteristic root. Otherwise, the system
(1.1) cannot be asymptotically stable for any ¢ > 0. As discussed in Chap. 1, the
asymptotic behavior of a critical imaginary root A, near a positive critical delay 7y x
can be simply described by using AN U;,, (to,x). The aim of this chapter is to confirm
the invariance property, under the following assumption:

Assumption 7.1 Assume that all the critical imaginary roots are simple.

In particular, the asymptotic behavior of a simple critical imaginary root may be
simply described by its crossing direction with respect to the imaginary axis Cy. Due
to the conjugate symmetry discussed in Remark 1.2, it suffices to consider only the
critical imaginary roots with nonnegative imaginary parts.

7.2 Embryo of New Frequency-Sweeping Framework

Concerning the general invariance property, we have two important observations
from the previous chapters:

(1) The technical line should be compatible with the Puiseux series.
(2) The frequency-sweeping curves are very useful as they are invariant with respect
to different critical delays.

We will seriously take the above two points into account in the subsequent study.

Although the time-delay systems (under Assumption 7.1) considered in this
chapter are still specific, we will find some new insights. Moreover, an embryonic
form of the new mathematical framework will be explicitly built.

7.2.1 Asymptotic Behavior of Simple Critical Imaginary Roots

The asymptotic behavior of a simple critical imaginary root corresponds to a Taylor
series, which can be regarded as a specific type of the Puiseux series.

Theorem 7.1 Consider a simple critical imaginary root Ay at a critical delay tq i
with the index g of system (1.1). For an infinitesimal perturbation At of t, the
variation of ., AL, subjects to the Taylor series in the form

Ar =) Ci(Ar), (7.1)
i=g
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where Cq # 0, Cg11, Cgy2, ... are complex coefficients.

Proof As f,. # 0 (condition automatically satisfied for a simple root), by the implicit
function theorem (see Appendix A), there exists a unique solution A(t), which is
analytic at 7y x with A(ty k) = Ay. Thus, near (Ay, 74 k), the asymptotic behavior

) .

subjects to a Taylor series AL = > C;(At)'. Furthermore, by the method given in
i=1

Chap.4,C1=...=Cg71=(), 0

7.2.2 Some New Angles for Frequency-Sweeping Curves

As seen in Chap. 6, the asymptotic behavior of the frequency-sweeping curves may
act as a reference object for addressing the invariance issue. In this chapter, we will
further study the related properties. Though the case studied in this chapter is also
specific (under Assumption 7.1), the frequency-sweeping curves may exhibit some
complicated characteristics (see Example 3.2).

It is worth mentioning that, in the case g > 1, the asymptotic behavior of the
frequency-sweeping curves cannot be described by the existing results. For this rea-
son, we now introduce a new notation.

Suppose (Aq, Ta.k), k € N, is a set of critical pairs (as usually assumed, A, 7# 0)
with the index g (having in mind that g is a constant with respect to different &, see
Property 1.2). There must exist g frequency-sweeping curves such that z; (jwy) =
7o = e~ 0% colliding with 31 when @ = w,. Among such g frequency-sweeping
curves, we denote the number of the frequency-sweeping curves when v = wy + €
(w = wy — &) above 31 by NF,, (wy + €) (NF,, (wy — €)). Introduce now a new
notation AN F, (wy) as

ANF,, (0g) 2 NF., (0q + &) — NF., (0q — €). (7.2)

Remark 7.1 1t is a very useful property that AN F,, (w,) is invariant with respect
to different critical delays. In addition, we may straightforwardly know AN F, (wy)
from the frequency-sweeping curves, simplifying thus the implementation of
the method.

A single frequency-sweeping curve may either cross 3; (from below to above or
the other way) or simply touch 3 (e.g., the frequency-sweeping curve is tangent to
31), at the critical frequency. Thus, if g = 1, AN F (wy) must be £1 or 0. However,
in the case where g > 1, g frequency-sweeping curves collide with 3| at v = wy
and AN F,, (wy) generally takes more possible values.

As mentioned in Sect. 3.2, we will address the frequency-sweeping curves from
a new analytic curve angle. If we let T € C, we may treat 7, ; as a g-multiple root
of f(A,7) =0when X = ,.
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Theorem 7.2 For a simple critical imaginary root A = Ay for T = Tok with the
index g of system (1.1), if A is imposed by an infinitesimal A\ at Ay, the variation of
T subject to f (A, ) =0, At, corresponds to the Puiseux series in the form

At = DA, (1.3)

i=1
where D1 # 0, Do, D3, ... are complex coefficients.

The proof is in the same line of the proof of Theorem 6.2 in Chap. 6 and, for the
sake of brevity, it is omitted. The Puiseux series of the form (7.3) will be called the
dual Puiseux series.

Remark 7.2 In the literature, the asymptotic behavior of the frequency-sweeping
curves has only been analyzed in the case g = 1, due to the limitations of the
adopted mathematical tools (e.g., computing the derivatives of the module of the
frequency-sweeping curves with respect to w, see, e.g., [21]). We will show that
the frequency-sweeping curves of general time-delay systems can be appropriately
treated by means of the dual Puiseux series.

The following property brings a new angle to study the asymptotic behavior of
the frequency-sweeping curves.

Property 7.1 For a simple critical imaginary root Ly = jwa, AN F, (wy) can be
determined by the dual Puiseux series (7.3):

ANF;, (0g) = NDGy 0 1)(+€)) = NDGy r0 1) (—EJ)s

where N D, v, ) (+€)) (N D, 7, ) (—€J)) denotes the number of the values in Cy
of the dual Puiseux series (7.3) evaluated when A\ = +¢j (AL = —¢j).

Proof To study the frequency-sweeping curves, we consider (7.3) with AA = =*¢j.
For a A\, we have g values of At from (7.3). By (1.4), near ® = wy, a corresponding
frequency-sweeping curve reflects the variation of |¢~"*| with |e~%k*e| = 1. As
Ao + Al is a positive imaginary number, [~ (Tak TAD Ra TAV | _ | o= Takre | > 0 (< 0)
if and only if the corresponding Im(At) > 0 (< 0).

Remark 7.3 Using Property 7.1, we can now study the frequency-sweeping curves
in an algebraic way (by means of the dual Puiseux series), such that the graphical
frequency-sweeping criterion will be applicable to general time-delay systems with
commensurate delays.

In Chap. 6, an equivalence relation between the asymptotic behavior of the critical
imaginary roots and the frequency-sweeping curves was found. In the sequel, we will
study if such an equivalence relation also holds when g > 1.
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7.3 Equivalence Relation Between Two Types
of Asymptotic Behavior

It is exciting that the equivalence relation between ANU,,, (t.x) and AN F,, (wg)
exists in the context of this chapter, as stated in the following theorem:

Theorem 7.3 For a simple critical imaginary root Ay at a positive critical delay
Tk, 1t follows that ANU,  (tqx) = AN F,, (wq).

Theorem 7.3 is based on analyzing the connections between the Puiseux series
(7.1) and the dual Puiseux series (7.3). This new idea will be used in the next chapter.
Detailed development of Theorem 7.3 is given in the following two subsections:

A useful property, extracted from Lemmas 3 and 4 in [64], is given below.

Property 7.2 For a complex number x # 0, the following results hold.

1
(M If (p+ 1)/2is even and x € C, then among the p values of x7, (p — 1)/2
ones lie in Cy. and (p + 1)/2 ones lie in C_. If x € C_, then the reverse is true.

1
) If (p+ 1)/2 is odd and x € C., then among the p values of x7, (p + 1)/2
ones lie in Cy and (p — 1)/2 ones lie in C_. If x € C_, then the reverse is true.

1
(3) If p is even and x ¢ R, then among the p values of x?, p/2 ones lie in Cy
and p/2 ones lie in Cy.

1
One may prove the property by simply analyzing the arguments of x 7.

7.3.1 Nondegenerate Case

We first consider the nondegenerate case with Re(Cg) # 0 in (7.1). Substituting
1
(7.3) into (7.1), we have that D; = (Cig)g.
If g is odd, AN U, (to.x) = +1(—1) if and only if Re(Cg) > 0 (< 0) in view of
1

| 1 . B N\ g
(7.1). For A) = +¢j, D1 (A))s = (g_g)g = (= (Re(TZ) |2““(Cg)”)g. According
© 8

to Properties 7.1 and 7.2, AN F;, (wy) = +1 (—1) if and only if Re(C,) > 0 (< 0).

1 oL o\ +
Remark 7.4 We may express (é—:) ! = %;g (=) and then analyze (%) ¢

using Property 7.2. Such a simple manipulation will also be used later.
If g is even, it is easy to see from (7.1) that AN U, , (to.x) = 0. We now consider
1 1 1
the term D1(AL)¥. For AL = %ej, D1(Ah)¢ = (g2)¢ has § values in Cy and §

values in Cy, by Property 7.2. Thus, according to Property 7.1, AN F,, (wy) = 0.
From the above analysis, we have:

Lemma 7.1 IfRe(Cy) # 0, Theorem 7.3 holds.
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7.3.2 Degenerate Case

‘We now consider the degenerate case, i.e., Re(Cy) = 0.! Without any loss of gener-

ality, suppose Re(Cg) = --- = Re(Cgqpr—1) = 0,Re(Cyypy) # 0.
1 .
By substituting (7.3) into (7.1), we know that D = (Clgﬁ, Di =ri1D},2 <
+M
i <M,and Dy = D‘g (M + rpy), where rq, ..., rp are real numbers. We

have the following two propertles

M i

Property 7.3 If g is odd, for A\ = +¢j, > D;(AL)¢ has gT_l values in Cy, %
i=1

values in Cy, and one real value.

Proof The property can be proved by the equation

M 1 M
i AN\ € AV
DA = (22 (== 7.4
,2:1 (An)s (Cg) +i§:2r I(Cg) (7.4)

The proof ends by noting that C, is an imaginary number. ]

Property 7.4 If g is even one of the following two cases must happen:

(1) For Ax = —¢j, Z D; (A)L)g has values in Cy, and & 5 values in Cy. For
i=1
M i
Al = +¢j, D Di(AX)¢ has % — lvalues inCy, % — 1 values in Cy, and two (one
i=1
negative and one positive) real values.
M

(2) For Ah = —¢j, > Di(Ak)f? has § — 1 values in Cr, § — 1 values in Cy,
i=1
M i
and two (one negative and one positive) real values. For AL = +¢j, > Di(A)\)¢
i=1
has § values in Cy and % values in Cy.
Proof In light of (7.4), case (1) (case (2)) happens if and only if C, is a positive
imaginary number (negative imaginary number). (]
According to Properties 7.3 and 7.4, we need to explicitly take into account the

1+M
term Dy (AX) ¢ when analyzing the dual Puiseux series (7.3):

M 1/ C AN P AN\ E
i M g g
A= D,»(Ax)wrg (— Z +rM) (c_g) +0((C—g) ).(7.5)
i=1

To summarize, we have the following result:

! Notice that “Re(Cq) = 07 is the degeneracy condition for the specific case where n = 1. The
general degeneracy condition will be presented in Appendix B.
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Lemma 7.2 IfRe(Cy) = 0, Theorem 1.3 holds.

Proof We need to consider the four possible cases (g + M is odd and g is odd, g + M
is odd and g is even, g + M is even and g is odd, and g + M is even and g is even)
separately. For the sake of brevity, we suppose that g + M is odd and g is odd in the
sequel. The other three cases can be studied by similarity.

According to (7.1), ANU,,(to.x) = +1 (=1) if and only if Re(Cgypy) > 0
(< 0). We now study At via the dual Puiseux series (7.3). We first assume that Cg
is a positive imaginary number. It follows from (7.4) that for AL = +¢j (—¢&j),

M i
> D;(A))¢ has gz;l values in Cy, % values in Cz, and a positive real value
i=1

(negative real value). We need to further consider the term Dy (AX) HTM . Observe
that 1 + M is odd if g+ M is odd and g is odd. In light of (7.5), for AL = +¢j (—¢j),
if Re(Cgpr) > 0, At has 14551 (£51) values in Cy. Similarly, for Ax = +ej
(—¢j),ifRe(Cgyp) < 0, AT has gT_l (l+gT_l) values in Cy . Thus, by Property 7.1,
ANU,, (tak) = AN F,, (wy) when Cy is a positive imaginary number. Analogously,
we can prove the result when C, is a negative imaginary number. Now the proof
is complete. ]

7.4 Invariance Property for Simple Critical Imaginary Roots

With the methodology described previously in this chapter, the invariance property
for the time-delay systems without multiple critical imaginary roots can be proved
in a new way.

Theorem 7.4 For a simple critical imaginary root Ay = jwy of the time-delay
system (1.1), it follows that for all the corresponding positive critical delays Ty i
(k € N),

ANU;,, (tas) = AN Fy, (0).

One may easily prove the result according to Theorem 7.3 and Remark 7.1.

In this chapter, we proposed a simple frequency-sweeping criterion. As we will
show in Sect.7.5 that the asymptotic behavior of all the critical pairs with posi-
tive critical delays can be directly known from the frequency-sweeping curves. No
calculation related to the analysis of the asymptotic behavior is required.

The most important contribution of this chapter lies in the introduced technical
line (description and analysis of the asymptotic behavior of the frequency-sweeping
curves, the dual Puiseux series, and the equivalence relationship ANUjy, (tek) =
ANF,,(wy)). Along this new technical line, we will establish a new frequency-
sweeping mathematical framework for general time-delay systems with commensu-
rate delays in the next chapter.
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Fig. 7.1 Frequency-sweeping results for a Example 7.1 and b Example 7.4

7.5 Illustrative Examples

We now give some illustrative examples. As the nondegenerate case with g = 1 is
relatively simple (see, e.g., [68]), it will not be discussed here.

