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Abstract

A quantized feedback system is a control system in which finite-level quanti-
zation of signal values is involved in the feedback loop. Quantized feedback
is found in many engineering systems including mechanical systems and net-
worked systems because multilevel-valued devices such as A/D (Analog-to-
Digital) converters, on/off switching actuators, and digital communication
networks are widely used in these systems. The purpose of this thesis is to
establish a unified approach for the stability analysis of quantized feedback
systems.

In this thesis, we first provide the motivation for developing a new frame-
work for the stability analysis of quantized feedback systems. The stability
analysis of quantized feedback systems is difficult in many cases because the
traditional small gain theorem cannot be successfully applied owing to the
nonlinearities caused by the finite-level quantization. This thesis shows the
difficulties involved by using two examples: an uncertain networked control
system with a rate-limited communication channel and a feedback system
involving a uniform quantizer. Through the stability analysis of these exam-
ples, we discuss the need for introducing a new notion of stability and a new
framework for analysis.

A new framework for the stability analysis of quantized feedback systems
is then developed. In particular, we introduce a new notion of small (¥ signal
(P stability in this thesis. This is a practical and reasonable notion for the
stability of quantized feedback systems; in contrast, classical stability no-
tions such as finite gain /7 stability and asymptotic stability are occasionally
too strong and not achievable in the presence of finite-level quantization of
signals. The small level theorem is derived to give a sufficient condition for a
feedback system to be small /7 signal /7 stable. A new class of uncertainty,
level bounded uncertainty, is also introduced in this thesis. This is useful
in approximating some classes of nonlinearities that include quantization er-
rors. Using all these new notions and theorems, we provide a mathematical
framework for the stability analysis of nonlinear systems that is applicable
to a wide class of quantized feedback systems.



Finally, the use of the proposed framework is demonstrated by addressing
two important issues related to quantized feedback systems: robust stabiliza-
tion of an uncertain networked control systems over a rate-limited commu-
nication channel and stability analysis of a networked control system that is
affected by finite-level quantization and packet dropouts. In the first exam-
ple, quantitative analysis is provided for the combined effect of quantization
and the model uncertainty in the system dynamics on the stability of the en-
tire networked control system. In the second example, we elucidate the effect
of quantization and packet dropouts on the stability of the overall networked
control system. While the quantitative analyses of the stabilities of these two
networked control systems have remained unresolved problems, the proposed
framework provides us with a systematic approach for solving both of these
important issues.
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Notations and Definitions

BF=CNMm

7 (1 <p<o0)
gOO
Ce

[fller (1 <p < o00)

| F'||p-ina (1 < p < 00)

belong to
subset (strict or not)
union
empty set
set of real numbers
set of nonnegative real numbers
set of real n-dimensional vectors
set of m x n real matrices
set of natural numbers
set of nonnegative integers
the (7, j)-th component of a matrix A
p-norm of a vector z € R", i.e., |||, := (3201 |ai]?)"/?
oo-norm of a vector z € R, i.e., ||z]|« := maxi<i<y, |74
1-norm of a constant matrix A € R™»*™:
[All = maxi<icn D50 |ai]
restriction of a function f to an interval [a, b]
truncation operator at time 7:
_ ) (0<i<r),

Prf(t) = { 0 (r<t).
space of functions f: Zy — R" s.t. Y7 || f(#)[|E < oo
space of functions f : Z, — R™ s.t. sup,~¢ || f()|lec < 00
extended space of functions: -
be:={f:Zy - R"|P.fel, VT €L}
(P norm of a signal f € (P, that is,
1 f]ler = { Z;}io Hf(t)Hz (1<p<o0),

s 1Ol (p=o0).
/P induced norm of a map F

The following notations are also used.

e The upper and lower linear fractional transformations (LFTs) are de-

vil



CONTENTS

noted by
Fu ([%; %g} ’A) = M, + M21A(I - MllA)ilMu,
Fi ([J\Ag; %;ﬂ 7A) = My + MlZA([ - M22A)71M21-

e A function o : Ry — R, is said to belong to class K (a € K) if it is
continuous, zero at zero, and strictly increasing.

e Amap H :/, — (. is said to be causal if
P.Hu=P.HP.u
holds for V7 € Z, and Vu € .. H is said to be strictly causal if
P.Hu= P.HP,_qu

holds for V7 € Z, and Vu € /..
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Chapter 1

Introduction

1.1 Quantized feedback systems

A quantized feedback system is a control system in which the feedback loop
involves finite-level quantization of signal values. Feedback control with
quantized signals is used in many engineering systems such as mechanical
systems and networked systems. Various digital devices with finite-level-
valued signals are often involved in mechanical systems, e.g., A/D (Analog-
to-Digital) converters, multilevel-valued sensors, on/off switching actuators,
and so on. Communication channels in networked control systems can trans-
mit only a finite amount of information per unit of time. Therefore, in such
networked systems, we have to deal with signals that are quantized with
finitely many levels. Because of the increasing and widespread use of com-
munication networks and digital devices in recent times, quantized feedback
systems have become prevalent in our society.

Quantized feedback systems give rise to challenging problems in the anal-
ysis and synthesis of control systems. Owing to the nonlinearities caused by
the finite-level quantization of signals, the analysis and design of quantized
feedback systems are complicated. In particular, it is often difficult to em-
ploy the classical small gain theorem and some traditional analysis tools to
establish the stability of feedback systems. Many studies have focused on
overcoming this difficulty and providing a systematic method for the anal-
ysis and synthesis of this important class of control systems (see, e.g., [23]
and the references therein).

One of the most widely investigated quantized feedback systems is the
single-loop feedback system shown in Figure 1.1. In this feedback system,
the signal s is assumed to take its value in a given finite set. The develop-
ment of this quantized feedback system was motivated by some applications
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Figure 1.1: A quantized feedback system

of networked control systems and mechanical systems. In networked control
systems, s represents the channel symbol that is transmitted over, for exam-
ple, an intervening communication channel. The system P represents a plant
to be controlled, and the devices () and K are an encoder and a decoder-
controller, respectively. Then, this feedback system can be viewed as a sim-
plified model for a networked control system including a rate-limited com-
munication channel. This quantized feedback system can also be considered
as a model of a mechanical system with a multilevel-valued sensor/actuator.
The device @ is, for example, a multilevel-valued sensor, and K is a con-
troller that produces the control input u based on the quantized signals. In
the last decade, the stability analysis of this quantized feedback systems has
been actively studied with the increasing applications of mechanical systems
and networked control systems involving quantized signals.

Noteworthy results on the stability analysis of this quantized feedback
system have been reported in [37, 32, 15, 20, 21]. It should be noted that in
these works, various notions of stability have been proposed because strong
stabilities such as asymptotic stability and finite gain /7 stability are occa-
sionally not achievable when finite-level quantization of a signal is involved
in the feedback loop. A weaker stability notion, containability, is introduced
in [37]. The boundedness of the Euclidean norm of the plant state at each
time instant is studied in [32] under the assumption that a bound on the
Euclidean norm of the external disturbance at each time instant is given.
The authors of [15] have discussed the problem of achieving the input-to-
state stability to external disturbances for the quantized feedback systems.
In [20], the tight condition for exponential stability has been derived for a
feedback system that is not driven by external disturbances. With regard
to works on stochastic setups, [21] is noteworthy in that it derives the tight
condition on quantization for the mean square stabilizability of the quantized
feedback systems.

There still remain many unresolved problems in the analysis and synthe-
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sis of quantized feedback systems. In fact, for the quantized feedback system
shown in Figure 1.1, stability analysis is difficult when the controlled plant
P includes uncertainty in its system dynamics. Because model uncertainty is
indeed inevitable in practical control systems, robust stability analysis and
robust stabilization of uncertain networked control systems are considered
as important issues. Although [28] recently showed that the input-to-state
stability of a networked control system involving finite-level quantization is
robust with respect to some perturbation in the system dynamics, the quan-
titative analysis has yet been carried out. Another important issue is the
stabilization of quantized feedback systems with “simple” quantizers. While
most of the stabilizing quantizers employed in the previous works mentioned
above are complicated and time-variant devices, the stabilization of systems
with time-invariant quantizers, such as uniform quantizers and on/off switch-
ing actuators, is practically significant. The stabilization of the single-loop
system shown in Figure 1.1 with a memoryless (static) quantizer has been
recently discussed in [5, 9, 29]. The analysis and synthesis of more prac-
tical and complicated quantized feedback systems, e.g., networked control
systems subject to combined effects of several channel properties of quanti-
zation, packet dropouts, and delays, have not yet been carried out.

Because of the increasing applications of such quantized feedback systems,
nowadays many studies have focused on developing a systematic approach
to resolve these unaddressed problems.

1.2 Robust control approach

This thesis develops a new framework for the stability analysis of quantized
feedback systems, inspired by the basic concepts of Robust Control Theory.
Using these concepts has been one of the most successful ways to analyze the
stability of a wide class of nonlinear systems. Because the set of quantized
feedback systems is a class of nonlinear systems, it is rather natural to expect
some of the essential concepts pertaining to robust control frameworks to
be helpful in the establishment of a framework for the stability analysis of
quantized feedback systems.

First, it should be recalled that while robust control frameworks have
been well known to enable us to deal with model uncertainties (see, e.g.,
textbooks [41, 8]), they also provide useful ways to analyze the stability of
some classes of nonlinear systems. Figure 1.2 shows the concept. In this fig-
ure, a given nonlinear system is expressed as a feedback interconnection of a
nominal system G and an error system A by appropriate system transforma-
tions. The nominal system is typically chosen from a set of tractable systems
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Figure 1.2: Robust control approach

such as the set of linear time-invariant (LTI) systems. The error system A is
generally nonlinear and represents the gap between the nominal system and
the original nonlinear system. Robust control frameworks provide theoreti-
cal and computational tools to establish the stability of the feedback system
shown in Figure 1.2 (b) in the case in which G' and A belong to particular sets
of systems. For example, when the subsystems G and A both have bounded
(7 gains, the well-known small gain theorem [13] can be applied to the stabil-
ity analysis of the nonlinear feedback system. S-procedure [38] is employed
for stability analysis when A satisfies integral quadratic constraints [19]. In
this manner, classical robust control frameworks provide us with methods to
analyze the stability of these particular classes of nonlinear feedback systems.

Most recently, [35, 22] have attempted to extend these concepts per-
taining to classical robust control frameworks to the stability analysis of
quantized feedback systems. These studies addressed the stability analysis
of quantized feedback systems by decomposing the original system into a
feedback interconnection of some tractable subsystems, and they provided
a theorem to establish the stability of the feedback system. Because the
classical frameworks are not directly applicable to quantized feedback sys-
tems, new frameworks have been developed. Specifically for feedback systems
with measurements and inputs with finitely many quantization levels, Tar-
raf, Megretski, and Dahleh [35] proposed a framework for robust stability
analysis based on deterministic finite state machine models and several new
stability notions. Liberzon and Nesi¢ suggested the decomposition of a class
of quantized feedback systems into the feedback interconnection of its dis-
crete and continuous subsystems and the use of the input-to-state small-gain
theorem [22] for stability analysis.

The research presented in this thesis is along similar lines and is motivated
by a desire to establish a unified and systematic approach to the stability
analysis of a wide class of quantized feedback systems. In particular, we

4



CHAPTER 1. INTRODUCTION

introduce a new and practical notion of stability for quantized feedback sys-
tems and provide a set of mathematical tools for the stability analysis of a
feedback system based on this stability notion. The proposed framework is
applicable to a wide class of quantized feedback systems and enables us to
tackle several important unresolved problems.

1.3 Contributions and organization of the the-
sis

A new framework for the stability analysis of quantized feedback systems is
developed in this thesis. We introduce a new stability notion and provide a
set of theorems to establish the stability of a feedback system based on the
new stability notion. A new set of nonlinear systems is introduced to approx-
imate some classes of nonlinearities including quantization errors. With all
these new notions and mathematical tools, we provide a systematic approach
to the stability analysis of a wide class of quantized feedback systems. The
usefulness of the proposed framework is demonstrated by solving two un-
resolved problems: robust stabilization of an uncertain networked control
system over a rate-limited communication channel and stability analysis of
a networked control system that is affected by both finite-level quantization
and packet dropouts. A simple uniform quantizer is employed in the latter
problem.
The contributions of this thesis are as follows:

e The motivation for developing a new framework for the stability analy-
sis of quantized feedback systems is provided. It is difficult or occasion-
ally impossible to apply the classical small gain theorem to establish the
stability of quantized feedback systems. By demonstrating these diffi-
culties with two examples, we provide the motivation for introducing a
reasonable notion of weak stability and a new framework for stability
analysis. (Chapter 2)

e A new notion of small 7 signal (P stability is introduced. This is a
practical and reasonable stability notion for quantized feedback sys-
tems. (Chapter 3)

o Small level theorem is derived as a key theorem for the stability analysis
of quantized feedback systems. This theorem gives a sufficient condition

for a feedback system to be small /F signal /* stable. (Chapter 3)

5
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e A novel class of uncertainty, level bounded uncertainty, is introduced.
This new class of nonlinear maps enables us to effectively approximate
some classes of model uncertainties and nonlinearities including quan-
tization errors. (Chapter 3)

e A new framework for stability analysis and robust stability analysis is
developed based on the /P signal /P stability. With regard to robust
stability analysis, we derive conditions for the robust stability of feed-
back systems against two classes of uncertainties: the traditional gain
bounded uncertainty and level bounded uncertainty. (Chapter 3)

e Robust stabilization of an uncertain networked control system over a
rate-limited communication channel is studied based on the proposed
framework. We derive a sufficient condition on the data rate of the
communication channel for the existence of an encoder-controller pair
that robustly stabilizes the networked control system. The combined
effect of quantization and model uncertainty on the stabilizability of
the entire system is evaluated by the derived condition. The robust
stabilization of an uncertain networked control system demonstrates
the usefulness of the proposed framework for the stability analysis of
quantized feedback systems. (Chapter 4)

e Stability of a networked control system subject to finite-level quanti-
zation and packet dropouts is investigated. A sufficient condition on
quantization parameters for the stability of the system is derived for
a given triple of plant, controller, and packet dropout parameter. The
effect of quantization and packet dropouts on the stability of the net-
worked system is evaluated. This is another example that shows the
usefulness of the proposed framework. (Chapter 5)

This thesis is organized as follows.

Chapter 2 provides the motivation of the thesis by discussing the difficul-
ties involved in the stability analysis of two important examples of quantized
feedback systems. In particular, we show that the classical small gain theo-
rem is not applicable to these two examples.

In Chapter 3, a new framework for stability and robust stability analyses
is developed. We first introduce a new notion of small /7 signal (P stability
and derive a condition for a feedback system to be small ¥ signal (¥ stable.
A new class of uncertainty, level bounded uncertainty, is introduced in this
chapter. We then examine the robust stability of a feedback system against
two classes of uncertainties: level bounded uncertainty and the traditional
gain bounded uncertainty.
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Chapter 4 is devoted to the robust stabilization of an uncertain system
over a rate-limited communication channel. By utilizing the framework pro-
posed in Chapter 3, we evaluate the trade-off between the quantization and
the model uncertainty in the plant dynamics for the robust stabilizability of
the networked control system.

Chapter 5 studies the stability of a networked control system affected by
finite-level quantization and packet dropouts. We elucidate the combined
effect of the quantizer and packet dropouts on the stability of the networked
control system.

Chapter 6 concludes the thesis.
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Chapter 2

Difficulties Involved in Stability
Analysis of Quantized Feedback
Systems

This chapter discusses the motivation of this thesis for developing a new
framework for the stability analysis of quantized feedback systems. Toward
this end, we discuss the difficulties involved in applying the small gain theo-
rem to the stability analysis of two examples of quantized feedback systems:
an uncertain networked control system with a rate-limited communication
channel and a feedback system involving a uniform quantizer. Through the
stability analyses of these quantized feedback systems, we show the motiva-
tion for introducing a new and reasonable stability notion and a framework
for stability analysis based on the stability.

This chapter is organized as follows. Section 2.1 serves as a preliminary
and discusses the definitions of several stability notions. Section 2.2 intro-
duces the small gain theorem. Section 2.3 discusses the stability analysis of
two examples of quantized feedback systems. Section 2.4 summarizes this
chapter.

2.1 Classical stability notions

This section discusses the definitions of several existing stability notions re-
lated to this thesis. These notions are repeatedly referred to throughout this
thesis.

Definition 1. (¢7 stability, see, e.g., [13])
A map H: (., — [, is (P stable if there exist a class K function o and a

9



2.1. CLASSICAL STABILITY NOTIONS
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Figure 2.1: Feedback system for stability analysis

nonnegative constant § such that
| H (w)]jo,7]ler < a||ulponller) +8 Yuele, V7 € Zy. (2.1)

In addition, H is called unbiased if we can take 5 = 0.
The feedback system shown in Figure 2.1 is called 7 stable if there exist
a class K function o and a nonnegative constant 5 such that

||Z|[(),7—]||gp < Oz(HT|[07T]Hzp) +p3 Vrel, VTel,, (2.2)
where z 1= (21, 29) and r := (r1,73).
Definition 2. (finite gain (7 stability, see, e.g., [13])

A map H: l. — (. is finite gain (P stable if there exist nonnegative constants
~v and ( such that

||H(U/)|[077—]||gp < ’7||u|[077]||gp + ﬂ Yu € fe, V7 e Z_,.. (2.3)

The infimum of ~ satisfying the above inequality is called the 7 gain of H.
In addition, H is called unbiased if we can take 5 = 0.

Definition 3. (small signal (7 stability, [36]) A map H: ¢, — (. is small
signal P stable if there exist nonnegative constants v and ¢ such that

[weten{ullulle <} = [HWlole < vllulplle ]
Yu € le, VT € Zy. (2.4)

Definition 4. (local (7 stability, [2])
A map H: l, — (. is local P stable if there exist positive constant ¢ and
nonnegative constant v such that

[{ Huhoy]ng <e€e= HH(U‘)‘[O,T]HZP < 'yHu\[o,T]ng ] Yu € ., NT € 7. (2.5)

10



CHAPTER 2. DIFFICULTIES INVOLVED IN STABILITY ANALYSIS
OF QUANTIZED FEEDBACK SYSTEMS

2.2 Small gain theorem

The small gain theorem provides a condition for the feedback system shown
in Figure 2.1 to be (P stable. It plays a key role in the classical robust
control framework. See, e.g., the standard textbook [13] for the proof of this
theorem.

Theorem 1. (Small gain theorem) Consider the feedback system shown in
Figure 2.1, and assume that the following three conditions hold.

(i) For the subsystem H; : ey — z1, there exist nonnegative constants v
and 1 such that

z1lj0.1ller < Millerljorllee + 581 Ver € Le, VT € Zy. (2.6)

(i1) For the subsystem Hy : ey — zy, there exist nonnegative constants o
and [y such that

||22‘[077—]||[P < ’72”62“077}”[17 -+ ,62 \V/GQ - ge, V71 € Z+. (27)

(ZZZ) T1Y2 < 1.
Then, the feedback system is (P stable. In particular,

- 71\|7’1|[0,r]||1zp + 7172||7“2|[0,T]||ep + 81+ 7152

z 7l 2.8
210,71 [l ev [ (2.8)
Tiljo,7]ller + Y2ll72l[0,7] ller + P2 +
lzalostler < MYellr1lpller + Vallralioller + B2 + Y251 (2.9)
I —m72

hold true for all vy € 2, ro € (2, and T € [0,00).

2.3 Motivating examples

While Theorem 1 has been successfully applied to the stability analysis of
many applications of nonlinear systems, it is difficult and occasionally im-
possible to establish the stability of quantized feedback systems based on
this theorem. In this section, we examine the stabilities of two examples of
quantized feedback systems and discuss the difficulties involved in applying
the small gain theorem to them.

2.3.1 Robust stabilization of an uncertain networked
control system over a rate-limited channel

In this subsection, we investigate the robust stabilization of a networked
control system in which an uncertain plant is controlled over a rate-limited

11
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Figure 2.2: Uncertain networked control system

communication channel. As can easily be expected, the stability of such a
networked control system is affected by quantization, or a rate constraint, at
a channel and model uncertainty in the plant dynamics. We wish to quanti-
tatively evaluate the combined effect of quantization and model uncertainty
on the stability of the entire networked control system.

System description

Consider the uncertain networked control system shown in Figure 2.2. The
plant is modeled as the feedback interconnection of an LTI nominal plant
P and an /? stable uncertainty A. This uncertain plant is controlled over a
rate-limited communication channel.

Each system is described in detail below.
Nominal plant P: A nominal plant is defined as a causal LTI map P:
l. — (. that maps (eq,u) to (z1,y):

<1 €1 Py Pro
=P , P:= , 2.10
Gl-rl] e 2l 20
where u and y are the control input and the measured output, respectively.
The nominal plant is connected with the uncertainty through (eq, z1).
Uncertainty A: The plant uncertainty A is modeled as a possibly non-

linear and time-varying unbiased map that has a finite /¥ gain less than a
given level 1/ > 0. In other words, A belongs to the set B) defined below.

1
B = {A : ge — ge ’ HA(€2)|[077—]H@ < ;||62|[0’7—]ng, V1 € Z+, V(EQ c ge} .

(2.11)

12



CHAPTER 2. DIFFICULTIES INVOLVED IN STABILITY ANALYSIS
OF QUANTIZED FEEDBACK SYSTEMS

Channel:  The communication channel is modeled as a noiseless digital
channel that transmits one of 2% symbols at each time instant. That is,

s(t) e A:={0,1,---28 — 1} (2.12)

where A is the alphabet of the channel symbols and s(¢) represents the
channel symbol at time t. We call R the data rate, or simply rate, of this
channel.

Encoder En: The encoder En is a causal map from the observed output
to the channel symbol, such that

En: (y(0),---,y(t)) — s(t). (2.13)

That is, En quantizes the measured outputs and sends the quantized symbol
s(t) to the communication channel. Note that because R is finite, the infor-
mation about the measured output transmitted to the controller is limited.
This is called the rate constraint.

Controller K: The controller K is a causal map that generates the control
input from the received channel symbols:

K : (s(0),---,s(t)) — u(t). (2.14)

In this example, we assume that the encoder and the controller know the
exact dynamics of each other. For the encoder, this is equivalent to saying
that the past inputs u(0),u(1),--- ,u(t—1) as well as y(0),y(1),--- ,y(t) are
available, namely,

En: (y(0), -+ ,y(t)) x (uw(0),- - ,u(t — 1)) — s(t). (2.15)

In turn, this assumption is necessary for the controller to estimate the
plant state from the received channel symbols.

Robust stabilization

Within the setup described above, we study the robust stabilization of the
uncertain feedback system. In particular, when an uncertain plant is given,
we wish to derive a condition on R for the existence of (En, K') that robustly
stabilize the networked control system. A stabilizing encoder-controller pair
should be given if R satisfies the derived condition.

The small gain theorem is not applicable to the robust stability analysis
of the networked control system. Because the uncertainty A has a bounded
(P gain less than or equal to 1/, the small gain theorem tells us that the
uncertain feedback system is ¢ stable for all A € B) if the /% gain of the
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Figure 2.3: Achievable input-output relation

nominal part F(P, K o En) shown in Figure 2.2 is less than . However, it
can be shown that under a finite rate constraint, there are no causal encoder-
controller pairs such that F(P, K o En) has finite /7 gain even in a simple
case.