Example 7.1 Consider the system in Example 4.1 with f (A, 1) = e 727 4 (—A5 —
30 —3a2 A +2)e ™ — 27 =245 —321% — 6% — 313 — 6. For this system, A = j
is a simple critical imaginary root with g = 1 for t = m, 37, 57, ... According to
Theorem 7.1, near A = j and t = m, 37, 57, .. ., the asymptotic behavior can be
expressed by the Taylor series AL = C1 At + Ca(AT)2 4+ C3(AT)3 + -+ . Thisisa
degenerate case as Re(C1) = Re(C2) = 0, Re(C3) > 0.

According to Theorem 7.4, we directly know from the frequency-sweeping curves
shown in Fig.7.1a that ANU;(t) = ANF_1(1) = +1 for all the critical delays.
This frequency-sweeping criterion considerably simplifies the analysis, since we do
not need to invoke the Puiseux series. (]

Example 7.2 Consider again the time-delay system treated in Example 3.2 with
fh, 1) = e 3 437274 4 3¢7 7 4 )3 — A2 4 A, for which the frequency-sweeping
curves have been given in Fig. 3.4. This system has three simple critical imaginary
roots A = j (t = 2k+ 1)) with g = 3, L = 1.0433j (v = 2.5228 + 2kw/1.0433)
with g = 1, and A = 1.6791j (v = 2.9051 + 2kn/1.6791) with g = 1. For the
critical imaginary roots A = 1.0433;j and A = 1.6791}, it is easy to know the
corresponding crossing directions (both from C_ to C_ ) by using Theorem 8.5 (the
method in [70] also applies as g = 1).

Consider now the critical imaginary root A = j. The existing frequency-sweeping
methods are not applicable as g = 3. According to Theorem 7.4, we know the
corresponding crossing direction (from C; to C_)as ANF_1(1) = —1.

For 7 = 0, the system has two (unstable) roots 1.2442 £ 1.7764j. We can now
precisely know NU (7), see Fig.7.2. ]
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Fig. 7.3 Frequency-sweeping result for Example 7.3. a Frequency-sweeping curves for 0 < w <
1.4. b Zoomed-in figure near w = 1

Example 7.3 Consider the system in Example 4.2 with f(A, 1) = e ™2™ — (A% —
De™™ 4+ 10 — A5 + 1 + 2, where A = j is a simple critical imaginary root with
g = 2 for t = (2k 4 1)r. The frequency-sweeping curves are shown in Fig.7.3.
According to Theorem 7.4, the critical imaginary root j touches without crossing Cq
as 7 increases near each corresponding critical delay. To verify the result, we now
invoke the Puiseux series. All the critical pairs (j, (2k + 1)7) correspond to a same
Puiseux series AL = 7]2702] (AT)?40((A7)?) (thisisa special case as f) = —4-+8j
for all the critical pairs (j, (2k + 1)7)), which is consistent with our analysis. [

Finally, we present an interesting example, where a simple critical imaginary root
has multiple sets of critical delays. This case may lead to a confusion with the case
of multiple critical imaginary roots. We will show that such a confusion can be easily
avoided and the results proposed in this chapter are still applicable.
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Example 7.4 Consider a time-delay system with f (A, 7) = e 2"+ (A> + 1)e ™ +
A% — 2. For this system, A = j is a simple critical imaginary root with g = 1 for
botht =0,27,4m,...and t = 7, 37w, 57, ...

Observe the frequency-sweeping curves (Fig.7.1b). Although two frequency-
sweeping curves simultaneously collide with 3| atw = 1, they correspond to two sets
of critical delays as they correspond to two sets of critical pairs (j, T = 0, 27, 4w, ...)
and (j, t = m, 3w, 57, ...).

For the former critical pair "™ = 1, while for the later critical pair e ™™ = —1.
Thus, the two frequency-sweeping curves corresponding to two sets of critical pairs
can be easily distinguished, as depicted in Fig.7.1b. In addition, using the notation
defined earlier, we have that AN F1 (1) (AN F_1(1)) corresponds to the critical pairs
(j,t=0,2m,4m,..) ((j,t =m, 37, 5m,...)). |

T

7.6 Notes and Comments

In this chapter, we studied the invariance property for time-delay systems with only
simple critical imaginary roots. Though this property has already been proved, we
introduced some new ideas that will play a crucial role in confirming the general
invariance property.

First, we introduced a new notation AN F7, (wy) in order to describe the asymp-
totic behavior of the frequency-sweeping curves. Then, we proved that the value of
ANF;, (wy) can be fully determined by the dual Puiseux series. Furthermore, we
found the equivalence relation that AN U, (to k) = AN F, (wy) through analyzing
the Puiseux series and the dual Puiseux series. Finally, the invariance property was
proved based on the fact that AN F,, (wy) is a constant with respect to different
critical delays.

The above ideas provide a preliminary scheme for confirming the invariance
property in the general case where both the indices n and g for a critical pair are
allowed to be greater than 1. Motivated by the results in Chap. 6 and this chapter, we
will study if the equivalence relation ANU,,, (t4,k) = AN F,, (wy) is satisfied for
general time-delay systems with commensurate delays. If so, the general invariance
property will be naturally confirmed. To this end, the current mathematical framework
will be further improved in the next chapter.

Some of the ideas proposed in this chapter can be found in [67]. However,
in that paper the proof was not given and the notation ANU,,(74) was not
explicitly adopted.


http://dx.doi.org/10.1007/978-3-319-15717-7_6

Chapter 8
A New Frequency-Sweeping Framework
and Invariance Property in General Case

In Chaps. 6 and 7, we proved the invariance property for two specific types of time-
delay systems and proposed an embryonic form of the new frequency-sweeping
mathematical framework.

In this chapter, we will further discuss the results of Chaps.6 and 7 and a more
sophisticated frequency-sweeping methodology will be established. With this new
frequency-sweeping framework, the invariance property for general time-delay sys-
tems with commensurate delays will be eventually confirmed.

8.1 Preliminaries

Consider the time-delay system (1.1)

5(t) = ZAgx(t —01),

£=0

with the characteristic function f (A, t) given by (1.3)
FOuT) = ap) +ar(Me”™ + -+ ag (Ve 1™,

As usual, we adopt the trivial assumption that & = 0 is not a characteristic root.

Inspired by Chaps.6 and 7, we find that the frequency-sweeping curves have
a close relationship with the asymptotic behavior of the critical imaginary roots. In
addition, in Chap. 7, anew idea for studying the frequency-sweeping curves (studying
the asymptotic behavior of the frequency-sweeping curves by means of the dual
Puiseux series) was adopted, from which some useful algebraic properties regarding
the frequency-sweeping curves can be obtained. In the sequel, we will build a new
frequency-sweeping framework as our mathematical tool to address the invariance
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issue for general time-delay systems with commensurate delays, based on its embry-
onic form proposed in Chap. 7.

8.2 Constructing a New Frequency-Sweeping Framework

As pointed out in Chap. 3, the asymptotic behavior for a critical pair (Ay, 7o k) 1S
determined by the equation F(, ¢, ) (AX, AT) = 0, where F, ¢, ) (AL, AT) is a
convergent power series given in (3.6). For simplicity, when no confusion occurs, we
usually omit the subscript “(Ay, Ty x)”. It follows that ord(F (AA, 0)) = nat AL =0
and ord(F (0, At)) = g at At = 0. As discussed in Sect. 3.1.3, without any loss of
generality, F(AA, At) can be decomposed as (3.7):

v
F(AL, AT) = U(AX, AI)HFI(AA, A1),
=1

where, in a sufficiently small neighborhood of (0, 0) € CZ F(Ar, ADYA=1,...,v)
are irreducible and U (0, 0) # O in the ring of convergent power series. For each
Fi(AM, At), ord(F;(AA, 0)) at AL = 0 and ord(F;(0, At)) at At = 0 are denoted
by n; € Ny and g; € N, respectively. Itis true thatn = >, njand g = >/_; .
Note that, in the right-hand side of (3.7), repeated Fj(AX, At) are allowed and,
according to Property 3.1, neither (AL)* (¢ € N.) factor nor (A7)P (B € N;)
factor appears.

We now present a useful property concerning the Puiseux series solutions for an
irreducible power series equation.

Property 8.1 Let ®;(y, x) isanirreducible power seriesinx € Candy € C, which
is convergent in a small neighborhood of the point (x = 0, y = 0) with @;(0, 0) = 0.
Denote by ordyy, (ordyy ) the value of ord(®; (y, 0)) aty = 0 (ord(®; (0, x)) atx = 0).
All the y-roots for @;(y, x) = 0 can be expressed by a conjugacy class of Puiseux
series “s” with the general form

00 i
ordp,,
s = E Cix ",

i=ordyy
where C; are complex coefficients.

Proof As @;(y, x)isirreducible, the equation @ (y, x) = 0 determines a conjugacy
class of Puiseux series (Proposition 2.2.1 in [15]). From @ (y, x), the polydromy
order and the initial term of this Puiseux series can be derived. First, by Corollary 1.8.5
in [15], the polydromy order is ordy,. Next, the first exponent must be gg{j (see
Exercise 11.3.1 in [91]). The general expression of the Puiseux series is hence
obtained. (]
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We are now in a position to give the general form of the Puiseux series for a
critical pair for the time-delay system (1.1).

Theorem 8.1 For a critical pair (Ay, To k) with the indices n and g, the asymptotic
behavior corresponds to v (counted with multiplicities) Puiseux series

o i
PS|: A= > Ci(At)m,

i=g1
(8.1)
o0 i
PS,: Ar = > Ci(Ar)™w,
i=gy
where Cy;, ..., C\; are complex coefficients with Cjg; #0 (1 =1,...,v), n; € Ny

and g € Ny satisfy thatny +---+n, =nand g1+ ---+ g, = g

Proof First, in view of the factorization form (3.7) and Property 8.1, there are totally
v (counted with multiplicities) Puiseux series PS; (I = 1,...,v) and each PS;
is determined by the equation F;(AA, At) = 0. Next, for each PS; the general
form is known according to Property 8.1. The general expression (8.1) is hence
obtained. O

The frequency-sweeping approach has been largely applied in studying the stabil-
ity of time-delay systems, see [20, 39, 64, 114], and the references therein. However,
its application to the complete stability analysis of general time-delay systems has
not been reported. In Chaps. 6 and 7, some new ideas were introduced concerning the
frequency-sweeping curves. In the sequel, we will extend these ideas to the general
case and establish a new frequency-sweeping framework.

As proposed in Chap. 7, we consider how t varies in C with respect to A (o is
viewed as a g-multiple root for f(A, ) = 0) and, consequently, the dual Puiseux
series is introduced for describing such asymptotic behavior. Similar to the Puiseux
series, we have v (counted with multiplicities) dual Puiseux series as well, determined
by F1(AXx, A7), ..., F, (AL, A7), respectively. Although the idea of dual Puiseux
series seems to be a little abstract since At € R for a practical system (At € C
when considering the dual Puiseux series), it will give rise to a series of important
properties for addressing the general invariance property. A fundamental feature of
the new frequency-sweeping framework is given below.

Theorem 8.2 For a critical pair (Ay, To k) With the indices n and g, each Puiseux

o0 i
series PS; : Ah = D> Cii(Ar)™ (Cig, # 0, 1 <1 < v) corresponds to a dual
i=g
1 . .
Puiseux series DPS; : At = > Dj;(AA)3t, where Dy; are complex coefficients

i=ny

with Dy, # 0.

Proof By using the same idea as for the proof of Theorem 8.1, we may obtain the
general expression of the dual Puiseux series. O
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By Theorems 8.1 and 8.2, for a critical pair (A, T k), We have a group of Puiseux
series (8.1) as well as a group of dual Puiseux series:

o0 i
DPS; : At = > Dyi(AN)7,

i=n)

(8.2)

x i
> Dy (AX)®.

i=n,

DPS, : At

The above dual Puiseux series group (8.2) has an important connection with
ANF,, (wy) (ANF,, (wy) was defined in (7.2) for describing the asymptotic behavior
of the general frequency-sweeping curves):

Property 8.2 For a critical pair (Ay, To k) with any indices n and g, it follows that
ANF,,(wa) = ND(p,,700)(+€]) — ND(y 7 1) (—€J),

where ND ., 7, ) (+€)) (ND(y 7, 1) (—€])) denotes the number of the values in Cy
of the dual Puiseux series (8.2), evaluated when Al = +¢j (AL = —¢j).

Property 7.1 (with the constraint n = 1) can be straightforwardly extended to
Property 8.2 (with any index n), since the information on #n is not explicitly used in
the development of Property 7.1.

Now we have equipped the “classical” frequency-sweeping approach with a new
mathematical tool (we study the asymptotic behavior of the frequency-sweeping
curves in terms of the dual Puiseux series) and, consequently, we establish a new
frequency-sweeping framework, as depicted in Fig. 8.1.

A very useful property of the frequency-sweeping framework is that ANF;, (wy)
is independent of different critical delays in light of (1.4). Therefore, the remaining

Fig. 8.1 Scheme of the new
frequency-sweeping Asymptotic behavior of Asymptotic behavior of
mathematical framework critical imaginary roots frequency-sweeping
curves
described described
by by
ANU, (z,,) ANF, (@,)
determined an determined
by equivalence v by
relation is
Puiseux series < found Dual Puiseux series
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task in verifying the general invariance property is to see if the equivalence relation
ANU,,, (ta.x) = ANF,, (wy) holds for general time-delay systems with commensu-
rate delays.

8.3 Proving General Invariance Property

In the sequel, we will prove the general invariance property. First, we will prove the
invariance property for the case where the critical imaginary root involves only one
conjugacy class of Puiseux series. Next, we will generalize the result to the case of
any number of conjugacy classes of Puiseux series.

8.3.1 Critical Imaginary Roots with One Puiseux Series

In this subsection, we adopt the following assumption:
Assumption 8.1 Assume that a critical pair (Aq, Ty k) has only one Puiseux series.
The following property follows straightforwardly from Theorems 8.1 and 8.2.