To be more specific, consider the case in which P is an unstable LTI
system and z;(t) = y(t) = z(t), the plant state. Suppose that there exists
an encoder-controller pair such that the closed-loop system Fi(P, K o En)
is unbiased 7 stable (see Definition 1 in Section 2.1 for the unbiased ¢*
stability), namely, there exists a class I function « satisfying

[zller < alllexller)- (2.16)

It is shown by Martins [16] that for any encoder-controller pair and any «
satisfying the above, there holds

a(flerller)

ot Vo, >0, (2.17)
llex|l¢p €(0,201) ||€1||ZP

sup alflexller) _ V8, > 0. (2.18)
lle1]|ep>2792 Heluﬁp

Inequalities (2.17) and (2.18) imply that « has an unbounded growth rate at
lle1]|e» = 0 and |le;]|er = 0o (Figure 2.3). Thus, we cannot make Fi(P, K oEn)
finite gain ¢? stable, and we cannot use the traditional small gain theorem
to establish the robust stability of the feedback system shown in Figure 2.2.

This example implies that in such an uncertain networked control system
involving finite-level quantization, the traditional ¢? stability is too restrictive
and the small gain theorem is not successfully applicable. We thus need a
new reasonable stability notion and a framework for stability analysis based
on it for quantized feedback systems.

14
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Figure 2.4: System with a uniform quantizer

2.3.2 Stability analysis of systems involving a uniform
quantizer

We consider a feedback system including a uniform quantizer in this subsec-
tion. This quantized feedback system is also an important example because
devices such as on/off switching actuators and memoryless multilevel-valued
sensors are widely used in mechanical systems today. While such quantiz-
ers are practically important, their use gives rise to difficulties in deriving a
non-conservative condition for the stability of the quantized feedback system.

System description

Consider the quantized feedback system shown in Figure 2.4. The system
G is a single-input, single-output LTI system. The function ¢: R — V :=
{0,4d, £2d,--- ,£md} denotes a uniform static quantizer, where d € R,
and m € N are positive constants. As shown in Figure 2.5, this quantizer
produces a quantized symbol by rounding its input to the nearest discrete
value in V:

( md, if (m—%)dgu,
(m—1)d, if (m—3)d<u<(m-—3)d,
alw) = 0, if —ld<u<ld, (2.19)
[ —md, ifu<—(m—%)d.
The constant d is the step size, whereas
M:=2m+1 (2.20)

is the number of quantization levels.

Stability analysis

For the quantized feedback system described above, we wish to elucidate the
effect of quantization on the stability of the entire system. In particular, we

15
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Figure 2.5: Uniform quantizer ¢
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Figure 2.6: Equivalent system to Figure 2.4

Figure 2.7: Quantization error A,

want to obtain a stability condition in terms of the quantization parameters
M and d.

The feedback system shown in Figure 2.4 is equivalently transformed to
the system shown in Figure 2.6, where

eL=u, 21=0—U €E3=wW—U, 23=71. (2.21)

The system A, : e; — 2z represents the quantization error at the static
quantizer. Its input-output relation is shown in Figure 2.7. The system G is
the corresponding linear system.

A simple application of the small gain theorem to this feedback system
leads to a conservative stability condition. In fact, for any value of M and
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d, the nonlinear map A, satisfies
HZ1|[077]H400 < H€1|[077_]Hgoo Ve, € ge, V1 € Z+. (222)

This implies that A, belong to the set B}, which is defined in (2.11). By
using the small gain theorem, it can be shown that the feedback system is
(> stable if the linear system G satisfies

|G le-ina < 1. (2.23)

However, the stability analysis does not give any information on the relation-
ship between the stability and the step size d or the number M of quantization
levels of the quantizer. This indicates that the traditional /> gain bounded
uncertainty does not effectively approximate the quantization error and leads
to a conservative stability condition.

This observation motivates us to introduce a new class of uncertainty that
is suitable for approximating the quantization error.

2.4 Summary

In this chapter, we have provided a motivation for introducing a new notion of
stability and a new framework for the stability analysis of quantized feedback
systems. Specifically, we have discussed the difficulties involved in applying
the small gain theorem to two examples of quantized feedback systems. In
the first example, it was shown that the small gain theorem is not applicable
to the robust stability analysis of a networked control system. In the second
example, a simple application of the small gain theorem led to a conservative
condition for the stability of a feedback system with a uniform quantizer.
On account of these examples, we were motivated to introduce a reasonable
stability notion for quantized feedback systems and a framework for stability
analysis based on this notion.
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Chapter 3

A New Framework for Stability
Analysis of Quantized Feedback
Systems

A new framework for the stability analysis of quantized feedback systems
is developed in this chapter. In the previous chapter, we have shown the
difficulties involved in successfully applying the small gain theorem to the
stability analysis of quantized feedback systems. Motivated by our observa-
tion, we develop a new framework that is applicable to the stability analysis
of quantized feedback systems. In particular, we introduce a new notion of
small (P signal (P stability. This is a reasonable and practical notion of stabil-
ity for quantized feedback systems. We then derive a sufficient condition for
the stability of a feedback system in the sense of the new stability notion. A
new class of uncertainty, level bounded uncertainty, is also introduced. This
set of systems is useful for approximating some classes of nonlinearities that
include quantization errors.

This chapter is organized as follows. Section 3.1 introduces a new notion
of small P signal (P stability and discusses the relationship with some other
stability notions. Section 3.2 presents the derivation of the small level the-
orem and provides a condition for a feedback system to be small /P signal
(P stable. Section 3.3 discusses robust stability analysis against two classes
of uncertainties. Section 3.4 demonstrates the usefulness of a new class of
uncertainty, level bounded uncertainty, with an example. Section 3.5 sum-
marizes this chapter. All the proofs of the theorems used in this chapter are
presented in Appendices.
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3.1. SMALL ¢F SIGNAL ¢F STABILITY

3.1 Small /7 signal (7 stability

The new notion of small (P signal P stability is defined as follows.

Definition 5. (small (? signal (P stability) A map H: (. — /. is said to be
small (P signal P stable with attenuation level v and input bound e if

[[ uloller < €= ||H(w)|joq]ler < ve ]] Yu € Ly, N1 € 7 (3.1)

holds for given positive constants € and v. The map H is simply said to
be small (P signal (P stable if there exist some positive constants € and
satisfying (3.1).

The feedback system shown in Figure 2.1 is called small /7 signal /7 stable
if there exist positive constants € and v such that

[ Irlonlle < €= l|zlonllee <ve]  Vrele, V7T € Zy. (3.2)

Small P signal ¢ stability is a weaker stability notion than the traditional
(7 stability (see Definition 1 in Section 2.1 for ¢7 stability). In fact, small ¢*
signal /P stability implies /7 boundedness of the output only for the inputs
with small /7 norm whereas (¥ stability guarantees the ¥ boundedness of the
output for all /7 inputs. Moreover, small /7 signal (P stability differs from
finite gain (7 stability [13], small signal ¢? stability [36], and local /¥ stability
2] (see Definitions 2, 3, and 4 for the definitions of these notions) in that it
does not use the notion of /7 gains. Instead, the attenuation level of a map
is expressed in terms of the ratio of the local upper bounds of the ¢ norms
of input-output signals.

While the small ¢ signal ¢P stability is generally a weaker than /7 stability,
as described above, in the special case of linear maps, these stability notions
are equivalent, as shown in the following theorem.

Theorem 2. Suppose that H: (. — (. is a linear map. Then, H is small (P
signal P stable if and only if it is (P stable.

Proof. See Appendix 3.A. m

3.2 Small level theorem

We derive a sufficient condition for the small /7 signal /7 stability of the
feedback system shown in Figure 2.1.

20



CHAPTER 3. A NEW FRAMEWORK FOR STABILITY ANALYSIS OF
QUANTIZED FEEDBACK SYSTEMS

Theorem 3. (Small level theorem) For the feedback system shown in Fig-
ure 2.1, assume that the following four conditions hold true.

(i) For the subsystem H,y : e; — z1, there exist positive constants €; and
Y1 such that

[l: Helhoﬁ,l}ng S €1 = Hle[O’T]ng S Y1€1 ]] Vel € ge; V7 e Z+. (33)

(ii) For the subsystem Hy : eq — 2o, there exist positive constants € and
Yo such that

[ llealorller < e = llzalpnller < e ] Ves € be, Y7 € Zy. (3.4)
(ZZZ) €1 > Y262

(iv) €3 > 161
Then, the feedback system is small /P signal (P stable. In particular,

[[ 7], ler < €= (HZ1|[0,T]H@ < 61 and ||zaj0,]ler < 52) ﬂ

Vr € l,, VT € Z (3.5)

holds for
€ :=min{ey — Y€1, €1 — Yoca}, 01 := V1€, Oy := Ya€. (3.6)
Proof. See Appendix 3.B. O

This theorem is not simply a local version of the small gain theorem.
In fact, we do not assume that each of the subsystems has a finite /7 gain.
Instead, we assume small ¢7 signal /7 stability for each subsystem and derive
a condition for the small /P signal /P stability of the feedback system. Note
that conditions (iii) and (iv) in the above theorem imply 717y, < 1, which is
analogous to the small gain condition in the traditional small gain theorem
[13]. In this thesis, we call this theorem the small level theorem.

It should also be noted that the bounds on ¢ norms of signals are charac-
terized in (3.5) and (3.6) in terms of the attenuation levels and input bounds
of both subsystems. Because small /7 signal /7 stability is a weak stability
notion if there is no specification on its attenuation level or input bound, it
should be occasionally important to achieve the small 7 signal /P stability
of an entire control system for some fixed values of ¢ and . Theorem 3
provides a sufficient condition on the attenuation levels and input bounds
of the subsystems for achieving a specified small /¥ signal ¢F stability in the
feedback system.
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Two special cases of the above theorem can be easily verified.

First, in the case in which each of the subsystems H; or H, is unbiased
linear or finite gain ¢? stable with a gain less than or equal to v; or s,
respectively, Theorem 3 can be reduced to a special case of Theorem 1, the
traditional small gain theorem with zero biases.

Second, in the case in which one of the subsystems, Hs, is linear or finite
gain /P stable with gain ~,, we have the following theorem.

Theorem 4. For the feedback system shown in Figure 2.1, assume that the
following three conditions hold true.

(i) For the subsystem Hy : e; — z1, there exist positive constants €; and
v1 such that

[[ ||€1|[077—_1]||5p <€ = ||21|[07T]”4p < 7€ ﬂ Ve, € Ee, V7 e Z+. (37)

(ii) The subsystem Hsy : eq v 25 is finite gain (P stable with gain v, and
bias B, namely,

12211071 ler < Y2llealiorller + B2 Vea € Le, VT € Zy. (3.8)
(iii) The positive constants €1, Y1, Y2, and By satisfy
(I =my2)er > o (3.9)
Then, the feedback system is small (P signal P stable. In particular,

[ lIrlonlle < €= (llz1lpnller < 61 and ||zo]jo.7ller < 02) ]

Vr € le, VT € Zy (3.10)
holds for
(I —my2)e — B (1 +71)72€1 + Bo
_ R N . 3.1
€ 147, 1= 71€1 2 1+ 7 ( )
Proof. See Appendix 3.C. O

When we can take the bias f; = 0 in the above theorem, the condition
(3.9) is replaced by an inequality vy, < 1.

Example 1. Recall the feedback system with a uniform quantizer described
in Subsection 2. 3.2. Assume, to be more specific, a state space representation
of linear system G in Figure 2.6 is given by

& { x(t+1) = Ax(t) + Bes(t), x(0) = zo,

B = Cx(l), (3.12)
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where A € R™™ is Schur stable, and B € R™*™ and C € RP*™ are matrices.
Let g(t) denote the impulse response of the LTI system, namely,

0= g i3 o9

It is then well-known [6],[40] that

+oo m m.  +oo
t2i= max 33 19 (7 = max Y 1gi(7)] < +oo.
I p—; R p—
Ko := max ||[CA"||; < +oo. (3.14)

0<t<o0o

and the input-output relation

122]j0.71le < Y2llealjo e + K2ll2olloo (3.15)

holds true for the LTI subsystem.
It can also be shown that the nonlinear system A, satisfies

Nd d
[ etor-lie < 52 = Baloale= < 5 || ver e vr ez

Then, it is implicit from Theorem 4 that if 7o < N, then we can define a

non-empty set of initial states
Y2, Nd

Xy = 0 < (1—=)— 3.16

i {oflelle < 1= B30 (3.16)

and the feedback system shown in Figure 2.6 is small (>° signal (> stable for
all initial states xo € Xp.