Property 8.3 For a critical pair (Ay, To k) satisfying Assumption 8.1, we have the
following Puiseux series

A= Ci(aD)r, (8.3)
i=g

as well as the following dual Puiseux series

At =3 Di(An)*, (8.4)

i=n
where C; and D; are complex coefficients with Cy # 0 and D,, # 0.

Theorem 8.3 Fora critical pair (Ay, Tox > 0) with any indices n and g, if Assump-
tion 8.1 holds, it follows that:

ANU,, (ta k) = ANF; (). (8.5)
The proof is given in Appendix B.
To summarize, under Assumption 8.1, the invariance property holds.

Theorem 8.4 For a critical imaginary root Ay, if Assumption 8.1 holds for all the
critical pairs (Ay, T,k > 0), ANU}, (to k) is a constant ANF, (wg) forall Ty > 0.

Proof By using Theorem 8.3, the proof can be completed as ANF,, (w,) is inde-
pendent of different 7 4. O
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8.3.2 Critical Imaginary Roots with Multiple Puiseux Series

Without any loss of generality, when Assumption 8.1 is removed, we let a critical
pair (Ay, Ty k) have v pairs of Puiseux series and dual Puiseux series:

o0 i
PS;: AL = > Cii(Ar)™,

l:g;o ) [ = 1, cea, Ve (86)
DPS; : At = > Dji(AM)#,

i=n;

We call the Puiseux series PS; together with the dual Puiseux series DPS; as
expressed in (8.6) the Ith dual Puiseux series pair.

Based on the decomposition (3.7), we can extend Theorem 8.4 to the general case
as follows:

Theorem 8.5 For a critical imaginary root Ay of the time-delay system (1.1), it
always holds that ANU,,, (T4 k) is a constant ANF, (wg) for all 7o x > 0.

Proof For a critical pair (Ay, T k), all the v dual Puiseux series pairs are deter-
mined by F(AA, At) (3.6). Furthermore, in light of (3.7), the /th dual Puiseux
series pair is determined by F;(AA, At). Now, denote by ANU; ; (Ta,k) the number
change of the values of the /th Puiseux series in C; as t increases from 7, x — ¢
to Ty + &. Similarly, denote by ANF; , (wy) the number change of the values
of the /th dual Puiseux series in Cyy as A varies from (wy — €)j to (wy + €)j.
As each Fj(AX, At) corresponds to one conjugacy class of Puiseux series, in the
same spirit of Theorem 8.3, ANU; ; (tax) = ANF; ; (wy),l = 1,...,v. Since
ANUy,, (ta ) = D0y ANU 5, (tax) and ANF,, (0g) = 3 ANFy ., (), the
result (8.5) follows. As a consequence, the proof is completed by noting that
ANF,, (wy) is invariant with respect to k. (]

We have proved the invariance property for general time-delay system with com-
mensurate delays (1.1), using the new frequency-sweeping framework proposed in
this book. Now, we are able to systematically solve the complete stability problem
(see the next chapter).

8.4 Illustrative Examples

We have presented some illustrative examples on the invariance property. In
Example 1.6, all critical imaginary roots are with n = g = 1. In Chap. 6, the critical
imaginary root considered in Example 6.1 is with n = 3 and g = 1 and the critical
imaginary root considered in Example 6.2 with n = 2 and g = 1 corresponds to a
degenerate case. In Chap. 7, some examples for the degenerate cases withn = 1 and
g > 1 are presented. In the sequel, we illustrate the cases where n > 1 and g > 1
by some numerical examples.
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Example 8.1 Consider the time-delay system studied in Example 5.1 with f(A, t) =
e 3T — 3e72Th 4 37T )% 4 222, The frequency-sweeping result is shown in
Fig.8.2a (there are three frequency-sweeping curves where two of them above 3
coincide), from which we detect two critical imaginary roots A = j (with the critical

delays 2kmr) and A = 1.9566 (with the critical delays A0,

1.9566
The root A = 1.9566; is simple for T = (21]_‘9226”. From Fig.8.2a, we see that

ANF_1(1.9566) = +1. Thus, according to the invariance property (Theorem 8.5),
ANU| 9566 J((Zlk;;&”) = +1 for all £ € N. To verify such a result, we may choose
a critical delay and invoke the Puiseux series. For instance, near (1.9566j, 1.6056),
the Puiseux series is AL = (0.6036 — 0.5253j)At + o(Art), indicating that
ANU| 9566/ (1.6056) = +1. The analysis is also consistent with the root loci, see
Fig.5.1.

The root A = j is double for t = 2km, with fy; = —8.00, f; = frr = 0,
fir = 0,and f;3 = 6.00j (i.e, n = 2 and g = 3) for all k € N. Therefore,
for any critical pair (j, 2km) (k € N), the Puiseux series is (5.1). It is seen from
the frequency-sweeping curves that ANF(1) = 0. Thus, by the invariance property
(Theorem 8.5), ANU ; (2kmr) = Oforall k € N, which s consistent with the Puiseux
series analysis as well as the root loci near (j, 277) shown in Fig. 8.2b. ]

Example 8.2 Consider a time-delay system with the quasipolynomial f (A, 1) =
>0y ai()e i where ag(h) = A + 213 + 502 + 40+ 4, a1 (M) = 51 + 1002 +
151 + 10, ax (M) = 423 4+ 1407 + 240 + 14, a3(1) = A3 + 1122 4+ 210 + 11,
as(A) = 522 4+ 10A + 5, and as(A) = A% + 21 + 1.

The frequency-sweeping result is shown in Fig.8.3a. Five sets of critical pairs
are found': (0.7266, 5.1884 + ;22-), (0.8753,2.9402 + 522-2), (j, w + 2km),

7266 8753
2km 2k
(3.0777j,0.4083 + T 0777) and (5.9358, 0.1577 + 3 9358)
(@ 4 (b) 1.0
35 1.008
3 1.006 ‘\\
L 25 1.004 «
&, I 1002 o
ol E 1 e rnci’
= 18 0.998 y'/ el
! 0.996} ¢ B
0.5 09941
0 ‘ ‘ ‘ s ‘ 0.992
0 0.5 1 15 2 25 4 2 0 2 4 6 8 10 12
® Re()) x10°

Fig. 8.2 Frequency-sweeping curves and root loci for Example 8.1. a Frequency-sweeping result.
b Re(A) versus Im(A)

1 Although p(A = 0,z = —0.5 £ 0.866) = 0 with |z| = 1, according to Remark 1.9, A = 0 is,
however, not a critical imaginary root.


http://dx.doi.org/10.1007/978-3-319-15717-7_5
http://dx.doi.org/10.1007/978-3-319-15717-7_5
http://dx.doi.org/10.1007/978-3-319-15717-7_5
http://dx.doi.org/10.1007/978-3-319-15717-7_1

80

8 A New Frequency-Sweeping Framework and Invariance Property in General Case

@ » (b) 1.002

1.8 1.0015

1.6

4 1.001 o
© 1.0005 v
= 12 <
P =4 1 <
- 08 = ~
08 0.9995 ;2 T

04 0.999 A T

0.2 0.9985 /// \\\

0 0.998 .

8 2 15-1 05 0 05 1 15 2

Re()) x10°

Fig. 8.3 Frequency-sweeping curves and root loci for Example 8.2. a Frequency-sweeping result.
b Re(A) versus Im(A)

We study the critical pairs (j, w + 2k) (the asymptotic behavior of the others is
relatively simple). For all k € N, the indices are n = 2 and g = 5. By Theorem 8.5,
from the frequency-sweeping curves, ANU;((2k + 1)m) = +1 for all k € N. We
next verify this result. The Puiseux series for (j, (2k + 1)) consists of two Taylor
series

AL = (0.5 —0.5))(A1)? 4+ 0((AT)?), .7
Ak = (0.540.5/)(A1)? + o((AT)3). :
We also give the root loci near (j, ) in Fig. 8.3b. O

Remark 8.1 Ttis worth mentioning that, for both Examples 8.1 and 8.2, the invariance
property can be analytically proved from the Puiseux series owing to a nice feature
that for both examples the first-order terms of the Puiseux series (5.1) and (8.7) are
invariant with respect to different & (this feature is not always satisfied as generally
a Puiseux series varies with respect to k).

8.5 Notes and Comments

In this chapter, we established a new frequency-sweeping mathematical framework,
based on its embryonic form proposed in Chaps.6 and 7. Using this frequency-
sweeping framework, we confirmed the invariance property for general time-delay
systems with commensurate delays. The skeleton of the work presented in this chapter
can be found in [66, 74] (see also [73]).

With the aid of the general invariance property, some exciting results (the explicit
expression of NU (t), the ultimate stability property, and a unified approach for the
complete stability problem) will be derived in the next chapter.
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Chapter 9
Complete Stability for Time-Delay Systems:
A Unified Approach

With the aid of the general invariance property, proved in Chap.8, we focus now
on the complete stability problem for time-delay system (1.1) with commensurate
delays.

In order to thoroughly solve the complete stability problem, we will first study
the so-called ultimate stability problem, which has not been fully investigated so
far. Next, we will present the explicit expression of NU(t) for general time-delay
systems. We will see that the complete stability problem (which consists in solving
both Problems 1 and 2) can be systematically solved by the frequency-sweeping
approach proposed in this book.

9.1 Ultimate Stability Property

As introduced in Chap. 5, it is necessary to understand the way the spectrum of time-
delay system (1.1) behaves as t — oo (equivalently, to know lim NU(t)). Such a
T—>00

problem, called the ultimate stability problem, has only been studied for some specific
time-delay systems (see Theorem 1 in [21] for a simple form of quasipolynomials).
In this section, we will further characterize the ultimate stability problem. First, a
core result will be presented in Sect. 9.1.1. Then, we can classify time-delay systems
from the viewpoint of the ultimate stability property (see Sect.9.1.2). Finally, in
Sect.9.1.3, the delay-independent cases will be discussed.
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9.1.1 Characterizing Some Limit Cases

As the time-delay system (1.1) is of retarded type, the characteristic function f (A, 7)
(1.3) satisfies that the degree of ap (1) is greater than the degrees of aj (1), ..., az(1).
Therefore, we have the following property:

Property 9.1 The frequency-sweeping curves of time-delay system (1.1) satisfy
lim |z;(jw)| =+4o00,i=1,...,q.
w—>—+00

Notice that we do not need to distinguish the g frequency-sweeping curves though
we have multiple choices to label them. It is important to point out that, due to the
invariance property, different choices do not affect the stability analysis.

A critical frequency w,, is called a crossing (touching) frequency for a I'; (w), if
TI'; (w) crosses (touches without crossing) J1 as w increases near wy . If a I (w) crosses
31, we denote the crossing frequencies by w; 1, w; 2, ... with w;1 > wj2 > ---.
By Property 9.1, at the crossing frequencies w;, , where p are odd, I} (w) crosses Ji
from below to above (the number of such intersections is denoted by Nyqq,;), while
at the crossing frequencies w; , where p are even, I; (@) crosses I from above to
below (the number of such intersections is denoted by Neyep,i). It must be true that
either Nodd,i = Neven,i or Nodd,i = Neven,i + L.

In the case ¢ = 1 (the system has only one frequency-sweeping curve), if the
system has crossing frequencies, then NU(t) increases more frequently on average
than it decreases as t increases from +e¢, following the discussions in [21].

Lemma 9.1 If g = 1 and the frequency-sweeping curve has a crossing frequency,
there exists some delay value T such that the time-delay system (1.1) is unstable for
all T > v and lim NU(t) = o0

T—>00

Next, we extend the result of Lemma9.1 to the case with any q.

Theorem 9.1 If the frequency-sweeping curves have a crossing frequency, there
exists some delay value T such that the time-delay system (1.1) is unstable for all
T > t*and lim NU(t) =

T—>00

Proof Due to Theorem 8.5, we may equivalently consider a time-delay system with

the characteristic function f(k, T) = ﬁ ﬁ(k, T) = ﬁ (7™ + ¢; (1)) satisfying:
i=1 i=1
(a) each ¢; (1) is an analytical function and (b) the frequency-sweeping curve for
each fi()», 7), denoted by ﬁ(w), has the same crossing frequencies of I;(w). By
Lemma6.1, the asymptotic behavior of the critical imaginary roots for fih, 1) =0
satisfies the invariance property and can be fully mirrored by I (). Therefore,
f (A, 7) and f (A, 7) have the same number change of unstable roots as 7 increases
from +¢. If I;(w) has a crossing frequency, similar to Lemma9.1, f,(k 7) has
infinitely many unstable roots as T — 4-00. Since the union of the characteristic
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IOOts : for ﬁ (A, ) (@ =1, ..., q)constitutes the spectrum of f (A, 7), the result holds
for f(1, t)aswellas f(A, 7). [l

From Theorem 9.1 we have an important conclusion that once the time-delay sys-
tem (1.1) has crossing frequencies, the system will become “more and more unstable”
(the value NU(t) > 0 denotes the instability degree [85]) as T — oo. Although this
conclusion seems natural, it has not been rigorously proved in the literature.

Theorem 9.1 is the core result for the ultimate stability problem, with which we
will obtain a macroscopic understanding of time-delay systems, from the stability
point of view.

9.1.2 Classification

With the remarks and results above, we can now categorize all time-delay systems
according to the ultimate stability property, as follows:

Theorem 9.2 A time-delay system (1.1) must fall in the following three types:

Type 1: The system has crossing frequencies and lim NU(t) = oo.
T—>00

Type 2: The system has neither crossing frequencies nor touching frequencies and
NU(t) = NU(0) forall t > 0.

Type 3: The system has touching frequencies but no crossing frequencies and NU(t)
is a constant for all T > 0 except for the critical delays.

One may easily prove Theorem9.2 according to Theorem9.1 and the root con-
tinuity argument for time-delay systems. Time-delay systems of Type 1 are often
encountered in the literature and will be seen in Sect.9.3. Time-delay systems of
Type 3 can be found in Example 4 in [70] (simple critical imaginary root case) and
Sect.3 in [54] (a double critical imaginary root case). A time-delay system of Type
2 must be either asymptotically stable or unstable independently of delay. We will
discuss this type of time-delay systems specifically in the next subsection.

9.1.3 Delay-Independent Stability (Instability)

Time-delay systems of Type 2 are called hyperbolic independently of delay [45]. For
atime-delay system of Type 2, it exhibits the well-known delay-independent stability
if NU(0) = 0. It is easy to have that NU(0) = O for the time-delay system (1.1) if
and only if all the eigenvalues of "', A, are located in C_. The delay-independent
stability has been extensively studied in the literature, see [20, 22, 23, 49, 55]. If
NU(0) > 0 for a time-delay system of Type 2, this system is unstable independently
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Fig. 9.1 Frequency-sweeping curves and root loci for Example9.1. a Frequency-sweeping result.
b Re(A) versus ©

of delay’ (i.e., this system is unstable forall T > 0). We present now such a time-delay
system.

Example 9.1 Consider the time-delay system
x(t) = Aox(t) + A1x(t — 1),

with

A _ (56035 -3.2483Y | (—7.9037 ~7.4422
0=\ 2.1573 4.8251 ) 1=\ 0.9908 —0.2954 ]

When 7 = 0, the characteristic roots of this system are 1.1148 £ 4.6897 j. Thus,
NU(0) = 2. This system has no critical imaginary roots, which can be verified by the
frequency-sweeping result given in Fig.9.1a. Therefore, for this system, NU(t) =
NU(0) = 2 for all T € [0, oo). The root loci for this system are given in Fig.9.1b,
illustrating thus the analysis. (]

In the sequel, we give some complementary discussions regarding the effects
of the system matrices. For simplicity, we consider a time-delay system x(z) =
Aox(t)+ Ax(t — 1) as studied in Example 9.1. A straightforward property is already
mentioned in this book that the system is asymptotically stable when r = 0 if and
only if the matrix Ag + A is asymptotically stable (i.e., all the eigenvalues of the
matrix Ag + A are in C_). Another necessary condition for the delay-independent
stability is the asymptotic stability of the matrix Ag. We now discuss it through
referring to a delay-independent stability theorem reported in [20].

1 It is worth mentioning that a delay-independently unstable system is not necessarily delay-
independently hyperbolic (see Example9.2).
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Theorem 9.3 A time-delay system x(t) = Aox(t) + A1x(t — v) is asymptotically
stable independently of delay if and only if

(i) Ao is asymptotically stable,
(ii) p((jwl — Ag)"'A}) < 1,V > 0, and
(iii) either
(1) p(Ay'A1) < 1or
(2) p(Ay' A1) = 1 and det(Ag + A) # 0.

For the system in Example 9.1, conditions (ii) and (iii) of Theorem 9.3 are met.
However, condition (i) is violated (the eigenvalues of Ag are 5.2143 +2.6184j, i.e.,
Ap is unstable). One may notice that the conditions (ii) and (iii) of Theorem 9.3 are
equivalent to the frequency-sweeping test used in this book. For the time-delay system
in Example 9.1, the matrix Ao is the key factor affecting the stability property (delay-
independent stable or unstable). In addition, some discussions on the spectrum of the
matrix Ag — A and its link with the delay-independent stability can be found in [92].

9.2 A Unified Approach for Complete Stability

We now present the steps of the new frequency-sweeping approach, a unified
approach for studying the complete stability problem.

Step 1: Generate the frequency-sweeping curves, through which we can detect all
the critical imaginary roots and the corresponding critical delays.

Step 2: For each critical imaginary root A,, we may choose any positive critical
delay 74,k to compute ANU,,(74,k) (the value is denoted by U, ). Alter-
natively, we may directly have from the frequency-sweeping curves that
U,, = ANF,,(wq), according to Theorem 8.5.

Step 3: Compute NU(+¢) (by Theorem5.1).

With the steps above, we obtain the explicit expression of NU(t) for the time-delay
system (1.1), as stated in the following theorem.

Theorem 9.4 For any © > 0 which is not a critical delay, NU(t) for the time-delay
system (1.1) can be explicitly expressed as

u—1
NU(t) = NU(+¢) + D NUy (1), ©.1)

a=0
where

0,7 < 140,

NUu(7) = { if 70,0 # 0,
A

T—T4.0
2n/wa-‘ , T > To 0
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0,7 <711,

NUy (1) = |— if 74,0 =0.
Ao

T—Tq,1
27r/wa 9T>TO[,17

Proof Since ANU,,, (tq,k) is a constant U, , for all k € N with 7, 4 > 0 due to the
invariance property as stated in Theorem 8.5, NU(t) can be expressed by the closed
form (9.1). (Il

Now we have proposed a systematic approach (a new frequency-sweeping frame-
work) to solve the complete stability problem. The time-delay system (1.1) is asymp-
totically stable for the domain of T with NU(t) = 0 excluding the critical delays. In
addition, according to Theorem 9.2, the ultimate stability property is known.

Remark 9.1 In the literature, similar results have only been obtained for some spe-
cific time-delay systems, see [21, 97, 122]. The analysis and design of a general
time-delay system have long been considered rather involved. In our opinion, the
explicit form of NU(t) (9.1) may help to simplify the existing analysis and design
procedures for time-delay systems and open some new perspectives in this domain.

Remark 9.2 For fixed delay parameters, some interesting formulas for counting the
number of unstable roots have been reported in the literature, see [48, 52, 112], which
are in a substantially different line (argument principle-based methods) compared
with the T-decomposition one adopted in [21, 97, 122], and this book. However, in
our opinion, it is not easy to apply the formulas in [48, 52, 112] to the complete
stability problem discussed in this book (specifically, it is difficult to apply them to
achieve the “NU(t) versus t” plot) since one explicitly needs to know the critical
pairs and the corresponding asymptotic behavior.

9.3 Illustrative Examples

In the sequel, the examples considered in Chap. 8 are completely solved in the context
of the complete stability.

Example 9.2 Go on with the analysis in Example 8.1, for which the characteristic
functionis f(A, T) = e 37 —3¢727* 43¢~ 7 4 1* 4+ 212, The frequency-sweeping
result has been given in Fig. 8.2a (there are three frequency-sweeping curves where
two of them above J; coincide). From the frequency-sweeping result, we detect two
critical imaginary roots Ao = j (with the critical delays 2km)and A1 = 1.9566; (with
the critical delays (21%9—‘;16)6ﬂ ). The root & = 1.9566 is simple for t = (21]‘(9—216)6]1 and the
root A = j is double for t = 2k . In fact, we do not need to know the multiplicities
of the critical imaginary roots and further information. According to Step 2 we may
directly know that U; = 0 and U;.9566; = +1. When T = 0 this system has multiple
critical imaginary roots. We need to first compute NU(+¢) using Theorem5.1. This
task has been finished in Example 5.1 with the result NU(+¢) = +2.
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By Theorem 9.4, we have the explicit expression of NU(t) for any t other than
critical delays:
NU(t) =2+ NU|(7),

where
0,7 < 1.6056,

NU(T) =

2U1.9566 ’71’;]216?356] , T > 1.6056.

The plot of NU(t) is shown in Fig.9.2a. Finally, we have that NU(t) — oo as
T — 00 by Theorem9.1, which is illustrated by Fig.9.2a. This system is unstable
for all T € [0, oo) without being delay-independently hyperbolic. ([

Example 9.3 Consider the system of Example8.2 with the characteristic func-
tion f(A, 1) = 35 gai(Me '™, where ag(h) = A* + 203 4+ 522 4 44 + 4,
air(A) = 503 + 1042 4+ 154 + 10, ax(A) = 413 + 1422 + 24% + 14, a3(A) =
A4 112 4210 + 11, ag (M) = 522 + 104 + 5, and as(L) = A> 4+ 21 + 1. The
frequency-sweeping curves are given in Fig. 8.3a. Five sets of critical pairs are found:
(Ao = 0.7266], To.x = 5.1884 + 22), (A = 0.8753), 71 ¢ = 2.9402 + 2Z-),
(A2 = jotax = 7+ 2kn), (A3 = 3.0777j, 135 = 0.4083 + 122y and
(A4 = 5.9358j, 14 = 0.1577 + 529]‘3’28) We may directly have from the frequency-
sweeping curves that Uy 7266; = —1, Upg753; = —1, Uj = +1, U3 9777;= +1, and
Us.9358j = +1. All the characteristic roots when 7 = Oliein C_. Thus, NU(+¢) = 0,
according to Theorem5.1.

According to Theorem 9.4, for a t which is not a critical delay, we have

4
NU(t) = > NUqy(1),

(a)=0 (b) 6o
18 1
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Fig. 9.2 NU(7) for Examples9.2 and 9.3. a Example 9.2. b Example 9.3
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where
0,7 <5.1884,
NUy(z) = o
2U0.7266 (W-‘ , T > 5.1884,
{ 0,7 < 2.9402,
NU(7) =
2Wog1s37 [ 35550 | . T > 2.9402,
0,7 <m,
NUx(7) = -
Wi [ ]t >
[ 0, 7 < 0.4803,
NU3(T) =
2U3.0777j [ S5en3] . T > 0.4803,
0,7 <0.1577,
NUy(T) =

2Us 9358 (’]_%'5‘85577] , T > 0.1577.

The plot of NU(r) is given in Fig.9.2b. The ultimate stability property
(lim NU(t) = oo by Theorem9.1) is illustrated by Fig.9.2b. This system has only
T—>00

one stability interval: T € [0, 0.1577). That is to say, this system is asymptotically
stable if and only if © € [0, 0.1577). O

Through the above examples, we see that the complete stability of time-delay
systems with commensurate delays can be systematically studied. Both Problems 1
(detecting all the critical imaginary roots and the critical delays) and 2 (analyz-
ing the asymptotic behavior of the critical imaginary roots) can be solved by the
frequency-sweeping approach proposed in this book. The asymptotic behavior at all
the (infinitely many) positive critical delays can be studied by a graphical test of the
frequency-sweeping curves. Thus, the frequency-sweeping approach appears to be
simple to implement in practice.

9.4 Notes and Comments

Now, we have systematically solved the complete stability problem for a general
time-delay system with commensurate delays (1.1) in the retarded case. We will see
in the next chapter that the proposed approach can be extended to another class of
time-delay systems, the neutral time-delay systems.

As the delays appearing in time-delay system (1.1) are commensurate, the problem

considered in this book involves in fact only one parameter t. If the delays are
m

incommensurate (e.g., consider a time-delay system x (1) = Aox(t)+ >, Agx(t—1¢)
(=1
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where 71, ..., T, are incommensurate delays), the problem will contain multiple
parameters and be much more involved. Such a problem is far beyond the scope of
this book. For solving Problem 1 in the case of multiple incommensurate delays,
some effective methods have been proposed, see [25, 40, 41, 88, 107]. However, to
the best of the authors’ knowledge, no result has been reported on Problem 2 for such
atime-delay system so far. In the small-gain analysis framework, some necessary and
sufficient delay-independent and sufficient delay-dependent stability conditions can
be obtained for a system with incommensurate delays (one may refer to Part III of
[39] for a detailed introduction). Apart from the above results, some sufficient criteria
have been reported, see [59, 86]. Overall, there is much room for the improvement
concerning the stability research of systems with multiple incommensurate delays.
The skeleton of the work in this chapter was reported in [66, 74] (see also [73]).



Chapter 10
Extension to Neutral Time-Delay Systems

In the preceding chapters, we solved the complete stability problem for time-delay
systems of retarded type (shortly called retarded systems) by proposing a frequency-
sweeping framework. In this chapter, we will see that this new framework is applica-
ble to time-delay systems of neutral type (shortly called neutral systems) as well.

In the stability analysis framework (in the case of commensurate delays), com-
pared to retarded systems, the major distinction of neutral systems lies in that infi-
nitely many new characteristic roots may appear in the right-half plane C when
delay increases from 0O to +e¢. For this reason, we have to first check the stability
of the neutral operator (sometimes called delay-difference operator), which ensures
that all the infinitely many new characteristic roots appear in the left-half plane C_.
In other words, the stability of the neutral operator is a necessary condition for the
stability of the neutral time-delay system. We will show in this chapter that this nec-
essary condition can be embedded in the frequency-sweeping approach, i.e., we may
directly verify this condition from the frequency-sweeping curves.

If the stability of the neutral operator is guaranteed, we will proceed to address
the invariance and ultimate stability issues. It will turn out that the general invariance
property holds for neutral systems. Thus, the results derived in the retarded case
can also be applied to neutral systems. Next, we will analyze the ultimate stability
problem for neutral systems. Although the frequency-sweeping curves of neutral
systems exhibit different limit characteristics from the ones of retarded systems, two
types of time-delay systems possess the same ultimate stability property essentially.

Combining the aforementioned results, we will demonstrate that the frequency-
sweeping framework also represents a unified approach for the stability analysis of
neutral time-delay systems with commensurate delays. The complete stability of
general neutral time-delay systems has not been solved in the literature, though a
great number of results have been reported. To the best of the authors’ knowledge,
the newest results were reported in [98, 109]. However, it was assumed therein that
the neutral system under consideration has only simple critical imaginary roots.
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Finally, some complementary discussions concerning the cases with multiple
delays will be given. In particular, we will show that, in the commensurate delays
case, the complete stability is covered by the approach proposed in this chapter.

10.1 Preliminaries

10.1.1 Basic Concepts

Consider the following time-delay system of neutral type
x() = Ax(t) + Bx(t — )+ Cx(t — 1), (10.1)

under appropriate initial conditions, where A € R, B € R"™*", and C € R"*" are
constant matrices. The characteristic function of system (10.1) is given by [45]

fv, 1) =det(A] — A — Be™ ™ — xCe™™), (10.2)
which is a quasipolynomial of the form
VLT = a0 +ar(We” ™ + -+ ag(WDe I (10.3)

where ag(), ..., az (1) are polynomials in A with real coefficients.
Forat > 0, the neutral time-delay system (10.1) has infinitely many characteristic
roots (i.e., the roots for fx (A, 7) = 0). We have the following theorem [85]:

Theorem 10.1 The trivial solution x(t) = 0 of neutral time-delay system (10.1) is
exponentially stable if and only if all the characteristic roots lie in the open left-half
plane C_ and are bounded away from the imaginary axis C.