This example shows that conditions on admissible initial states, in addi-
tion to gains, of subsystems are required for the small level theorem. In fact,
the bias term [y and the attenuation levels v and o in Theorems 3 and 4 are
dependent on initial conditions as is shown in the above example. When we
consider the attenuation level of small (> signal £>° stability, instead of the
gain, of Hs, the effect of its initial condition is “absorbed” in the attenuation
level constant. Specifically in the above example, the subsystem H, defined
by (3.12) satisfies

[[ ||62|[077-]||g00 <€ = ||ZQ|[O7T]||goo < 7&62 I| Vey € 4., VT € [0,00) (317)

for any fixed €5 > 0 where

”yé =Y+ % (318)
2

It can be seen that the effect of B is included in the attenuation level ~}.
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22 A e + T
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r €1 M 21

Figure 3.1: Feedback system for robust stability analysis

The following proposition can be directly shown from the definition of
strict causality.

Theorem 5. Assume that the subsystem Hy : e; w— 2z is strictly causal.
Namely,

PTH1€1 = PTH1PT,161 (319)

holds for Nt € Z, and Yey € .. Then, condition (3.3), or equivalently
(5.7), is satisfied if

[[ H€1||gp S €1 = HZngp S 71€1H Vel c /P (320)

holds for the positive constants €; and ;.

3.3 Robust stability analysis

Based on the results obtained in the previous section, we examine the robust
stability of the feedback system shown in Figure 3.1, where M is the nominal
system and A is the uncertainty. In this section, we consider two important
classes of uncertainties: the traditional gain bounded uncertainty and level
bounded uncertainty. The latter is a novel class of uncertainty introduced in
this chapter. It enables us to effectively approximate some classes of nonlin-
earities that include quantization errors. Against each class of uncertainties,
in this section, we derive a sufficient condition for the robust small ¢7 signal
(P stability of the feedback system.

The class of P gain bounded uncertainty is defined by a set of possibly
nonlinear and time-varying maps with gains less than or equal to a given
level 1/ > 0:

1
B = {A:le = L | [|Ale2)]jonler < ;H€2 0,7 [l ev
Veg € le, VT € 7 }. (3.21)
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The class of (P level bounded uncertainty is defined by a set of small /#
signal /P stable maps with given input bounds € > 0 and attenuation levels
less than or equal to 1/~ > 0.

€ €
SBY == {A:le = Lo | |lealpnller < €= [[Alez)onller < =

)

Vey € le, VT € L4} (3.22)

Note that the inclusion relation B} € SB}" holds for any fixed € and ~.

We wish to answer the following two questions in this section:

[RS-BX] Robust stability analysis against (P gain bounded uncertainty:
Find a condition on M shown in Figure 3.1 such that the feedback system
is small ¢7 signal 7 stable for all A € B}.

[RS-SBY"] Robust stability analysis against ¢¥ level bounded uncertainty:
Find a condition on M shown in Figure 3.1 such that the feedback system
is small 7 signal (7 stable for all A € SBY’.

For simplicity, we use the following assumption hereafter.

Assumption 1. M s strictly causal.

Under Assumption 1, we shall derive a sufficient condition on M for the
robust small /7 signal /P stability of the feedback system shown in Figure 3.1.

It is implicit from Theorems 3 and 4 that the conditions for robust sta-
bility conditions on M shown in Figure 3.1 against SBY” and B} are given
in the following theorems.

Theorem 6. [RS-SBY"] Suppose that for the nominal system M : ey — 21,
there exist positive constants €, and vy, < v such that

(1) [llele < e = |lzille < e ] Ve €, (3.23)
(%) €< € < y (3.24)
7 71

Then, under Assumption 1, the feedback system shown in Figure 3.1 is
small (P signal (P stable for all A € SBY'. In particular, for all A € SBY’

[[ I7loller < € = (Hzl‘[o,T]pr < 61 and ||za]po,]ler < (52) ]]
Vr € le, VT € Ly (3.25)

holds for

€ := min {€ — 7€, €1 — E} , 01 := €1, O = = (3.26)
v v
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Proof. See Appendix 3.D. m

Theorem 7. [RS-BL] Suppose that M is small 7 signal (P stable with
attenuation level less than v, namely, there exist positive constants €; and
v1 < 7y such that

[[ H€1ng < €1 = HZngp < Y1€1 ]] V61 € (P, (327)

Then, under Assumption 1, the feedback system shown in Figure 3.1 is small
0P signal P stable for all A € B). In particular, for all A € BY,

[[ ||T‘|[0,T]||£P < ¢ = <||21|[0,T]||ZP < 6; and ||2’2|[0,T}||zp < 52) ]

Vr € e, NT €Z, (3.28)
holds for
0T m 7+
€ S €1, 1= "71€1, 02 v €1 (3.29)
Proof. See Appendix 3.E. O

Note also that we have condition (3.24) on the input bound of M for
the robust stability against SBY’, whereas there is no such condition for the
robust stability against BJ.

When M is an LTI system, we have the following theorems for the robust
small /7 signal (P stability in Figure 3.1 against each class of uncertainties.
In particular, a necessary and sufficient condition for robust small /? signal
(P stability is derived against B).

Theorem 8. [RS-SBY"] Suppose that M : e; + 2z is an LTI system.
The feedback system shown in Figure 3.1 is small (P signal (P stable for all
A € SBY" if M satisfies

& [ lzlle < lledler + 51 ] Ver € 2, (3.30)

" (1 - %) e > B (3.31)

In particular,

[[ 170l < €= (H2’1|[0,T}Hep < 6y and [|22j0,4[ler < 52) ]]
Vr el., V7 € Zy (3.32)
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holds for
(1—?)6—52 c (14‘%)%64‘51
€ = (51 — 5 — (333)
1+m Y IL+m
Proof. Theorem 8 is immediate from Theorem 4. O

Theorem 9. [RS-B}] Suppose M : ey + 2y is an LTI system. The feedback
system shown in Figure 3.1 is small (7 signal (7 stable for all A € B if and

only if
[Mlep-ina < 7. (3.34)

In particular, if M satisfies

[ llz1ller < villealler + 81 ] Ver € €7, (3.35)
then
Yvillrilollee +v1llrelionlle + 6
21l oA ller < o ol (3.36)
TN
Yllrilonlle + llraliolle + B
[[22]10,71 ler < o o (3.37)
YN
hold true for all ry € (2, ry € (2, and T € [0, 00).
Proof. See Appendix 3.F. ]

3.4 Contribution of level bounded uncertainty

The new class of uncertainty, level bounded uncertainty, is useful in approx-
imating some classes of nonlinearity that include quantization errors. In
this section, we demonstrate the advantage of the use of this new class of
uncertainty by recalling the example described in Subsection 2.3.2.

Let us again consider the stability analysis of the feedback system with a
uniform quantizer, which has been described in Subsection 2.3.2. In this ex-
ample, the quantization error A, (see Figure 2.7 for the input-output relation
of A,) has not been effectively approximated by an ¢ gain bounded uncer-
tainty, and therefore, a conservative stability condition has been derived.
Specifically, the £ gain of A, is neither dependent on the quantization pa-
rameter d or M. The effect of quantization on the stability of the feedback
system has therefore not been assessed.
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The level bounded uncertainty, in contrast, effectively approximates the

quantization error. It is easily shown that for the system A, : e; — 21, there
holds

Md d
|:[ ||€1|[07T}||€oo S 7 = ||Zl|[077-]||goc S 5 ﬂ \V/€1 & ée, VT & Z+.

That is, A, is small £°° signal ¢>° stable with attenuation level

|
2
= M
and input bound
1
€1 = §Md. (3.39)

In other words, A, belongs to the set SB\""". It should be emphasized
that SBY"" is parametrized by the step size and the number of levels of
quantization.

By using this result, some relationships between the quantization param-
eters and the small /> signal /> stability of the feedback system can be
obtained. It is implicit from Theorem 8 that the feedback system shown in
Figure 2.4 is small £ signal (> stable if G : e; — 2, satisfies

) [zl < vlleallos + B2 ] Vu e @, (3.40)
(ﬁ) % (1 = My) Md > B, (3.41)

In particular, when (8, can be taken as zero, that is, when G is unbiased finite
gain stable, the stability condition is given by

Yo = HéHéoo—ind < M.

From the above stability condition, it is clear that the number of quantization
levels and the step size affect the small > signal £*° stability. Moreover, the
step size and the number of quantization levels affect the bound on the ¢*°
norm of the signals of the feedback system. In fact,

(v =)ol = [l21]j0,7l|eee < 1,
[0, llee < €= and

[ylio,71llese = [[22]j0,71 lese < 02
Vr € l,, VT € L,
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holds for

B2 o d _ (M + 1)dvys + 203,
a0 51 — A5 62 —
2 2(1 4+ 72)

1
E:ZMd(l_M’YQ)_ 5
for this quantized feedback system. The bound on the ¢*° norm of the quan-
tization error depends on the step size, and the bound on the £°° norm of
the admissible disturbance input and the bound on ||y|jo- /e~ depend on the
step size and the number of quantization levels of the quantizer.

This example shows the advantage of employing the new class of un-
certainty in approximating the nonlinearity caused by quantization for the
stability analysis of the quantized feedback system.

3.5 Summary

In this chapter, we have developed a new framework for the stability analysis
of quantized feedback systems based on the new notion of small ¢F signal /7
stability. The small level theorem has been derived as a key theorem for sta-
bility analysis. In the section dealing with robust stability analysis, sufficient
conditions for robust small P signal /P stability have been derived against
two classes of uncertainties: gain bounded uncertainty and level bounded
uncertainty. We have also shown the usefulness of the class of level bounded
uncertainty for a feedback system including a uniform quantizer.

Appendix 3.A Proof of Theorem 2

We first discuss the sufficiency. Assume that H : u — z is ¢P stable, namely,
there exist a class K function a and a nonnegative constant 3 such that

12l,ller < a(l|ulonller) + B Vu € le, V7 € Zq. (3.42)

Then, if we take v := (a(€) + ) /e for an arbitrarily fixed positive constant
¢, (3.1) holds from the monotonic increase in «.

With regard to the necessity, assume that H is small /7 signal (¥ stable.
From the definition of small /7 signal /7 stability, we obtain

[ lulpalle == lzlonlle <ve=vlulpale | V7€ Zs.

From the above inequality and the linearity of H, there exist some nonneg-
ative constants 0 < 7' < v and [ such that

HZ‘[OJ]”gp < ’7/||u|[0,‘r}||€1’ + 5 Yu € ge, V71 € Z+,
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which implies, in turn, that there holds (3.42) for a class K function

a(z) =~z

and a nonnegative constant 5. Therefore, a map H is finite gain /? stable
and /P stable.

Appendix 3.B Proof of Theorem 3
Define

|’€1\[0,T]||5p > €
To:=q7>1\3rel,|rloqlle <est. or (3.43)

lealonller > €2

for the positive constant e defined in (3.6). Because T. = () implies

[ Irlomller < €= (lexlonller < ex and [lea]ionller <€) ]
Vr € be, VT € Zy, (3.44)

we first prove T. = () for the boundedness of e; and e;. Assume on the
contrary that 7T, is non-empty, and we define k£ := min7,. This implies that
7l 0k—11ller < €, |lea]joe—1ller < €1 and ||ealjop—1]|e» < €2. Tt is implicit from
assumptions (i) and (ii) that ||zi|pxlle < yi€r and [|22]0r—1ller < 7262, and
thus,

lealiorllee < Nlz1ljo,llee + (72000 ller < vi€1 + ||72fo,8 ] e
< mier + 7)o, ] - (3.45)

Because € < € — vi€1, |lealjorller < €2 holds for every r € (. satisfying
17]j0,1]|ler < €. It follows, in turn, from assumption (ii) that

letlomlle < llrilomlle + 122lomlle < N7lomlle + 262 (3.46)

This implies that [|e1]joxller < €1 and ||eajokller < €2 for every r € £, satis-
fying ||7]jo,x ]| < €, which contradicts the definition of k. Thus, 7. must be
empty, and hence, (3.44) is satisfied. It then follows from (3.3), (3.4), and
(3.44) that

[[ 170l < € = |21]joller < 21l [0,0417]ler < €4 ﬂ
Vr €l., VT € Z, (3.47)
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and
[ Irloller < €= llzalionlle < v2ea | Vrele, V7 e Zy. (3.48)
By combining (3.47) and (3.48), we obtain
Izl ller < Nlz1lomller + ll22l01ller < y1€1 + 7262 (3.49)
This proves the small /P signal /7 stability of the feedback system, namely,
[ Irloslle <e=lzlolle <6.] Vrel, vreZ,,
where
0, = Y1€1 + Ya€9. (3.50)

Furthermore, (3.47) and (3.48) imply the relation (3.5).

Appendix 3.C Proof of Theorem 4

Define

em 1= Wyi)? —b (3.51)
V2

T. = {7‘ > 1|3 st ||r|onlle < € and |ler]pnller > 61} )

Because T, = () implies
[l: ||T‘|[077-]||gp <e=> ||€1|[077-]||gp <€ :I] V71 € Z+, (352)

we first prove 7. = () for the boundedness of e; and z;. Assume on the
contrary that 7. is non-empty, and we define k£ := min7,. This implies that
|17 ]j0,6—11]ler < € and ||eq|jo k—11]ler < €1. It is implicit from assumption (i) that
| z1]jo,) [ler < 71€1. Then, it follows from assumption (ii) that

lexlomller < [I71lo,mller + 12211001 ller
< Iriljouller + v2llealjouller + B2
< rilomller +v2(llraliomllee + 1l 21lfo.8 ller) + B2
< |Irilprller +2llr2lomller + 17261 + B2
< (2 + Dlirlosller + 7117261 + Bo. (3.53)
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This implies that |le1|jox|ler < € holds for every r € £ satisfying ||7|jo 4 ||er <
€, which contradicts the definition of k. Thus, T, must be empty, and hence,
(3.52) is satisfied. It then follows from (3.53) and (3.52) that

[ lIrloalle < €= llzlpalle < llalormlle <ne ] VreZe. (3.54)
We next evaluate the upper bound on |22/ |ler. We see from (3.8), (3.51),
and (3.54) that if ||7|j -]|e» < €, then there holds

220,71 ller < 2llealionller + B2
< (llr2lonller + 7160) + B2

(1 —my)e — B

< + 117261 +
= V2 ot 1 Y261 + B2
1
_ (71 + Dyeer + 52. (3.55)
Yo+ 1
By combining (3.54) and (3.55), we obtain
1Zlosller < [l21l0m]ler + [122]10,71ler
2
< (71 + 72 + 27172)e1 + ﬁ2_ (3.56)
Y2+ 1
This proves the small /P signal /P stability of the feedback system, namely,
[irlonlle < €= Izlonle <8 ] ¥ret, ¥reZ,, (357
where
2
5. = (Mt +2nmp)a +f2 (3.58)

14+
Furthermore, (3.54) and (3.55) imply relation (3.11).

Appendix 3.D Proof of Theorem 6

Suppose that (3.23) and (3.24) hold. From Assumption 1 and Theorem 5,
for the subsystem M, we obtain

[[ “61‘[0,7—71”‘@ <€ = H2’1|[0’T}ng < vi€p ﬂ Ve, € ge, V1 e Z+.
The definition of SB}" and (3.24) implies €; > ya€2, €2 > 7161 and
[ Nelonlle < e = l|zlonlle < e ]] Ve €le, V7T eZy

where v, := 1/7 and €3 := €.

It is then directly verified from Theorem 3 that the feedback system is
small ¢? signal /P stable for all A € SBY’. Moreover, (3.25) and (3.26) are
obtained from relationships (3.10) and (3.11).
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Appendix 3.E Proof of Theorem 7
Suppose that (3.27) holds. From Assumption 1 and Theorem 5,
[leior—ulle < e = llzlonlle <mea] Ve €fe, V7 € Z,

holds for the subsystem M. We have
1
||22|[077—]||£P < ;HGQHOJ-}HZP Ve, € ge, V7 e Z+ (359)

by the definition of B). Because 7; < v, it is implicit from Theorem 4 that
the feedback system is small ¢? signal ¢? stable for all A € B)\. Relationships
(3.28) and (3.29) are obtained from (3.10) and (3.11).

Appendix 3.F Proof of Theorem 9

The sufficiency is immediate from Theorem 7.

We next prove the necessity part. Assume that [|[M||gp-jna > 1. From
Theorem 2 in [39] (1 < p < oco0) and Theorem 1 in [14] (p = c0), there exists
a linear system Ay € B such that the feedback system shown in Figure 3.1
is not fP stable. Because the feedback interconnection of Ay and M is a
linear system, it is shown from Theorem 3 that for Ay € Ba, the feedback
system is not small 7 signal /7 stable.

Inequalities (3.36) and (3.37) are implicit from Theorem 1.
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Chapter 4

Robust Stabilization over a
Rate-limited Communication

Channel

This chapter shows the usefulness of the framework that has been proposed in
Chapter 3. Toward this end, we demonstrate the use of the framework with
one unresolved problem: the robust stabilization of an uncertain networked
control system. By addressing this problem, we show the advantages of the
proposed framework in the stability analysis of quantized feedback systems.

The robust stabilization of a networked control system in which an uncer-
tain plant is controlled over a rate-limited communication channel has been
one of the important issues in the analysis and synthesis of quantized feed-
back systems. The stability of such an uncertain networked control system
is affected by both quantization at the channel and model uncertainty in
the plant dynamics. A low data rate at the communication channel, equiva-
lent to a coarse quantization, generally leads to a degradation of the control
performance of the system and can lead to instability in some cases. The
uncertainty in the plant dynamics should also affect the stability of the net-
worked control system. Although it has expectedly been assumed that there
should exist a trade-off between the data rate and the degree of uncertainty
for the robust stabilizability of the networked control system, the quantitative
analysis has not yet been carried out.

In this section, we use the framework proposed in Chapter 3 to derive a
condition on the data rate for the robust small /> signal ¢>° stabilizability of
a networked control system. When the data rate satisfies the derived condi-
tion, a stabilizing encoder and controller pair will be given. Through robust
stability analysis and robust stabilization, this chapter shows the advantage
of the use of the proposed framework in the stability analysis of quantized
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feedback systems.

The remainder of this chapter is organized as follows. Section 4.1 discusses
the problem formulation. Section 4.2 discusses the robust stabilization of
the networked control system. Section 4.3 presents numerical examples and
simulation results. Section 4.4 summarizes this chapter.

4.1 Problem formulation

Consider the networked control system shown in Figure 2.2. A detailed
description of the same has already been given in Subsection 2.3.1.
In this chapter, we make the following assumption.

Assumption 2. A state-space realization of the nominal plant P is given by

z(t+ 1) = Ax(t) + Bu(t) + Eeq(t), x(0) =0, (4.1a)
21 (t) = Cx(t), (4.1b)
y(t) = =(1), (4.1c)

where x(t) € R™ represents the plant state. (A, B) is stabilizable and the en-
coder directly observes the plant state x(t). The initial state x(0) is assumed
to be zero.

This chapter derives a condition on the data rate for the robust small
(> signal ¢>° stabilizability (p = oco) of the feedback system shown in Fig-
ure 2.2. Namely, when an uncertain plant is given, we wish to derive under
Assumption 2 a condition on R for the existence of (En, K) such that

[[ HT‘[O,T]Hgoo <e€e= HZ|[0,T}H£°° < ")/E]] Vr € fe, VT € Z+ (4.2)

holds for some positive constants € and v, where r := (11, 79) and z := (z1, 23).

4.2 Robust stabilization under rate constraint

Noting that Fi(P, K oEn): e; — z is strictly causal for any causal encoder-
controller pairs under Assumption 2, it is implicit from Theorem 7 that
the robust small £*° signal ¢*° stability of the feedback system for the fixed
(En, K) can be established in the following proposition.

Proposition 1. Fiz the encoder-controller pair (K,En). Assume that there
exist positive constants €, and vy, < v such that

[[ Hengoo S €1 = ”21||goo S Y1€1 ]] Vel c goo (43)
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Figure 4.1: Structure of K

holds for the nominal system Fi(P, KoEn). Then, the feedback system shown
in Figure 2.2 is small £>° signal (> stable for all A € BX. In particular,

[[ 17]jo,7 ][ e < €= ( 210,77 |le=e < 01 and || 220, ee < 02 ) ﬂ
Vr el., VT € Z+ (4.4)

holds for

Le 01 = 7€ 5:14_%
1+’_)/ 1 1 1¢1, 2 1_{_7

€. (4.5)

We then investigate a necessary or sufficient condition on R for the exis-
tence of (En, K) such that the nominal system Fi(P, K o En) satisfies (4.3).
A sufficient condition will be obtained when the nominal plant P is a multi-
order system. If P is a scalar nominal plant, a necessary and sufficient
condition on the data rate for the existence of (En, K) satisfying (4.3) is
derived.

In order to prove the sufficiency part, we employ a constructive approach.
Toward this end, we hereafter consider the special class of K that has the
structure of the cascade connection of the following two subsystems (Fig-
ure 4.1):

e Decoder De: The decoder De is a causal map which produces a state
estimate & from the received channel symbols (s(0), -, s(t)).

e LTI Controller Ky: K is an LTI system which produces the control
input u(t) from the state estimate (£(0),--- ,Z(¢)).

It is easily seen from (2.10) and u = Ko = Koz + Ko(Z — x) that

21 = {Pi1 + Pio(I — KoPa2) ' KoPa}ey
-+ P12([ — Kopgg)ilKo(ﬂAf — 37) (46)
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€1 —

P

Ko

Figure 4.2: Nominal control system without a digital channel

We now define

K] ={Ko:l.— (|
Ky stabilizes the feedback system shown in Figure 4.2
in the sense of £ stability !,
and || Py + Pia(I — KoPa2) ' Ko Paigo-ina < 7}

Assumption 3. The set K is non-empty, and we are given a controller
Ky € Kg

If the set K| is non-empty, a controller K, € K| can be obtained by
standard ¢! control techniques (see, e.g., [4]).

By the small gain theorem and Theorem 9, this assumption implies that
the uncertain plant Pn = F,(P, A) is robustly stabilizable in the sense of
(> stability and small > signal (> stability by the LTI controller K, in
the absence of the data rate constraint, namely, in the situation in which
the output x(t), instead of Z(t), is directly available to the controller (see
Figure 4.2). Therefore, K} # ) is a necessary condition for the robust
stabilizability in our setting.

We also define

Yo := || P11 + Pio(I — KoPas) ™ Ko Pai || pe-ina < 7,
Ko = || Pra(I — KoPa2) ™" Ko || ¢oo-ina-

In the remainder of this section, we employ the primitive quantizer pro-
posed by Tatikonda and Mitter [32] for the encoding-decoding algorithm with
a slight modification to satisfy the £*° setting. See Appendix 4.A for the de-
tailed description of the primitive quantizer. It should be noted that the
primitive quantizer is implemented under the following assumption.

!Note that the feedback system shown in Figure 4.2 is an LTI one.
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Assumption 4. The upper bound €, on ||e1|jo|lee, T > 0 is available as
prior information for both of the encoder and the decoder.

We denote the encoder and decoder with the primitive quantizer by Ef,
and Df , respectively.

We can now state the main result of this chapter. The following theorem
gives a sufficient condition for the robust stabilizability under the data rate

constraint in the sense of small /> signal /> stability.