For the sake of brevity, in the sequel we simply say “neutral system (10.1) is
exponentially stable” instead of “the trivial solution x(t) = 0 of neutral system
(10.1) is exponentially stable”.

Remark 10.1 For the retarded time-delay system (1.1), it is exponentially stable if
and only if it is asymptotically stable. However, for the neutral time-delay system
(10.1), the asymptotic stability does not in general imply the exponential stability
(the converse holds), see the example given in Sect.4.2 of [117].

Remark 10.2 Different from Theorem 1.1 concerning the stability of retarded
systems, it is additionally required in Theorem 10.1 that all the characteristic roots
must be bounded away from the imaginary axis Cy. In fact, such an additional con-
dition can be guaranteed by the stability of the neutral operator [34], which will be
discussed later. In other words, if the neutral operator is stable, we only need to verify
if all the characteristic roots lie in C_.
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The objective of this chapter is to find the whole domain for t (delay intervals)
where the neutral system (10.1) is exponentially stable. As usual, we denote the
number of unstable roots (i.e., the characteristic roots in C;) by NU(t) in the
presence of delay . We need to find the whole domain for v € [0, co) such that
NU(r) =0.

To rule out a trivial case, we assume that ag(1), . . ., a4 (A) have no common zeros
in C4 U Cy (otherwise, the system (10.1) is not exponentially stable for any t > 0).
Another straightforward remark is that if A = 0 is a characteristic root, the system
(10.1) has one invariant root at the origin for all 7 > 0 and hence we will not compute
NU (7) for such systems.

With the notation z = e~ 7%, fn (X, T) can be rewritten as the following form:

q
PN =D ai(z (10.4)
i=0

The detection of the critical imaginary roots and the corresponding critical delays
for fy (A, 7) = 0 amounts to detecting the critical pairs (A, z) (A € Cp and z € dD)
such that py (X, z) = 0. Without any loss of generality, assume that there are u critical

pairs denoted by (Ao = jwo, z0), (A1 = jw1,21), -+, Au—1 = jwyu—1, Zu—1) Where
wy < w) < -+ < wy—1. Once all the critical pairs (Ay, 2¢), @ =0, ..., u — 1, are
found, all the critical pairs (A4, T k), ¢ = 0,...,u — 1,k € N, can be obtained:

For each critical imaginary root A4, the corresponding critical delays are given by
2km

A . A . _
Tk = Ta,0 + 0o with 7,0 = min{r > 0: ¢ The = 2}

In light of (10.4), we may employ the frequency-sweeping test to obtain the
frequency-sweeping curves.

Frequency-Sweeping Curves Sweep w > 0 and for each A = jo we have ¢
solutions of z such that py (4, z) = 0 (denoted by z1 (jw), ..., z4(jw)). In this way,
we obtain ¢ frequency-sweeping curves [ (w): |z; (jw)| versus w, i = 1,..., 4.

In addition, we define “AN F; (wy)” as in (7.2) to describe the asymptotic behav-
ior of the frequency-sweeping curves. It is easy to see that all the critical pairs can
be detected from the frequency-sweeping curves. In the sequel, we will show that
the other issues for the complete stability problem can also be solved by using the
frequency-sweeping approach.

10.1.2 Subtleties of Neutral Time-Delay Systems

Though retarded systems and neutral systems share the same type of characteristic
functions (their characteristic functions are both quasipolynomials of the form
(10.3)), they exhibit the following “subtle” difference:

(1) For the system (10.1) with C = 0 (i.e., a retarded system), it follows that

deg(ap(1)) > max{deg(ai(A)), ..., deg(aqy(A))}.
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(i1) For the system (10.1) with C # O (i.e., a neutral system), it happens that

deg(ap(1)) = max{deg(ai (1)), ..., deg(ay(A))}.

The above difference results in a distinction between two types of time-delay
systems. For a retarded time-delay system, when t increases from 0 to +¢, all the
infinitely many new roots appear at far left of the complex plane (i.e., all with —oco
real parts). Therefore, all these infinitely many new characteristic roots are “dormant”
from the stability point of view. However, when t increases from 0 to +e¢, infinitely
many new roots may appear in the right-half plane for a neutral time-delay system
and, hence, the neutral system may be unstable for all 7 > 0. That is, the spectrum
of a neutral system may exhibit some discontinuity properties (see [4, 83, 85]). This
gives rise to the stability issue of the neutral operator.

For the system (10.1), the neutral operator refers to the following difference
equation:

x() =Cx(t —1). (10.5)

The exponential stability of the neutral operator (10.5) is a necessary condition for
the exponential stability of system (10.1). Recall the following well-known condition,
see [85].

Lemma 10.1 The neutral operator (10.5) is exponentially stable for any positive T
if and only if
p(C) < 1. (10.6)

Therefore, in order to analyze the complete stability for neutral system (10.1), we
have to first check the necessary condition (10.6). For a comprehensive introduction
to the spectral properties of linear neutral time-delay systems, we recommend a
recent review article [38]. See also [14] for further discussions.

10.2 Complete Stability Characterization

In this section, the technical issues (the stability of the neutral operator, the invari-
ance property, and the ultimate stability property) required by the complete stability
problem of neutral time-delay systems will be studied. Finally, the unified approach
will be presented.

10.2.1 Embedding Stability Condition of Neutral Operator

In this chapter, all eigenvalues of C are denoted by A1(C), ..., 1-(C) and naturally
the spectrum of C corresponds to the set {11 (C), ..., A-(C)}. We have the following
properties connecting the spectrum of C with the frequency-sweeping curves:

Lemma 10.2 [fg =r, as w — 00, {—2 ...,m}»{kl(C),...,Ar(C)}.

z1(jw)’
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Proof In the case g = r, we have r values of z (i.e., r frequency-sweeping curves)
from py(jw,7) = (jw)" det(M(w) — N(w)z) = 0 where M(w) = I — A and

jw
N(w) = j% + C. It is easy to see that M(w) — [ and N(w) — C as w — 00.
For each A;(C) # 0, we may find a z(jw) — 0 (C) such that py (jw, z(jw)) =0
as w — oo. For each A;(C) = 0 (if any!), we may find a z(jw) — oo such that
py(jo,z(jw)) =0as w — oo. O

If g < r, r — g eigenvalues of C cannot be reflected by the g frequency-
sweeping curves. Without any loss of generality, we denote the spectrum of C by
the set {A1(C), ..., Ag(O)} U {rg41(C), ..., A(C)}, where the g eigenvalues in
{A1(C), ..., 44 (C)} connect with the frequency-sweeping curves while the » — ¢
eigenvalues in {1411(C), ..., A, (C)} do not. We have the following lemma concern-
ing the eigenvalues A441(C), ..., A, (C).

Lemma 10.3 Ifg <r, A441(C) =--- =1,(C) =0.

Proof Following the proof of Lemma 10.2, py(jw,z) = (jw) det(M(w) —
N(w)z) and we can express det(M(w) — N(w)z) as a polynomial: b, (w)z? +
bq_l(a))zq_1 + -+ + bo(w) where by(w) # 0,b;-1(w), ..., bo(w) are continu-
ous functions of w. As M(w) — I and N(w) - C as w — oo, det(/ — Cz) isa
polynomial in z whose degree is not larger than g. More precisely, det(/ — Cz) =
cqz? —i—cq_lzq’l +- - -+4cosuchthat by (w) — ¢4, -, bo(w) — co = lasw — oo.
Lets = z L. Then, it follows straightforwardly that det(s — C)=s" det(I — Cz) =
s eyt 4 FegsTTd =54 (s1 +eoyst 4. -+c¢4), which is the characteristic
function of C. That is to say, A4 41(C) =--- = 4,(C) = 0. O

The ideas of Lemmas 10.2 and 10.3 lead to the following lemma:

Lemma 104 Ifg <r,asw — 00, {—— — {(A(C), ..., 2 (O}

—L
Zl(/w)’ T zg(jo)
Combining Lemmas 10.2-10.4, we have the following result, which allows
embedding the necessary condition (10.6) in the frequency-sweeping approach.

Theorem 10.2 The neutral operator (10.5) is exponentially stable if and only if all
the frequency-sweeping curves are above 3| as w — o0.

To illustrate Theorem 10.2, two numerical examples are proposed.

Example 10.1 Consider the neutral time-delay system of Example case 2 in [98],
i.e., the system (10.1) with matrices:

0 1 -1 0 —-12 2 -1
A= —3.346 —2.715 2.075 —2.007 B 33-20
o —4 0 2 0 ’ “lr2-11}

-3 0 0 6 231 -3
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02 -0.1 05 —0.1
—-0.3 0.09 —0.15 —0.027
—3.333 0.1 0.2 1

—1 2 05 1

C =

The four eigenvalues of C are 0.0881 £ 0.8494 j and 0.6569 + 0.5284 ;. Hence,
p(C) < 1 (i.e., the neutral operator (10.5) is exponentially stable). This result can be
directly obtained from the frequency-sweeping curves shown in Fig. 10.1a. We see
that as w — 00, |z; (jw)| > 1,i =1, ..., 4. By Theorem 10.2, the neutral operator
(10.5) is exponentially stable. ]

Example 10.2 Consider the neutral time-delay system of Example b2 in [109], i.e.,
the system (10.1) with matrices:

12 10 —6 14 —169 —276.85 —445.76 —675.75
a7 81109 a_| 11 46 el —83
“1-57 3 3" 77| 249 360.05 1070.43 1431.02 |’
6 2 3 4 81.65 158.32 127.61 230.85
4 12 3001
0 1 2 6
C=1 1 _g 4 2

1.47 —10.09 —4.33 0.03

The four eigenvalues of C are 0.28164+1.3641,-1.3469, and 1.8138. As p(C) >
1, the neutral operator (10.5) is unstable. That is, NU(tr) = +oo for any T > O.
We now apply the frequency-sweeping test. It is seen from the frequency-sweeping
curves, Fig. 10.1b, that as w — o0, |z;(jw)| < 1,i = 1,...,4. By Theorem 10.2,
we directly know that the neutral operator (10.5) is not exponentially stable. ]

(a) 1.4 (b) 1.5

135
13
125
(12 =
: 1.15ﬁ

SRR -

= 1.05 = os

1
0.95

1

0. 0
0 1000 2000 3000 4000 5000 0 2000 4000 6000 8000 10000
® ®

Fig. 10.1 Frequency-sweeping results for a Example 10.1 and b Example 10.2
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10.2.2 Infinitesimal Delay Case

As a straightforward extension of Theorem 5.1, we present the method for computing
NU (+¢) of neutral systems in the case when the neutral operator is stable.

Theorem 10.3 [f the system (10.1) with p(C) < 1 has no critical imaginary roots
when © = 0, then NU(+¢) = NU(0). If the system (10.1) with p(C) < 1 has
critical imaginary roots when t = 0, then NU (4+¢) — NU (0) equals to the number
of the values in C_. of the Puiseux series for all the corresponding critical imaginary
roots when t = 0 with At = +-¢.

10.2.3 General Invariance Property for Neutral Time-Delay
Systems

It is not hard to prove that the invariance property, which was confirmed for general
retarded systems in Chap. 8, also holds for general neutral systems, as two types of
time-delay systems share the same type of characteristic functions.

Theorem 10.4 For a critical imaginary root Ly of the system (10.1), ANU,,, (tq,k)
is a constant AN F,, (wg) for all 7o i > 0.

Recall that “AN F,, (w,) € Z” is a constant number reflecting the asymptotic
behavior of the frequency-sweeping curves near v = wy.

10.2.4 Ultimate Stability Property

For retarded time-delay systems, we studied the ultimate stability problem in Chap.9

relying on the invariance property and an important property on the frequency-

sweeping curves (Property 9.1): liIJIrl lzi(jw)| = +o0,i = 1,...,q, for the
w—>+00

system (1.1). Property 9.1 ensures that the largest crossing frequency for each
frequency-sweeping curve must correspond to the intersection of 3 from below
to above. Next, based on the invariance property we have that as t increases NU (t)
increases more frequently than it decreases, on average.

We now consider the frequency-sweeping curves for neutral system (10.1) as
w — o00. In light of Theorem 10.2, we have:

Property 10.1 If p(C) < 1 for the neutral time-delay system (10.1), the frequency-
sweeping curves satisfy that

lim |zi(jw)>1, i=1,....q. (10.7)
w—>~+00
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Property 10.1 also ensures that at the largest crossing frequency each frequency-
sweeping curve must intersect 31 from below to above. As a result, we may now
have the same results on the ultimate stability for neutral time-delay system (10.1)
as for retarded time-delay system (1.1).

Theorem 10.5 If the frequency-sweeping curves have a crossing frequency, there
exists some delay value T* such that the neutral time-delay system (10.1) with p (C) <
1 is unstable for all t > t* and lim NU(t) = oo.

T—>00

Theorem 10.6 A neutral time-delay system (10.1) with p(C) < 1 must belong to
the following three types:
Type 1: The system has a crossing frequency and lim NU(t) = o0.

T—>0Q0

Type 2: The system has neither crossing frequencies nor touching frequencies and
NU(t) =NU() forallt > 0.

Type 3: The system has touching frequencies but no crossing frequencies and NU (1)
is a constant for all T > 0 except for the critical delays.

10.2.5 Frequency-Sweeping Framework: A Unified Approach

We can now solve the complete stability of neutral time-delay systems within the
frequency-sweeping framework. We summarize the steps as Algorithm 10.1.

Algorithm 10.1 Algorithm for analyzing the complete stability of a neutral system
Step 1: Perform the frequency-sweeping test to obtain the frequency-sweeping curves.