Theorem 10. Let €; be an arbitrary positive constant. Under Assumptions 2,

3, and 4, assume that there exist nonnegative integers Ry, --- , R, satisfying
| PRIl <1, (4.8)
n=%+ o 1T T E | Frlliko <7, (4.9)

1= [[FrJ]),

where Fr, J, T, and h are defined in Appendiz 4.A.
(i) With the encoder-controller pair (K,En) = (KooDgl, EcL), Fi(P, Ko
En): ey — 2 satisfies

[[ ||€1||goo <e€ = ||Zl||g<x> < Y1€1 ]] V@l € goo) (410)

where v1 € (0,7) is given in (4.9).

(i1) With the above encoder-controller pair, the feedback system shown in
Figure 2.2 is small (> signal £>° stable for all A € BX. In particular, for all
A € B},

[ Ilomlles < €= (lz1lpailles < 61 and [[22]rllee < 62 ) ]
Vr € le, VT € 2y (4.11)

holds for

Y—n I+
€1, 01 =€, 0p= € 4.12
1+~ 1 1 Y1€1 2 T+~ ( )

where v, € (0,7) is defined in (4.9).
Proof. See Appendix 4.B. ]

The conditions (4.7) and (4.8) are a sufficient condition for the existence
of an encoder-controller pair that stabilizes the nominal plant P. In fact,
it is well known that there exists an encoder-controller pair stabilizing the
nominal plant if FJ is Schur stable [32].
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It can easily be verified that the second term on the left-hand side of (4.9)
decays to zero when min; R; goes to infinity. It is natural that the admissible
level of small ¢ signal (> stability of the nominal part is bounded by =y
when we consider Ry, --- , R, to be sufficiently large, because 7 is the bound
on the level for the robust small /> signal /> stabilizability of the networked
control system in the absence of the data rate constraint.

Equation (4.9) gives the trade-off between the stability margin and the
data rate. That is, for a large uncertainty, i.e., for a small v, we need a large
R in order to guarantee the robust small ¢*° signal ¢*° stabilizability of the
feedback system.

In view of Proposition 1, the feedback system shown in Figure 2.2 is small
(> signal (> stable for all A € B, if F1(P, K o En) satisfies (4.10) for some
e1 > 0 and v € (0, 7). In contrast, Theorem 10 gives a stronger result
because we can choose €; arbitrarily when applying the encoder-controller
pair (Koo DgL, Ect). Moreover, it is seen from (4.12) that for fixed €, and

pq’
~1, the admissible /> norm bound on the exogenous signal r is given by

I+~
and conversely, if € and v, are given, then ¢; is calculated as

14+~

€. (4.13)

Therefore, if € is given as prior information rather than €;, we can implement
Efl and Dfl for any ¢ > 0 by using (4.13) (71 can be computed by (4.9)
independently of € and €;). This implies that the boundedness of z := (21, 22)
is robustly guaranteed by (Koo Dgl, Efl) for an arbitrarily large exogenous
signal 7 under the assumption that the upper bound € on [|7||s~ is known a
PTLOTI.

If the nominal plant is a scalar system, i.e.,

z(t+1) = ax(t)+u(t) + e (t),
21 (t) t
y(t) = x(b),

it is possible to derive the strict bound on R for the existence of an encoder-
controller pair that achieves (4.10) without restricting (En, De) to (Ef., DsL ).

paq’

(4.14)

I
o
&

—~
~—

Corollary 1. Assume that there exists an encoder-controller pair for which
F(P, K o En) satisfies (4.10) for some ¢, > 0 and v, € (0,7). Then, there
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hold
la| < 2%, (4.15)
¢]
o < (4.16)
2R
Conversely, if R satisfies
la| < 27, (4.17)
c
| ylal <7, (4.18)
ToR

then (4.10) is satisfied for any fixed e; > 0 and for

M= € (0,7) (4.19)

by (K,En) = (Koo Dgt, EfL), Ko = —a € K (constant feedback gain).

pq’

Proof. See Appendix 4.C. ]

The only difference between the necessary condition and the sufficient
condition in the above corollary is that the inequality (4.16) in the sufficient
condition is strict, whereas (4.18) in the necessary condition is not a strict in-
equality. Thus, the obtained bound on the data rate is tight for the existence
of an encoder-controller pair satisfying (4.10).

Conditions (4.17) and (4.18) with |¢| = 1 correspond to the robust stabi-
lizability conditions in Theorem 3.2 of [17] in the case in which there is no
parametric uncertainty in a.

Remark 1. It should be noted that the contribution of this chapter lies in the
robust stabilizability conditions in Theorem 10 and Corollary 1 and not in the
use of the primitive quantizer. In fact, we have employed it only to derive
a tight bound of R for the existence of an encoder-controller pair such that
Fi(P, K oEn) satisfies (4.10) for some v1 € (0,7). (Recall that the conditions
in Theorem 10 are also necessary in the case in which the nominal plant is a
scalar system.) This enables us to derive the conditions (4.7) - (4.9), which
represent the trade-off between the stability margin of the closed-loop system
and the data rate constraint.
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4.3 Numerical example

This section is devoted to numerical examples and simulation results.
Consider the third-order linear plant described by the following state-
space realization.

The transfer function matrix of this plant is given by
=D =Di = -h)
(z—1)(2+3) ,
(z—=1)(z—=2)(z+3) z | z
V3o

From Theorem 3.1 of [7], we recall that because Pj3(z) has only minimum
phase zeros,

P(z) =

min || F(P, Ko)|e-ina

Ko: stabilizing

is attained by the linear static feedback controller that assigns the closed-loop
poles at the above minimum phase zeros and at the origin. In this example,
this optimal static feedback controller is given by

Ko:u(t)=1[2 =3 1J3]x()

with the optimal cost ming, ||Fi(P, Ko)|[¢=-ina = 1. For this controller Kj
and the plant, we have

Yo = ||‘E(P7 KO)HZOO-ind — 17

Ko = || Pra(l — KOP22)71K0H400—ind = 14.5741.

Then, conditions (4.7) - (4.9) in Theorem 10 are reduced to

Ry + Ry + R; <R, (4.20)
3 1 2
max {ﬁ, ﬁ’ ﬁ} < 17 (421)
14.5741 ma L
max{ g gt gt (4.22)
1 —maX{2R1;T }
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i 0.5r

5 10 15 20 25 R3O 35 40 45 50

Figure 4.3: Trade-off between the stability margin and the data rate con-
straint

Define

Y(R)= inf {v: (4.20), (4.21) and (4.22) hold.}.
v, R1,R2, R3

Notice that 1/7*(R) serves as a lower bound of the stability margin of the
feedback system shown in Figure 2.2 with (K, En) = (Ko o Dgl, Efl) at the
rate R. It is also obvious that supg.,1/7*(R) = 1/v, which is equal to 1
in this example. Figure 4.3 shows the trade-off between the stability margin
and the data rate constraint. 1/v* is large for a large data rate R. In other
words, we need a large data rate in order to robustly stabilize the feedback
system against a large uncertainty.

We also see from the figure that the stability margin in the absence of
the data rate constraint is almost recovered at a data rate greater than 35.

We next performed the numerical simulations with (Ry, Rs, R3) = (10, 10, 10).
In this case, the left-hand side of (4.22) becomes v; = 1.0143. Thus, we take
v = 1.2 > ~; so that the feedback system is robustly stabilized by the
encoder-controller pair (K, En) = (Koo D, EfL ).

We also set the upper bound of ||7||¢~ to e = 1, which leads to e; = 11.8454
by (4.13). In view of (3.54) and (3.55) in Theorem 3, upper bounds on ||z ||

and ||z3]|s~ are given by

21| < y1€1 = 12.0145, (4.23)
1 1
04 Bolin b
||22||goo S l’y 17 €1 — 10.8454. (424)
Y
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We performed the simulations under the following two scenarios of the
uncertainty A.

(a) Linear time-invariant memoryless case: In this case, A is a con-
stant feedback gain such that |A| < 1/v. 20 values of A are ran-
domly generated according to the uniform distribution over the interval

[=1/7,1/9].

(b) Linear time-varying memoryless case: In this case, A is a time-
varying linear feedback gain such that |A(t)] < 1/ at each instant t.
20 sequences of A: Z, — R are randomly generated according to the
independently identically distributed (i.i.d.) process with the uniform
distribution over [—1/v,1/v], namely, A(t) ~ U(—=1/v,1/v) ¥t > 0,
where U(a, b) is the uniform distribution over [a, b].

In each scenario, 20 different sequences of the exogenous input r were
randomly generated according to the i.i.d. process with the uniform distribu-
tion over [—¢, €] X [—¢, €]. Hence, we simulated 20 x 20 = 400 trials for each
scenario.

In both scenarios, all the output responses, denoted as zf), z%i) 1 =
1,---400, did not exceed the norm bounds of (4.23) and (4.24). An ex-
ample of the input-output response of one among the 400 trials is shown in
Figures 4.4 and 4.5 for each scenario. The largest output norms among 400

trials were as follows!.
(a) max ||z{7]|p = 4.1747, max || 287 = 3.4118,

(b) max ||2{"]|s~ = 3.3660, max || 27| = 2.5733.

From these results, we see that the feedback system is robustly small ¢>°
signal > stable for memoryless uncertainties. On the other hand, the />
norms of z; and 2z, are much smaller than the upper bounds of (4.23) and
(4.24). This indicates that for this example, there is the conservativeness in
the conditions on the upper bounds on signal norms.

4.4 Summary

In this chapter, the robust small /> signal /> stabilization over a rate-limited
communication channel was studied by using the framework developed in

'The ¢ norms of z; and 2z, are estimated by their peak values over the simulation
interval [0, 300].
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Figure 4.5: Simulation result (scenario (b))

Chapter 3. We explicitly derived a sufficient condition on the data rate R
for the existence of an encoder-controller pair that robustly stabilizes the
uncertain feedback system in the sense of small £>° signal £°° stability. This
indicates the usefulness of the proposed framework in the thesis.
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Appendix 4.A Primitive Quantizer

We introduce the primitive quantizer proposed by Tatikonda and Mitter [32]
with a slight modification to conform with the £*° setting in this chapter.

The primitive quantizer is an encoding-decoding algorithm defined by the
four-tuple (¢(t), R, L(t), ®(t)). The variable ¢ € R™ represents the centroid,
R = (Ry, -, R,) € R"represents the rate vector, L(t) = (L1(t),--- , L,(t)) €
R™ represents the dynamic range, and ®(t) is a nonsingular matrix that rep-
resents a coordinate transformation at time ¢.

This encoder partitions the region
At) ={z e R*"[®(t)(x — c(t)) € {[=La(t), Lr(£)] X - X [=Ln(t), Ln(t)]}}

into 2 boxes with side length (2L;(t)/2%). Each box is labeled with a
symbol in the alphabet A = {0,1,--- 2% —1}. If z(¢) lies in one of these 2%
boxes, the encoder sends out the corresponding symbol as s(t). If z(t) € A(t),
the encoder sends the special symbol representing overflow.

In turn, the decoder produces the state estimate 2(t) = ¢(t), the centroid
of the symbol s(t). If s(t) is an overflow symbol, the decoder sets z(t) = 0.
There should be an agreement between the encoder and the decoder on which
symbol indicates a box and overflow.

The above algorithm needs 2% + 1 symbols including the overflow symbol.
In fact, however, we design the parameters of the primitive quantizer so that
overflow does not occur. Thus, we need only 27 symbols in this algorithm.

We prepare several matrices to represent the dynamics of the primitive
quantizer, namely, the update rule of ¢(t), L(t), and ®(¢). Let T be a nonsin-
gular matrix that transforms A into a real Jordan canonical form TAT ! =
J = diag(Jy,- -+, Jp). Define block-diagonal matrices H = diag(Hy, - , Hy,)
and J = diag(Jy,- -+, J,,), where each H; and J; are associated with the i-th
Jordan block J;:

H;, =1, if ), is a real eigenvalue,

. - B cosf siné
H; = diag[r(0;) ", -+ ,r(0:) '], (0) = [_ sinfl cos 9] 7

if p;(cos@; + jsin@;) are complex eigenvalues,
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IR
| Ail

if \; is a real eigenvalue,

B

[
S
~

SN

7(0) = [

if p;(cosB; + jsin ;) are complex eigenvalues.

|cosf| |sind|
|sind| |cos@||’

Here, we define

h = sup ||H'||.
>0

It is easily seen from the definition of H that & < /2 generally holds. In
particular, we have A = 1 if all the eigenvalues of A are real. In addition,
because H is an orthogonal matrix, ||H*||; = ||H ||y holds for all ¢ > 0. This
implies i = sup,~q [|[H ']

Furthermore, we define

With the above matrices, the quantizer parameters are updated as

c(t +1) = A#(t) + Bu(t), (4.25)
Ot + 1) = HO(?), (4.26)
L{t+1) = JFRL() + |®(t + DE | : | | (4.27)

where the initial conditions are given by ¢(0) = 0, ®(0) = 7', and L(0) = 0,
respectively.
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If z(t) belongs to A(t), &(t) is the centroid of the box that z(t) falls into.
Thus, we have by construction,

~ 9Rn ’ 9Rn

Lit) L)) [ La(t) Lu(t)
|| I}

for z(t) € A(t).

The following lemmas are useful in the proof of the main result.
Lemma 1. For allt > 0, z(t) € A(¢).
Proof. It can be shown in the same manner as Lemma 4.3 in [32]. [
Lemma 2. The following inequalities are true for all t > 0.

|®(t)El, < h|TE|\,
1) < AT s

Proof. Recall that h > ||H'||; = |[H |1 for all ¢ > 0. Because ®(t) = H'T
from (4.26), we have

[ Ell: = [|H'TE|L < [H' W TE|: < A|TE|L
o)l = 177 H e < T HRE [l < BIT L

Appendix 4.B Proof of Theorem 10

Assume that all the conditions in Theorem 10 hold. Let €; be an arbitrary
positive constant.
(i) We see from (4.6) that

||Zl|[0,'r]||€°° S ”Pll + PIQ(I - K0P22>_1K0P22’|Z°°—ind”€1|[0,7']HZOO
+ || Pua(1 = Ko Pag) ™ Kol|wo-imal | (z — )]0, ]
S Yo€1 + /io“(:B — f)‘[oﬂ-]ngoo, YT 2 0 (428)

holds for any e; € € such that |le;|jo[[¢~ < €1, and for any 7 > 0. We
evaluate [[(x — 2)|,7|le= to derive an upper bound on ||z, e~
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It follows from Lemmas 1 and 2 that

lz(t) = 2(t)lloe = 127 ()R (E) () — 2(t))llo
< [T @)Ll e®) (z(t) — 2(1) I
< AT LI FRL(H) -

Now, pre-multiplying (4.27) by Fr yields

€1
FRL(t +1) = FrJFRL(t) + Fr||®(t + D) E| | : |,
€1
L(0) =0,
and thus
t—1 €1
FRL(t) =Y (FrJ)' Fr|®(t — i) E|lx
=0 61
This implies by Lemma 2 that
t—1 4 €1
IPRL(t) ]l < > || (FrJ) 10t — i) E1 Fr
=0 €1 .
t—1
< (t =) B[ Frlle
i=0
t—1

<> || FrJ|, MITE] || Frllier.

1=0

From (4.8), the above inequality results in

Tt
IR LD = £ HFR thuTEnlnFan
1
< LHTEH | Fxlre
=~ 1 _ HF H RII1€1-

Substituting (4.30) into (4.29) yields

ﬁ2

-1
o < g 1T MITE L Pl

[ (t) — &(t)
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and hence,

2

(@ = @) lle~ < 7 | 1T LT E LI Frllier ¥r >0 (4.31)

|Fr T,
It thus follows from (4.28) and (4.31) that

2

- 7!
T \IlerEuluFRHmO) .

21l < (’yo +

Because (4.9) holds, we consider that (4.10) is satisfied by setting
2

- -1
T Eea] L T hER s (4.32)

Y1 =% +

(ii) The robust stability of the feedback system with (K,En) = (Kj o
DL, Bt ) is implicit from the strict causality of F1(P, K oEn), Proposition 1,

Theorem 5, and (4.10).

Appendix 4.C Proof of Corollary 1

We first prove the former part of the theorem. Assume that there exists
an encoder-controller pair such that Fi(P, K o En) satisfies (4.10) for some
e; >0 and v, € (0, 7).

We define D(t) := supj¢, 00 <e; [|7(t)[|oo- Then, it was shown in [30] that,
with any controller K and encoder En, D(t) satisfies

{ 1 61|a\ (2R > |a|)7

limsup D(t) >

t—00

ToR 4.33
o (2R < a)). (4.33)

This implies that if 2 < |a|, for any positive number €, there exists a trun-
cation time 7 satisfying ||x|j.-||¢e > €ar, which contradicts to ||21]jo-|lee <
Y161 V7 > 0. Thus, 2 > |a| must be true.

Furthermore, to obtain (4.16), assume that |c|/(1 — |a|/2f) > ~. Then, it
follows from (4.33) that there exist a positive constant €}, and a truncation
time 7 satisfying
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It follows from z;(t) = cx(t) that ||z1|j|lee > |c|€); > ver, a contradiction.
Hence, (4.16) holds.

The latter part is proved in the same manner as Theorem 10 with n = 1,
E=1,Ky=—a, Fr = 1/2% J = |a|, and H = 1. We have i = 1 in this
case. Note also that Ky = —a implies vy = |¢| and ko = |c||a], and that
—a € K{, i.e., || <~ follows from (4.18).
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Chapter 5

Stability Analysis of Networked
Control Systems Subject to
Packet Dropouts and
Finite-level Quantization

This chapter examines the stability of a networked control system subject
to the combined effect of packet dropouts and finite-level quantization. This
provides a second example that shows the usefulness of the framework that
has been developed in Chapter 3.

For the stabilization of a networked control system with packet dropouts
and quantization, Matveev and Savkin have obtained a negative result in
a stochastic setting. They have shown that an unstable linear plant sub-
ject to arbitrarily and uniformly small external disturbances can never be
almost surely stabilized over a rate-limited communication channel under the
assumption that packet dropouts occur with a certain positive probability.

In contrast, in this chapter we consider the stability analysis of the net-
worked control systems in a different manner. Specifically, we employ a
deterministic setting in which the number of consecutive packet dropouts
is bounded, and study the small > signal (> stability of networked con-
trol systems. The packet dropouts property of the channel is expressed by
the maximum number of consecutive dropouts, instead of the probability of
packet dropouts. By employing the framework proposed in Chapter 3, we de-
rive a sufficient condition on quantization for the small £*° signal £°° stability
of the networked control system. This chapter demonstrates the usefulness
of the proposed framework for the stability analysis of quantized feedback
systems.

The remainder of this chapter is organized as follows. Section 5.1 de-
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0o ¢
F en " channa—lpart " p

Figure 5.1: Networked control system with quantized control values and
packet dropouts

scribes the system and the problem formulation. Section 5.2 discusses the
decomposition of the networked control system into a feedback interconnec-
tion of appropriate subsystems for stability analysis. Section 5.3 discusses
the stability analysis. Section 5.4 presents numerical examples. Section 5.5
concludes this chapter.

5.1 Problem formulation

We consider a networked control system with an unreliable communication
channel affected by packet dropouts, as shown in Figure 5.1. To alleviate
the effect of packet dropouts, the networked control system incorporates a
buffering mechanism in the feedback loop (see, e.g., [25, 24] for the buffering
mechanism). However, unlike the setting studied in [25, 24|, here, we explic-
itly take quantization effects. More precisely, the encoder-controller sends
out quantized values of current and finite step future control signals at each
time instant.
The system is described in detail below.

Plant P: The plant P is a discrete-time LTT system whose state-space
representation is given by

z(t + 1) = Az(t) + Bu(t) + w(t). (5.1)

The signals z(t) € R", u(t) € R, and w(t) € R™ are the plant state, actuator
input, and process disturbance, respectively. The initial state 2(0) is assumed
to be zero.

Channel: The communication channel is affected by packet dropouts. The
packet dropout is characterized in terms of the discrete variable s() defined

by

s(t) = { 1 if a packet dropout does not occur at time ¢, (5.2)

0 if a packet dropout occurs at time ¢.

Whenever packet dropouts do not occur, the channel transmits the current
control packet to the buffer Buff without errors or delays.
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In the sequel, we denote the time instants when the transmission is suc-
cessfully completed (i.e., a packet is not dropped) with {¢g,t1,t2, -}, and
we assume tg = 0. We thus have

s(t)y=1< (t=t; for somei € Z, ). (5.3)

Controller-Encoder En:  Throughout this work, we will assume that no
acknowledgments of receipt are available. Thus, the controller-encoder En
does not know whether previous data packets were successfully received.

To compensate for possible future packet dropouts, at every time ¢t € N,
the controller-encoder transmits a control packet, say, u(t) € RY, to the
buffer. The value N € N is given; it represents the packet size as well as the
buffer length. The control packet is composed of quantized potential control
inputs for the current time instant and N — 1 future time instants:

q(a(t;t))
q(a(t +1;1))

u(t) = , (5.4)

gli(t + N = 1;1))
u(t+i;t) = Ka(t+4;t), i€{0,---,N—1}, (5.5)

where 4(t 4+ 4;t) € R and #(¢t 4 4;t) € R" are the i-step predictions of the
(unquantized) control input and the plant state based on the current state
x(t), respectively, and where K € R is a static state-feedback gain.

In (5.4), the function ¢ denotes the uniform static quantizer which is
defined by (2.19) in Subsection 2.3.2. The constant d is the step size, and
M := 2m + 1 is the number of quantization levels.!

The state predictions z(t + i;t) (i = 1,2,---, N — 1) are calculated re-
cursively based on the current state x(t) and the plant dynamics as follows:

Bt tirt) = x(t), ifi =0,
O Az(t+ 10— 1;t) + Bg(a(t +i— 1;t)), ifi=1,--- N —1.
(5.6)
Buffer Buff:  The buffer Buff provides the actuator values based on the
received channel symbols. The state of the buffer is updated every time it

successfully receives the packet p. To be more precise, the dynamics of Buff
is described by

b(t) = s(t)u(t) + (1 — s(t))Sb(t — 1), b(—1) =0, (5.7)

!Owing to quantization, each control packet p(t) can take only one of M*™ different
values, and, can thus be expressed via N logy M bits.
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where b(t) € RY denotes the state of Buff, and

01 0 - 0
S = 0 ()‘ 1‘ () c RV*N (5.8)
0 1

is a shift matrix. Then, the plant input u(t) is given by
u(t)y=1[1 0 --- 0]b(t); (5.9)
see Figure 5.1.

Remark 2. The buffering technique adopted here was used, e.q., in [24] to
study the input-to-state stability [31] of a related networked control system,
where the control packets are designed without quantization by adapting the
model predictive control framework. In this chapter, we complement [24] by
studying a networked control system subject to packet dropouts as well as
finite-level quantization of control signals.

We make the following assumptions:

Assumption 5. The number of consecutive packet dropouts is bounded by
the buffer length N, i.e., we have

1<ty —t <N, VieZ,. (5.10)

Assumption 6. The matriz Ax == A+ BK is Schur stable.

If Assumption 5 is satisfied, then the buffer length N is equal to the
maximal number of consecutive packet dropouts. Assumption 6 implies that
the controller gain K in (5.5) stabilizes the plant model (5.1) in the absence
of dropouts or quantization constraints.