Step 2: Verify condition (10.6) by Theorem 10.2. If the condition is violated, the system (10.1) is
not exponentially stable for any > 0. Otherwise, go to Step 3.

Step 3: Calculate all the critical pairs (Ay, To,k) from the frequency-sweeping curves.

Step 4: Compute ANUj,, (o) foralla =0, ..., u — 1, and 744 > 0 by the invariance property
(Theorem 10.4).

Step 5: The explicit expression of NU(t) is of the form (9.1), where the value of NU (+¢) is
computed according to Theorem 10.3.

The neutral time-delay system (10.1) is exponentially stable if and only if t lies
in the domain where NU(t) = 0 excluding critical delays. The ultimate stability
property is obtained by Theorem 10.6.

10.3 Discussions on Neutral Systems with Multiple Delays

In the previous sections of this chapter, the considered neutral system (10.1) has a
single delay parameter. In this section, we will briefly discuss the cases with multiple
delays. If the multiple delays are commensurate, we will see in Sect. 10.3.1 that
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this case can be well studied. However, for the case where the multiple delays are
incommensurate, the problem is rather involved (see Sect. 10.3.2).

10.3.1 Multiple Commensurate Delays

Consider a neutral system with commensurate delays

m m
i(1) = Ax(t) + D Bex(t — £1) + > Cpi(t — £1), (10.8)
=1 =1
where A € R™", B € R"”*",and Cy € R"™*" ({ =1, ..., m) are constant matrices.

The characteristic function of system (10.8) is

m m
fne (h, T) = det (u — A= B - Zxc@e—m). (10.9)

=1 (=1

Since the characteristic function (10.9) involves only one parameter 7, the asymp-
totic behavior of the critical imaginary roots can be analyzed by the frequency-
sweeping approach. We will show that the examination of the stability of the neutral
operator can also be properly embedded in the frequency-sweeping approach as for
the neutral system (10.1) with a single delay.

Remark 10.3 Unlike for the characteristic function fy (%, t) (10.2) (we may gener-
ate the frequency-sweeping curves via computing the generalized eigenvalues of the
matrix pencil ((jwl — A), (B + jw(C))), in general, we cannot directly obtain the
frequency-sweeping curves for the characteristic function fy. in the form (10.9).
An efficient way is to acquire the scalar form of fn. (A, 7) (i.e., the quasipolynomial
form (10.3)) and then employ the procedure introduced in Sect. 10.1.1.

The neutral operator of system (10.8) is
m
x(t) = Zng(t —¢1). (10.10)
(=1

A necessary condition for the exponential stability of system (10.8) is the expo-
nential stability of the neutral operator (10.10), with the criterion given below.

Theorem 10.7 ([34]) The neutral operator (10.10) is exponentially stable for any
positive T if and only if R
p(C) <1,
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where
Cl . Cmfl Cm
. I --- 0 O
C = .
0 1 0

Property 10.2 The characteristic function of C, det(\l — C), is equivalent to
det(AN) where

m
AN =1 =" ey
=1
Proof For simplicity, we here consider the case m = 3. For the characteristic function

det(Al — Cc ), we may transform the characteristic matrix Al — Cc by a series of
elementary transformations into the form

AN —)Cy — C3 —C3

AN=| 0 221 0
0 0 A

The elementary transformations can be described by (A1 — Cc )S185, = AN , with

100 22100
Si={0AI0}), S= 1 10
011 0 017

It is easy to have that
det((A — C)S1$2) = det(AT — C)det(AT) det(A21]),
det(AN) = det(AN)det(A21)det(A1).

Therefore, det(Al — 6) = det(Aﬁ) asdet((A] — €)S1S2) = det(Aﬁ). One may
easily extend the above analysis to the case with any m € N,.. (]

Based on Property 10.2, we may have the following stability criterion for the neutral
operator (10.10), following the idea of Theorem 10.2.

Theorem 10.8 The neutral operator (10.10) is exponentially stable if and only if all
the frequency-sweeping curves are above 3| as w — 00.
10.3.2 Multiple Incommensurate Delays

In this subsection, we will briefly discuss the case where a neutral system has multiple
incommensurate delays.
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Consider such a neutral system

i(1) = Ax(t) + D Bix(t — 1) + D Coi(t — 10), (10.11)
=1 =1

where A € R™*", B, € R"*" ,and C; € R"*" are constant matrices and 7y € R4 U{0}
are independent delays (£ =1, ..., m).

Generally speaking, the complete stability for this type of time-delay systems is
very complicated. One may refer to, e.g., [111] and the references therein.

First, it is impossible to accurately verify the stability of the neutral operator by
existing methods in the general case.!

The corresponding neutral operator for system (10.11) is

x(t) = Cox(t — 1), (10.12)

=1

It should be emphasized that, even if the neutral operator (10.12) is exponentially
stable for some commensurate delays t, the stability may be fragile (the stability
may be lost when sufficiently small perturbations are imposed on the delays ;).
Thus, we need to ensure the strong stability of the neutral operator (10.12). We have
the following theorem from the literature (more details can be found in [4, 38]).

Theorem 10.9 The neutral operator (10.12) is exponentially stable for arbitrary
positive delays if and only if

m
1% c 1 10.13
0zp, DX mp(;e z) < ( )

.....

However, it is difficult to check condition (10.13) in practice. To the best of
the authors’ knowledge, no method has been reported for precisely checking this
condition when m > 2 (in the case m = 2, see [32]). An easily testable criterion was
proposed in [14], which is, however, sufficient but not necessary.

If the neutral operator (10.12) is exponentially stable, we next need to study the
asymptotic behavior of the critical imaginary roots with respect to multiple delay
parameters Ty (£ = 1, ..., m). Such an issue will be much more complicated than
the single delay parameter case addressed in this book.

! In the specific case where the system includes two independent delays, a matrix pencil-based
approach allows to check the stability of the neutral operator (see [32]).
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10.4 Illustrative Examples

We now give two illustrative examples.

Example 10.3 Consider the neutral time-delay system (10.1) with

1
A= a a2 . B= bi1 b1z L, Cc=(~ } ,
az| ax b1 b 0 5

147 — 15072 — 118273 +2

an = ~ 120,
! 7237 + 1)
5961 _ 24227 /15 — 139317/10 — 630037 /5+691/30
a =
2775 7237 + 1)?

ar; = —10, axpy = 100,
147 — 37072 — 184273 +2

biy = 245,
! 72Gr + 1)

by = 13149 24177/15 — 19621%/5 — 1009597%/5 +23
2T 7237 + 1)

by = =20, by, = 215.

(b) 1.05

1.04
1.03
1.02
o« 1.01

1
0.99
0.98
0.97
0.96

0.95
0 1000 2000 3000 4000 5000 0 02 04 06 08 1 1.2

(o) ()

_
D
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o

r
O~ M WA OO N ®O
r

Fig. 10.2 Frequency-sweeping result for Example 10.3. a Frequency-sweeping curves for 0 <
o < 5000, b Frequency-sweeping curves for 0 < w < 1.2

First, from the frequency-sweeping result given in Fig.10.2a, we know that
according to Theorem 10.2 the necessary condition (10.6) is satisfied. In light of
the frequency-sweeping curves, we have that the system has three sets of critical
pairs: (A9 = 0.1638j, 7ok = 19.8105 + A&, (b1 = j, 1k = 2k + D),
and (A, = 182.6684j, 721 = 0.0062 + z2Z ) (Ao and A; can be observed from

2.6684
Fig.10.2b and A, can be observed from Fig. 10.2a).
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Fig. 10.3 NU (7) versus 7 for Example 10.3.a NU(7) for 0 < 7 < 2, b First decrease of NU(7)

Then, by Theorem 10.4, ANU,,(tox) = -1, ANU;,(tix) = 0, and
ANUj,(12k) = +1, for all k € N (the asymptotic behavior for critical pairs
(Mo, T0.x) and (A1, 71 &) can be studied from the zoomed-in figure given in Fig. 10.2b).

We have the explicit expression of NU (t) for any t other than critical delays:

NU(t) = NUy(t) + NUx(7),

with
0, 7t < 19.8105,

NUo(®) = ~19.8105
[_2 hn/oww T > 19.8105,

0,7 < 0.0062,

NUy (1) = —0.0062
+2 [ Ze ]« > 0.0062

This system is exponentially stable if and only if T € [0, 0.0062).

We now verify the above result by invoking the Puiseux series. Here, we only
analyze the critical pair (j, ) (the critical pairs (Ao, 7o x) and (A2, T2x) corre-
spond to simple critical imaginary roots and can be studied by the existing meth-
ods). The critical imaginary root A = j is double at t = . Using the approach
in Chap.4, the asymptotic behavior of (j, ) corresponds to the Puiseux series
Al = (0.0049 + 0.0248j)(Ar)% + 0((A1:)%), which is consistent with the analysis
based on Theorem 10.4. As ANU;,, (71 x) = O for all k € N, we need not explicitly
take “N U1 (7)” into account in the expression of NU (7).

Furthermore, by Theorem 10.5, NU(t) — oo as T — o0, which is verified by
the plot of NU (), see Fig. 10.3a. Compared to the increase of NU (t), the decrease
of NU(7) takes place much less frequently, as shown in Fig. 10.3b, where we see
that when the first decrease of NU (t) occurs NU (1) is already 1152. [l

Example 10.4 We now consider the neutral system of Example 1.17 in [85]:
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Fig. 10.4 Frequency-sweeping curves and N U (t) for Example 10.4. a Frequency-sweeping result,
b NU(7)

Lo ] 3 3. 1.
x() = Zx(t) + Zx(t —11)+ Zx(t - 1) — Ex(t — ).

This system has multiple delays. We first consider the commensurate delays case
where 71 = 7 and 1 = 2t. According to TheoreAm 10.7, the neutral operator is
exponentially stable for any positive delay 7, as p(C) = 0.7071 < 1 with

~ 3 _1
(772
¢ (10).

This condition can be directly obtained from the frequency-sweeping curve
(Fig.10.4a) according to Theorem 10.8. Then, using the frequency-sweeping
approach we may obtain the “N U () versus 7" plot as shown in Fig. 10.4b.

Next, we analyze the incommensurate delays case, i.e., the case where 71 and 7, are
two independent delay parameters. It is worth mentioning that, although the neutral
operator x(¢) = %x(t - 1) — %x(t — 17) is exponentially stable for any positive
T in the commensurate delays case discussed above, the condition of the strong
stability (Theorem 10.9) does not hold. One may easily find a counterexample, e.g.,
p(elh3 — %1y =32 > 1 when6 =0and 6, = 7. O

10.5 Notes and Comments

In this chapter, we studied the complete stability of neutral systems. Compared with
the retarded systems studied in Chaps. 1-9, an additional necessary condition, the
stability of the neutral operator, is required. It was shown that this necessary condition
can be effectively embedded in the frequency-sweeping framework proposed in this
book. Thus, the complete stability for neutral systems can also be thoroughly studied
by using the frequency-sweeping framework.

Main results of this chapter have been reported in [68] (see also [69]). Some
complementary discussions were added in Sect. 10.3.
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Chapter 11
Concluding Remarks and Further
Perspectives

11.1 Concluding Remarks

It is generally difficult to study the spectrum of a linear time-delay system (infinite-
dimensional system) mainly due to two reasons: (1) a time-delay has infinitely many
characteristic roots and (2) a critical imaginary root of a time-delay system corre-
sponds to infinitely many critical delays. Owing to the involved spectral features, the
complete stability of linear time-delay systems has remained an open problem.

In this book, we introduced a new analytic curve perspective for addressing the
spectrum of a time-delay system in both retarded and neutral cases. We may system-
atically study the asymptotic behavior of the critical imaginary roots as well as the
frequency-sweeping curves from this new perspective. It turned out that the asymp-
totic behavior of the critical imaginary roots (frequency-sweeping curves) can be
fully investigated through the Puiseux series (dual Puiseux series). In addition, some
useful properties in the area of the singularities of analytic curves can be adopted for
the stability analysis of time-delay systems.

Consequently, a new frequency-sweeping mathematical framework was gradually
established allowing a deeper study of the asymptotic behavior related to time-delay
systems. One of the most important results, derived within this new framework, is
that we can now confirm the invariance property for general time-delay systems with
commensurate delays (i.e., the general invariance property termed in this book). With
the aid of the general invariance property, we have been able to solve the complete
stability problem for linear time-delay systems. It is worth mentioning two interesting
results: First, we find the explicit expression of the number of unstable roots with
respect to the delay parameter. Second, the ultimate stability property of time-delay
systems can be fully understood and all time-delay systems can be appropriately
categorized. In addition, the proposed approach is applicable to both retarded and
neutral time-delay systems.

It is natural that this book cannot cover all the aspects of time-delay systems.
We do not claim to give the best approach and tool for the stability analysis of
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time-delay systems. Some problems still remain open due to the lack of a more
in-depth understanding and more powerful mathematical tools for time-delay sys-
tems. For instance, as mentioned earlier, if a time-delay system involves multiple
incommensurate delay parameters, the asymptotic behavior issue will become much
more complicated and the ideas proposed here are helpful but do not allow han-
dling directly such cases. However, combining some of the ideas proposed here with
the geometric method discussed in [41] seems to open interesting perspectives in
fully characterizing the stability regions in the delay-parameter space for the case of
quasipolynomials including two delays.

Most of the results in this book stemmed from the analytic curve perspective.
However, as we mentioned, such an analytic curve perspective is only at an ele-
mentary level in algebraic geometry. We believe that this book just opens some new
perspectives for (rather than closes) the stability study of time-delay systems.

11.2 Future Perspectives

In the future, we may consider extending the approach proposed in this book to other
problems, e.g., the D-decomposition and the multiple-delay problems mentioned in
the Preface of the book.

Recently, the authors applied the methodology of this book to analyze the stability
of linear systems with multiple incommensurate delays and some new results were
obtained. Though a direct asymptotic behavior analysis with respect to multiple delay
parameters is quite difficult, we may analyze the asymptotic behavior of a critical
imaginary root with respect to one delay parameter at a time (fixing the other delay
parameters). The invariance property in this case can be proved and then the number
of unstable roots for any given combination of multiple delays can be calculated by
applying the frequency-sweeping test in an iterative way. If for the given multiple
delays the system has a critical imaginary root, we may analyze the asymptotic
behavior with respect to each delay parameter such that we may find a stabilizing
combination of multiple delays (if any!) near the given one.

In the sequel, we list some additional interesting options for the future work. In
general, they are much more involved than the problem discussed in this book.

11.2.1 Extra Requirements on Spectra of Time-Delay Systems

Sometimes, we may have more stringent requirements on the system dynamics than
the asymptotic stability. For instance, in some situation, we are concerned not only
with the convergence of the system states but also with how fast they converge. The
decay rate! is usually used as an index for measuring the convergence speed. In order

! For the time-delay system (1.1), if there exist two positive numbers o and A such that ||x()|| <
Be ¥ ( max 0 [lx(®)), o is called the decay rate.
t—mt<t<
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to guarantee a desired decay rate « € R, we need to make sure that all the real parts
of the characteristic roots are less than —«, see Theorem 6.2 in [45].

Such a problem appears similar to the one studied in this book as the only differ-
ence lies in the “boundaries” we choose: In this book, the boundary is the imaginary
axis in the complex plane, while for the decay rate analysis the boundary is the vertical
line with abscissa —« in the complex plane. However, for the latter, many nice spectral
properties will be lost due to this difference (for instance, the periodicity discussed
in Remark 1.6 is not satisfied), making the analysis in fact much more involved.

11.2.2 Design Problem

In this book, we have mainly considered the “analysis” problem for time-delay sys-
tems with commensurate delays. However, for some simple cases (see Examples 6.3
and 6.4: controlling an oscillator and a chain of integrators by using delay blocks),
we have pointed out that the proposed methodology allows handling the stability
analysis of the closed-loop systems. In this context, it is natural to consider if the
results proposed in this book can be extended to the “design” problem. For instance,
consider a linear system x(¢) = Ax(¢) + Bu(t — t) with an input delay 7, where the
control signal u(¢) is a widely-used state feedback u(t) = Kx(t) (K is the controller
matrix to be designed). The task is to design K such that the stability domain of
for the closed-loop system is as large as possible.

Such a design problem is much more complicated than the analysis problem
discussed in this book. For given K and 7, the system has infinitely many roots and
there does not exist an explicit relation between K and the corresponding stability
domain of 7. Thus, the adjustment of K is generally computationally demanding
[85]. In our opinion, this is a very challenging topic.

11.2.3 Other Types of Time-Delay Systems

The time-delay systems considered in this book belong to the classical type of func-
tional differential equations. The reported results may be applicable to other types of
time-delay systems, e.g., fractional-order time-delay systems (one may refer to [26]
for a detailed introduction). In this case, it appears clearly that the Puiseux series still
works and allows concluding on the asymptotic behavior.

As other types of time-delay systems are generally infinite dimensional as well and
the corresponding stability problems need to be recast into the asymptotic behavior
analysis of the characteristic roots located on the stability boundaries. We believe
that the ideas proposed in this book would also be helpful.


http://dx.doi.org/10.1007/978-3-319-15717-7_1
http://dx.doi.org/10.1007/978-3-319-15717-7_6
http://dx.doi.org/10.1007/978-3-319-15717-7_6

108 11 Concluding Remarks and Further Perspectives

Fig. 11.1 Delay-sweeping
result

Spectral radius

0.2

11.2.4 Applying Parameter-Sweeping Techniques
to Other Problems

A further effort is also suggested here concerning the graphical tool used in
this book. The “frequency-sweeping” test is a class of parameter-sweeping tech-
niques. Parameter-sweeping techniques have been widely used in the control area,
owing to the more and more powerful computer-processing power. For instance,
parameter-sweeping criteria have been used for studying the stability and related
problems for networked-control systems (NCSs), see [16, 65], where the authors
sweep the sampling period and/or the network-induced delay parameters. Here, we
borrow a delay-sweeping test for Example 10.2 of [16], as shown in Fig. 11.1 (sweep-
ing the networked-induced delay t to monitor the spectral radius of the transition
matrix of the NCS). For that example, the NCS is asymptotically stable if and only
if the spectral radius is less than 1. In this way, the stability domain of the network-
induced delay can be precisely obtained.

However, such an application is relatively elementary as no deeper analysis con-
cerning the parameter-sweeping curve has been reported. In our opinion, there is still
much room for further improvement regarding the parameter-sweeping techniques.



Appendix A
Implicit Function Theorem

In the sequel we briefly recall an important (classical) theorem, the implicit function
theorem. Although this theorem has some limitations, it is very helpful for under-
standing the spectral characteristics related to the stability problem considered in this
book, especially when one variable can be regarded as a simple root.

A.1 Implicit Function Theorem and Related Remarks
The implicit function theorem has multiple versions. In this section, we recall a
simple one.

Theorem A.1 ([79]) Let F(z,w) be a function of two complex variables which is
analytic in a neighborhood of the point (zo, wo), and suppose that

F(zo,wo) = 0and F,, # 0 at (z9, wo).

Then there are neighborhoods N (zo) and N (wo) such that the equation F (z, w) =
0 has a unique root w = w(z) in N(wo) for any given z € N(zp). Moreover, the
function w(z) is single-valued and analytic in N(zo), and satisfies the condition
w(zo) = wo.

Furthermore, according to Theorem A.1, the derivatives of w with respect to z are

well-defined. For instance, % and ‘2272" can be calculated as follows:
dw  F;
dz N Fy ’

d2 oz

Fy

Fy

d2w a( Fz) 3 ( Fz)dw__FZZFV%—ZFZWFZFW—i—FWWFZZ

_l’_ _ _— =
ow dz F}
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As mentioned, Theorem A.1 is a simple version of the implicit function theorem.
This version fits well with the methodology in the current book.

When the number of the variables increases (besides, the number of the equations
may also increase), one may adopt a more advanced version of the implicit func-
tion theorem, see, e.g., Theorem 1.4.11 (the holomorphic implicit function theorem)
in [61].

For a more comprehensive introduction to the implicit function theorem, we
recommend the book [62]. As pointed out in [62], the implicit function theorem
should be better understood as an ansatz, which is a way of looking at various
problems.

A.2 Application of Implicit Function Theorem

As discussed above, if F,, # 0 at (zo, wo), w(z) represents a (single) root locus near
(zo, wo). Furthermore, the local behavior of w(z) can be reflected by the derivatives
of w with respect to z.

Remark A.1 Conversely, we may also consider how z varies with respect to w.
Namely, if F; # 0 at (zo, wo), z(w) denotes the corresponding (single) root locus
near (zo, wWo).

In summary, based on the implicit function theorem, we may analyze the local
behavior of a simple root-path. As often mentioned, the implicit function theorem
can not be used to address a multiple root.

In the case with multiple roots, we need to employ the Puiseux’ theorem as dis-
cussed in Chap. 2, to study the asymptotic behavior from the analytic curve per-
spective. In our opinion, in analyzing the asymptotic behavior for the equation
F(z,w) =0 (F(z,w) is an analytic function), Puiseux’ theorem covers the implicit
function theorem.


http://dx.doi.org/10.1007/978-3-319-15717-7_2

Appendix B
Proof of Theorem 8.3 (One Conjugacy Class)

When a critical imaginary root has only one Puiseux series (i.e., v = 1), the dual
Puiseux series pair is given by (8.3) and (8.4). For the first-order coefficients, it is true

that D,, = (C%,) i [66]. For higher-order coefficients, we have the following relation.
Property B.1 For any integer h > 1, it follows that

n+h

D= 3 ,hnth (c )

i1+2ip+-+hip=h

where o, i, (i1, ..., iy are non-negative integers) are real coefficients, v w = 1

. . C
ifCorw =0and iy =0, ypw = g’w otherwise.

Proof Substituting (8.3) into (8.4), we have that

n+h

AT_ZDMC (Ar)"ﬁh(z é+’ (Ar)n ) . (B.1)

h=0 i=0 8

By the binomial theorem (pp. 90 in [2]),

n+h

X Cori oo ey ety E e\
(Z g: (At )) =1+> (£ kf > é: (AT)7
k=1

i=0 i=1

x n

Thus, the right-hand side of (B.1) is of the form > Xh(Ar)%h, where xo = 1
h=0

and x5, = O for all ~ > 1. We have that, for any h > 1, yp is of the form

h—1 ntv () . n+h
v
z D”+VC ¢ z 11 ..... in—y H J/Ilzviv,w +D"+hcgg ’ where
i1+ (h—=V)ip_y=h—v w=1

V=l

© The Author(s) 2015 111
X.-G. Li et al., Analytic Curve Frequency-Sweeping Stability Tests for Systems

with Commensurate Delays, SpringerBriefs in Control, Automation and Robotics,

DOI 10.1007/978-3-319-15717-7


http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8

112 Appendix B: Proof of Theorem 8.3 (One Conjugacy Class)

ﬂi(lv,).‘.,ih,v are real coefficients. First, D,, is known from xo = 1. It can be seen that
after determining D,,, . .., D, 45, —1, we can proceed to determine D;, 1, from x;, = 0,
which can be viewed as a linear equation with the variable D, 1y, (D,, ..., Dyyn—1
are already known). In this way, we obtain the general forms of D, by induction
as stated by the property. O

For At = +¢ (—¢), the n principal arguments of (Ar)% are denoted by a set
O (©O)) with elements 6 (6! 7),i = 1,...,n. For Ak = +¢j (=gj), the g

1
principal arguments of (é—;‘)g are denoted by a set ¢ (¢ () with elements I/fl.(+)

W hi=1,...g

Without any loss of generality, suppose that the greatest common factor of n and
gisn e N ie, £ = Z—§ = £, where 7 € Ny and g € N are co-prime. Hence,
there are three possible cases (Case 1: 72 is odd and g is odd, Case 2: 7 is odd and g
is even, and Case 3: 7 is even and g is odd).

If the first term Cy (Ar)f when At = +e¢ of the Puiseux series (8.3) contains
purely imaginary values, we need to further consider higher-order terms until we can

conclude on the value of ANU,,, (74 k). This corresponds to the so-called degener-

ate case. The higher-order terms Cy11(A7T) g%l, ... are also called degenerate if the
corresponding branches of these terms still contain purely imaginary values plus 0.
Similarly, if the first term D, (AA)% when AL = *¢j of the dual Puiseux series (8.4)
contains purely real values, we need to further consider the higher-order terms until
we can conclude on the value of ANF ', (w,) according to Property 8.2. This also cor-

responds to the so-called degenerate case. The higher-order terms D;, 11 (AA) ngil R
are also called degenerate if the corresponding branches of these terms still contain
purely real values.

It is necessary to understand the condition causing a degenerate case (i.e., the
degeneracy condition). We will see (by Lemmas B.2,B.3,B.5,B.6,B.8,and B.9 given
later) that a degenerate Puiseux series (8.3) must be concurrent with a degenerate
dual Puiseux series (8.4) under the degeneracy condition: When 7 is odd (even), the
degenerate case occurs if and only if Re(Cg) =0 (Im(C?) =0).

We first consider the non-degenerate case, for which ANU,,, (tq,k) is as follows.
For Case 1: (1) when 7 mod 4 = 1, if Re(C?) > 0(<0), ANU,, (ta.x) =1 (—=1n);
(2) when 7 mod 4 = 3, if Re(C?) > 0(< 0), ANU,, (ta.x) = —n (7). For Case 2
and Case 3: ANU,,, (to.x) = 0.

Regarding the value of AN F7, (wy), we can precisely calculate it via studying the

dual Puiseux series (8.4), according to Property 8.2. As D, (A)L)g = (é_;\)ﬁ = (é—:)%
and we are interested in the case where AL = *¢j, we have that

LN

(ﬂ) [ @) Re(C) —Im(C) ) | ©2)

C,) ‘ng



http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8
http://dx.doi.org/10.1007/978-3-319-15717-7_8

Appendix B: Proof of Theorem 8.3 (One Conjugacy Class) 113

By Property 7.2, we have the results for the non-degenerate case. For Case 1:
(1) when n mod 4 = 1, if Re(Cg) > 0(< 0), ANF, (wo) = n (—n); (2) when
nmod 4 = 3, if Re(Cg) > 0(<0), ANF,,(wy) = —n (). For Case 2 and Case 3:
ANF,, (wy) = 0.

From the above analysis, we obtain the following result.

Lemma B.1 Theorem 8.3 holds for the non-degenerate case.

In the forthcoming sections, we suppose that the degenerate cases occur and we
will explicitly address Cases 1, 2, and 3. The following notations will be adopted in
the sequel. For the elements in @) (7)) causing a degenerate case, we denote
them by a set @H()H (@ﬂ()_)). For the elements in ¥ ) (@ (5)) causing a degenerate

case, we denote them by a set lI/HS)H (lllﬂg)_)).

B.1 Case 1 (7 Odd and g Odd)

According to the degeneracy condition, Arg(C,) = 5= + %;%1 or Arg(Cy) =
—7= + 2]%”, ki € Z. In this section, we let Arg(Cy) = 7= + 2]‘7;” (the proof
when Arg(Cg) = —% + Lknlz can be completed in the same manner). For an odd

7, it has two possibilities: 7 mod 4 = 1 and 7 mod 4 = 3. In this section, we let
n mod 4 = 1 (the proof when 7 mod 4 = 3 can be completed in the same spirit). To
avoid confusion, we emphasize that the results to be given below are developed in
the case where Arg(C,) = 271—,5 + 247 and 7 mod 4 = 1. For the other possibilities,

n
we may prove the result analogously.

By analyzing the arguments of Cg(AT) i , we have that @H()H has 7 elements such
that

4
86" + Arg(Cy) = - (mod(2m)). (B.3)
and that @]](];) has n elements such that
(=) T
g0, + Arg(Cy) = —E(mod 2m)). (B.4)
In light of (B.2), !II]IS;F) contains 7 elements satisfying that
ny" = 0(mod(2n)), (B.5)
and U/Hg)_) contains 7 elements satisfying that

ny”) = 7 (mod(2m)). (B.6)
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With properrelabeling, welet O = {0”),...,95]*)} o5 =", ...},
lI,(+) {1//(+),..., +)} and g[/( ) {w , ’1//15 )}.

+)

o\t e O(+) 1 < a < n, there exists a unique wc(a)

Property B.2 For each 6,

lI/]I(;r), 1 < c(a) < n, such that 1//6(;;)) = Q(H Furthermore, for different 0(+) the
corresponding c(a) are different.

Proof From (B.3) and (B.5), n9f+), R 9(+) correspond to a same principal ar-

(+)) and mlf(+) ceey nw(+) correspond to a same principal

—(+) §(+) )

gument (denoted by 6
argument (denoted by 1// ) The proof will be complete if w

Since EH) corresponds to a principal argument of (+C—Z~’) g, it follows that

—(+)

1
7 = E(% + 251 — Arg(Cy)), (B.7)

where 51 € Z. From (B.3), we have that Arg(C,) = —§§(+)

Then, from (B.7),

+ 5 4+ 257, 5 € Z

— S| — 8§2)27
+) (+)+(1 ~2) .

v =0 : (B.8)

Note that§' " = 253” with 53 € Z (corresponding to a principal argument of (+s) )
and that xp(“ 254” with s4 € Z (by (B.5)). According to (B.8), it must be true that

s1—sy=0,asn and g are co-prime. Thus, WH) . O

Similarly, from (B.4) and (B.6), we have:

Property B.3 For each 9(_) @( ) , 1 < b < n, there exists a unique wd(b) S

lI/( ) ,1 < d(b) < n, such that wd(b) = 6( ) . Furthermore, for dzﬁ‘erenté( the
correspondmg d(b) are different.

0 (+)

Lemma B.2 For each 6, € @]gr), 1 < a < n, satisfying that the corresponding

M(a)—1
branches of C, (—|—£)§, ooy Cormay—1(+¢) = are all degenerate and that the
. g+M@) | . .
corresponding branch of Cq 1 p(a)(+€)  »  is not degenerate, there exists a unique
c(a), 1 < c(a) < n, satisfying the following properties.
(1) For 1//(+) the corresponding branches of Dp(4¢j)2, ..., Dyymia)—1

c(ay

n+M(a)—1
(+€j) ¢ areall degenerate.
(2) For Q,EH and wi?;))’ the corresponding branch of C g+M(a)(+8) lles in

n+M(a)

C4+ (C_) if and only if the corresponding branch of D,y (+€j) ¢ liesin Cy
(Cr).
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Proof We start by proving property (1) for h = 1,..., M(a) — 1 (the degen-
eracy of D,(+¢j)¢ is apparent from (B.2)). First, assume that Cg1, # O for

h=1,...,M(a) — 1. According to the conditions of the lemma, ((g + h)9,§+) +
Arg(Cgyp))mod2r = £5, h = 0,...,M(a) — 1. It follows that for 1 =
1,...,M(a) — 1,

(Arg(Cgyn) — Arg(Cg) + h6)mod 27 = 0 or 7. (B.9)

n+h
In light of Property B.1, forh = 1,..., M(a) — 1, Dn+h(+8]) ¢ is the sum of a

finite number of terms subject to the form «;, ... ;, H ;lw (+g] ) g . For each such

.....

term, the argument corresponding to 1//6(?;)) is (by (B. 9)) (n +h) WC(E;)) —ho, ) +KkmT, K €

Z, having in mind that iy + --- + hip, = h and «;,,.;, € R. Then, according to
Property B.2 and (B.5), for h = 1,..., M(a) — 1, the value of Dn+h(+8j)%
associated with wf;)) is purely real. We may also prove property (1) in the same
spirit if some Cg1, = 0 (1 < h < M(a) — 1) by noting that 0 corresponds to a
degenerate term for both the Puiseux series and the dual Puiseux series.

We next consider property (2). Clearly, Coypm@ # 0O by the conditions of

n+M(a)
the lemma. It follows from Property B.1 that Dyipq) = (D' + D”)(Cig) g
/ M) i . "
where D' = > %y ipga) I1 YM(@)w (im@ = 0)and D" =
i1+~-+M(a)iM(a)=M(a) w=1
C a
gz{‘:() (Ol

Qo,...0.1 0...0.1 = —%). By the same idea of the proof for property (1),

. n+M(a)
we have that the value of D’ (%) ¢ associated with wc(?;)) is purely real. Conse-

quently, property (2) can be proved if the following condition holds

+& n+M a)
Ar (D”( J) ) — Arg (Cg+M(a)(+8)

r:+M (a) ) T
g

=7 (B.10)

Taking into account (B.3), (B.5), and Property B.2, we see that (B.10) is satisfied
and hence the proof is complete. O

Lemma B.3 For each 9;5_) € @11(])_)’ 1 < b < n, satisfying that the corresponding

M(b)—1
branches of C, (—8)5, ey Coxmpy—1(—¢) S are all degenerate and that the

M(b)

corresponding branch of C g p(p)(—€) £ is not degenerate, there exists a unique
d(b), 1 <d(b) < n, satisfying the following properties.

(1) For W;(_b))’ the corresponding branches of Dy(—¢&j)¢, ..., Duymp)—1

n+Mb)—1
(—ej) ¢ areall degenerate

(2) For 9( ) and wd(h)’ the corresponding branch of Cgy p(p)(— 5) L lies in
n+M(b)
C4+ (C_) if and only if the corresponding branch of Dy p) (—ej) ¢ liesin Cy

(Cp).
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The proof is in the same spirit of that of Lemma B.2.
Combining the above discussions, we have:

Lemma B.4 Theorem 8.3 holds if n is odd and g is odd.

Proof For the elements in e — (H)H(;) (O — @I(D_))’ the number of the corre-

sponding values of the Puiseux series (8.3) in C. is denoted by NU o e (+€)
D

(NU@(,)_@]I(;) (—e¢)). Similarly, for the elements in /4G lll]]gf) v — lI/]]g)_)), the
number of the corresponding values of the dual Puiseux series (8.4) in Cy; is denoted
by NDIII(JF)?%?) (+¢€j) (NDW(_L%;ﬂ(—sj)). It follows that NU@(H*@S)(—'—E) =
NU@(,)_@H()_) (—&)and NDWH)_%;H (+&j) = NDW(,)_%_) (—&j) for Case 1. Thus,

ANU,, (t4,k) is determined by the effect of the elements in @H(;) and @]](];) on the
Puiseux series (8.3) and AN F;, (wy) is determined by the effect of the elements in

lIIHS)H and lllﬂg)_) on the dual Puiseux series (8.4). According to Lemmas B.2 and B.3,
the above two effects are equivalent. O

B.2 Case 2 (7 Odd and g Even)

According to the degeneracy condition, Arg(Cy) = 7= + Zk,f” or Arg(Cy) = — 5=+
Zk’%” ,ky € Z.For an odd 17, there are two p0551b111t1es. nmod4 = 1 andn mod 4 = 3.

+ 2k27r

In this section, we suppose Arg(Cy) = and 7 mod 4 = 1.

By analyzing the arguments of C, (At)n , we have that @I(D)+) has n elements
satisfying (B.3) and that @H(}_) has 1 elements satisfying that

207 + Arg(C,) = %(mod 2m)). (B.11)

By (B.2), lI/Ié)+) contains two subsets (lI/Ié)T) and lI/]I(;zr)) and W]Ig;) is empty. More

precisely, WH%)T) has 7 elements satisfying (B.5) and lllﬂg)';) has 1 elements satisfying
that

ny " = 7 (mod(2r)). (B.12)

Afterproperrelabehng,welet@(+) {9(+) 9(+)} @() {0() .,95_)},

and vt = (g7, i) = u/(+> U wﬁ;) where w”’ =it
and w(“ Wi wz(“}
Property B.4 For each 9‘§+) IS @]gr), 1 < a < n, there exists a unique Iﬂc(:;)) IS

EI/]I(DT), 1 < c(a) < n, such that 1//6(;;)) = 9a(+). Furthermore, for different Ga(+), the

corresponding c(a) are different.
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Property B.5 For each 9,57) € (H)E);) 1 < b < n, there exists a unique 1//5(2)) S

lI/]I())er)’ n+1=<d(b) < 2n, such that 1//;8) = 9( ). Furthermore, for different 0;7),
the corresponding d(b) are different.

Lemma B.5 For each Qa(+) € @]I(;r) , 1 < a < n, satisfying that the corresponding
branches ong(—i—e)%, ..., C

M(a)
corresponding branch of Cgy p(a)(+€) 5 is not degenerate, there exists a unique
c(a), 1 < c(a) < n, satisfying the following properties.
(1) For w(ﬂ the corresponding branches of Dp(4€j)2, ..., Dyymia)—1

c(a)
n+M(a)—1

(+ej) ¢ areall degenerate.
(2) For 9(+) and ¢(+) the corresponding branch of Coyp(a (+8) lles in
g+M(a)

cla)

—1
n are all degenerate and that the

n+M(a)
C+ (C_) if and only if the corresponding branch of Dy y(a) (+8]) ¢ liesin Cy
(Cr).

Lemma B.6 For each 9(_) € @(_) 1<b<n, satis ing that the correspondin
8 4 8

b)=
branches of C, (—8)%, v Cormp)— 1( €) e are all degenerate and that the

g+Mb)
corresponding branch of Cq 1 p(p) (—8) n 1§ not degenerate, there exists a unique
db), n+ 1 <d(b) < 2n, satisfying the following properties.
(1) For 1[/05-(’2), the corresponding branches of D, (+¢&j)¢, ..., Duypmp)—1

. n+M(b)—1
(+¢))

_ +M(5)
(2) For 9( ) and x[rﬂrb)), the corresponding branch of Cgypr(p)(— 8) lies in
n+M(b)

C4 (C_) if and only if the corresponding branch of Dn+M(b)(+8]) s liesinCp
(Cu).

Combining Properties B.4 and B.5 and Lemmas B.5 and B.6, we have:

are all degenerate.

Lemma B.7 Theorem 8.3 holds if i is odd and g is even.

B.3 Case 3 (7 Even and g Odd)

According to the degeneracy condition, Arg(Cy) = 2k3” or Arg(Cy) = = —I— 2]“”

k3 € Z. For an even n, there are two possibilities: n mod 4=0andn mod 4= 2 In
this section, we assume Arg(Cg) = 2k3" and 7 mod 4 = 0.

In light of the arguments of Cg(Ar)n, OH(;) has two subsets (@H()Jl”) and (H)H()J;)),

while @H({) is empty. More precisely, @]]()T) contains 7 elements satisfying (B.3), and

@]]()';) contains 7 elements satisfying that

20" + Arg(C,) = —%(mod(Zn)). (B.13)
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According to (B.2), lI/[é;r) has n elements satisfying (B.5), and J/HS;) has n elements
satisfying that

ny”) = 0(mod(27)). (B.14)

With suitable relabeling, we let @(+) {9(+) 9(+)} = @(+) U @(-52-) (where
op =, ... oy yand o) = {e,gi)l, . 92(“}) w(“ {w(“, RSN
and w( Y=y, ) RNRVARS

(+)

9(+) c @H(;lr),l < a < n, there exists a unique Iﬂc(a) €

Property B.6 For each 6,

lllﬂg)+), 1 < c(a) < n, such that 1/[6(?;)) = 9,5+). Furthermore, for different O(E'H, the
corresponding c(a) are different.

Property B.7 For each 9(+) € @(+), n+1 < b < 2n, there exists a unique

wa’(b) S lI/( ) ,1 < d(b) < n, such that wa’(b) = 9,5+). Furthermore, for different
9}§+), the corresponding d(b) are different.

Lemma B.8 For each 9£+) € (~)(+) , 1 <a<n, satisfying that the corresponding
gt+M (a)

branches of C, (+€)§, ooy CoyM@a)— 1(+8)
g+M@)

corresponding branch of Cgy m(a) (+8) n 15 not degenerate, there exists a unique

c(a), 1 < c(a) < n, satisfying the following properties.

(1) For 1/f(+) the corresponding branches of Dp(4¢j)2, ..., Dyymia)—1

c(a)y
. n+M(a)—1
(4+ej) ¢ areall degenerate.

(2) For 9(+) and wf?;)), the corresponding branch of Cg+M(a)(+8) lles in

n+M(a)
C4+ (C-) if and only if the corresponding branch of Dy p(a) (+8]) ¢ liesinCy
(Cr).

are all degenerate and that the

Lemma B.9 Foreach GIE—H € @5’2—), n+1 < b < 2n, satisfying that the correspond-
M(b)—1
ing branches of Cg (+8)§, e Cormpy—1(+8) e are all degenerate and that

M(b)
the corresponding branch of Cgypp)(+¢) - is not degenerate, there exists a
unique d(b), 1 < d(b) < n, satisfying the following properties.

(1) For wd(b), the corresponding branches of Dy(—¢&j)¢, ..., Dytrmp)—1

n+Mob)—1
(—ej) & areall degenerate

(2) For 9[§+) and wd(b), the corresponding branch of Cg+M(b)(+8) lzes in

n+M(b)

C4+ (C_) if and only if the corresponding branch of D,y p)(—¢j) liesin Cp,

(Cu).
We have the following result for Case 3:

Lemma B.10 Theorem 8.3 holds if n is even and g is odd.
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The proofs of the properties and lemmas for Cases 2 and 3 are omitted as they
follow the same ideas as for Case 1.

The proof of Theorem 8.3 is now complete according to Lemmas B.1, B.4, B.7,
and B.10.
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