We recall that in the presence of finite-level quantization, the finite gain
(P stability of the closed-loop system cannot be established (see [16] and
Subsection 2.3.1); in this chapter, we are interested in the small (> signal
(> stability of the closed-map from w to x: 2

ZNote that condition (5.11) differs from the small £>° signal /> stability of the feedback
system shown in Figure 2.1.
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SN
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T <+ e W

Figure 5.2: Linear fractional representation of the networked control system

Under Assumptions 5 and 6, we wish to derive a sufficient condi-
tion for the existence of positive constants € and v such that

[ llwlollee < €= |lzforllee <ve], VYw € >, V1 € Zy
(5.11)

for any sequence of packet dropouts satisfying Assumption 5.
Furthermore, if the stability condition is satisfied, we wish to
characterize the relationship (trade-off) between the attenuation
level v and the parameters M, d, and N.

We hereafter decompose the networked control system into a feedback
interconnection of subsystems that are both small ¢ signal ¢*° stable. The
framework proposed in Chapter 3 is employed to to obtain a sufficient condi-
tion for achieving (5.11) for the networked control system shown in Figure 5.1.

5.2 Linear fractional transformation model

The networked control system shown in Figure 5.1 is nonlinear and time-
varying due to quantization, packet dropouts, and buffering. To study the
stability of the networked control system, we first extract the nonlinearity
(denoted by ¢) associated with the quantization error to re-formulate the
feedback system shown in Figure 5.1 as the linear fractional transformation
shown in Figure 5.2, where the “nominal” subsystem G is linear and time-
varying.

It follows from (5.3), (5.4), (5.7), (5.8), and (5.9) that the plant inputs at
the time instants

Loy = Uiez {ti,ti +1,... tiyn — 1}
are given by

ult) = qla(t:t)), t€ {titi+1,. ..t — 1} (5.12)
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Thus, the plant model (5.1) can be rewritten as
w(t+1) = Az(t) + Bq(a(t;t;)) + w(t), t € {t;,ti +1,.. . tiys — 1}, (5.13)
If we denote the quantization error at each time instant ¢t € Z, via
v(t) = qlalt; t;)) — a(t;t;), te{titi+1,... ti — 1}, (5.14)
then it follows from (5.6) and (5.14) that
T(t+ 13t;) = Aty t;) + B(a(t; t;) + v(t))
— Agi(t:;t;) + Bo(t), te{titi+1,...  ti1—2}  (5.15)
Moreover, (5.6) and (5.13) give

t—t;

w(t) = 2(t;t) + Y AT w(t 1), tef{tuti+1,... tpa— 1}, (5.16)
=1

and thus,

(tip1itive) = 2(tiy1)
tiv1—1;

= i'(tz—i—la tz) —f- Z Al_lw(ti+1 — l)
+ > ATt 1), i€Z (5.17)
=1

It follows from (5.5), (5.15), (5.16), and (5.17) that the networked control
system shown in Figure 5.1 can be described in terms of the linear fractional
transformation of a linear subsystem G and the static nonlinear function ¢,
as shown in Figure 5.2.

The nonlinearity ¢ is a static map defined by

4(i) = g(@) — i, (5.18)

and thus, it represents the quantization error, as shown in Figure 5.3. It can
be easily verified from (2.19) that ¢ satisfies

R Md . d R
[{HUHOJ]HM < 5 = || q(@) [jo,7 e < §ﬂ, Va € b, VT € Zy.  (5.19)
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In other words, ¢ has small /> signal ¢* stability with attenuation level 1/M
and input bound Md/2.

To characterize the subsystem G shown in Figure 5.2, it is convenient to
introduce a state vector £(t) and control signal @(t) via

f(t) = i’(t,tl), ﬁ(t) = ’&(t,tl), te {tz,tl + 1, ce ati—i—l - 1}, 1€ Z+
(5.20)

This allows us to describe G in the state-space form via

E(t+1) = Agé(t) + Bu(t) + Fiw(t),
G a(t) = K&(t), (5.21)
2(t) = &(t) + Fauw(t),

where F) and F3 are linear time-varying maps defined by

( 0, ifte{t,ti+1,... tis1 — 2},
tit1—t;
Y AT Wt 1), it =t -1,
\ =1
( 0, if t =t,,
t—t;
S ATt —1), ifte{ti+ Lt +2,.. i — 1}

\ (=1

Firw— (5.22)

Fy:wes (5.23)

Interestingly, the map G: (v,w) — (u,x) can be decomposed as

a — {Goo Go1 o Fy }7

Gip GunuoFi+ F, (5:24)

where Gog, Go1, G0, and Gy are LTT maps with impulse responses
(t) = 0, ift=0, () = 0, ift =0,
Jol) =1 KAZ'B, ifteN, Jo = KA, ift €N,

(0 = 0, ift=0, = 0 ift=0
GO = AL'B, ifteN, It = ALY, ifteN,

respectively. It is easily seen from these equations that the effect of packet
dropouts is confined in the time-varying maps F} and Fj.

5.3 Stability analysis

With the previous section as a background, we will study the small /> signal
(P stability of the closed-map from w to x.
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Figure 5.3: Nonlinearity associated with quantization error

5.3.1 Preliminaries

A key property of the linear fractional transformation model presented in
Section 5.2 is that if Assumption 6 holds, then the LTI maps Gg, Go1, Gho,
and G1; are stable and have finite /> gains. Furthermore, it is easy to see
that F} and F; also have finite /> gains:

Lemma 3. Suppose that Assumption 5 holds. Then, the maps Fy and F,
defined in (5.22) and (5.23) are unbiased finite gain (> stable, and

[Filles-ina < Ky || F2lleming < K (5.25)
hold for
N-1
k=Y ||AY) < oo. (5.26)
1=0
Proof. See Appendix 5.A. m

The linear fractional transformation model provides important informa-
tion for the stability analysis of the networked control system shown in Fig-
ure 5.1. By virtue of the buffering technique, the adverse effect of packet
dropouts is isolated from the feedback loop. Indeed, the maximal length N
of consecutive packet dropouts is contained only in the stable feedforward
maps F; and F5. This implies that packet dropouts play no role in the
deteriorating stability of the networked control system.

5.3.2 Main results

Lemma 4 stated below shows that because all 4 components of G are finite
gain (> stable, the stability analysis of the overall networked control system
reduces to investigating the stability of the feedback interconnection between
Goo and ¢ shown in Figure 5.4. To state the result, we denote the ¢ gains
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/

T2 u ~ (Y
q
' I
1 Goo v+

Figure 5.4: Feedback interconnection of Gy and ¢

of the components of G via

Yoo ‘= ||G00||z<>o—ind, Yo1 ‘= ||G01||£°°—ind:
Y10 = [|Golleeo=ind, 711 = ||G11l| eeo-ing- (5.27)

Lemma 4. Assume that the feedback interconnection of Gog and q shown in
Figure 5.4 1s small (> signal (> stable, i.e., there exist positive constants e,,
Oy, and o, such that

L

Then, the feedback system shown in Figure 5.2 satisfies

<e€ = (||ﬁ|[0,ﬂ||zoo <, and “U‘[O,T]”éC>o < dy) ]l )

[0,7] oo

VTl,T’Q S ge, V1 e Z+. (528)

”: ”w‘[O,T]HKOO S € = ||l‘|[0’7}||goo § YE :H s Yw € ge, V7 € Z+. (529)

for any sequences of packet dropouts satisfying Assumption 5, where

., e, Oy

o€ 7 _ Yotk (11 + Derk + 710 )7 (5.30)
Yok €r

and k is defined in (5.26).

Proof. See Appendix 5.B. [

Having established Lemma 4, we will next present the main result of this
chapter, namely, a sufficient condition for the small /> signal ¢>° stability of
the closed-loop map from w to x, as shown shown in Figure 5.2. This also
quantifies the disturbance attenuation level in terms of the parameters of the
quantizer and the buffer length.

Theorem 11. Suppose that Assumptions 5 and 6 hold. If

Yoo < M, (5.31)
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then the networked control system in Figure 5.1 satisfies
[ wlosllee < €= |lzlonllee <ve] Vw e, VreZy (5.32)

for any sequence of packet dropouts satisfying Assumption 5, where

(M — yo0)d

_ , 5.33
2901 (700 + 1)k (533)
1 (M —
Y= York (Y10(Y00 + 1) + (711 + 1)( ’Yoo)/i)_ (5.34)
M — 700
Proof. See Appendix 5.C. O]

Theorem 11 establishes that the small £ signal £*° stability of the closed-
loop map from w to z in the presence of bounded packet dropouts and
finite-level quantization can be guaranteed if a sufficiently large number of
quantization levels M is available. While condition (5.31) does not depend
on the step size d, this quantizer parameter does affect the input bound € in
(5.33). Because the input bound ¢ is monotonically increasing with respect
to d, compensating for a large disturbance w(t) requires a large step size d.
This observation is rather intuitive, because with large d, the control signal
is allowed to take large values, as shown in (2.19), in this uniform quantizer.
Note also that the upper bound on ||z||;~ depends on d through the input
bound € in (5.29).

The stability condition (5.31) also indicates that the stability of the
closed-loop map from w to x is independent of the maximum number of
consecutive packet dropouts N, provided sufficient control inputs are con-
tained in each control packet (see Assumption 5). However, the disturbance
attenuation level of the closed-loop map from w to x is strongly affected by
N. In fact, it can be seen from (5.26) and (5.34) that for open-loop unstable
plants, the attenuation level v exponentially increases with respect to N.
This suggests that the magnitude of the state  may become extremely large
if the network introduces too many consecutive packet dropouts. The lat-
ter observation is hardly surprising, because, during periods of consecutive
dropouts, the plant is unavoidably left in an open loop.

5.4 Numerical examples

5.4.1 Example 1 (scalar plant)
Consider a scalar plant described by

z(t+1) =azx(t) +u(t) +w(t), a>1.
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We choose the stabilizing (deadbeat) feedback gain K = —a, providing Ax =
A+ BK = 0. In this case, the {* gains in (5.27) are given by

Yoo =@, Yo =a, yio=1, =1,
and the sufficient stability condition (5.31) becomes
M > a. (5.35)

It then follows from (5.26), (5.33), and (5.34) that the parameters &, €, and
v are given by

k=S"ad="2 5.36
Z 1’
a_

- M—-a)d (M—-a)d a—1
“T 20+ e 2at1) @V 1 o
o ak((a+ 1;\4+_2£LM— a)k) _ aﬁf? aa _—11 » (aa — 1) . (5.38)

Interestingly, it turns out that for scalar plant models, stability condition
(5.35) is tight. In fact, it is known that M > a is a necessary condition
to stabilize the scalar system over a rate-limited channel when there are no
packet dropouts (N = 1); see, e.g., [32].

As a special case, suppose that a = 2.99. Then, the stability condition
(5.35) becomes M > 2.99, which corresponds to a quantizer with at least
three levels. For this fixed a, the associated trade-off between the attenuation
level v in (5.38) and the maximal number of consecutive packet dropouts N
for a quantizer with M = 11 quantization levels is shown in Figure 5.5.
As can be seen from this figure and (5.38), for a fixed M, v exponentially
increases in V.

Figure 5.6 shows the relationship between v and M for fixed N = 2. It
can be seen from this figure that when M is close to vy = a = 2.99, the
attenuation level v becomes very large. On the other hand, the attenuation
level monotonically decreases with respect to M, and we have limy; ., v =
2a(a* — 1)?/(a — 1)? = 95.20 as a lower bound of v in (5.38).

We next performed a numerical simulation for a critical case where?

w(t) =€ Vte{0,1,...300}
tiyn —t; =N=2Vie{0,1,...150}.

3Namely, the disturbance takes the extreme value at each time instant, and the network
periodically drops packets every other time instant.
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10°
2

Figure 5.5: Effect of the maximal number of consecutive dropouts N on the
attenuation level

95

Figure 5.6: Trade-off between the attenuation level v and the number of
quantization levels M

In this simulation, we choose M =3, d =2, and N = 2. Then, it follows
from (5.36) that x = 3.99. Theorem 3 then guarantees that the closed-loop
map from w to x is small > signal ¢>° stable, and that (5.32) holds with

€e=2.1008 x 107*, v = 4.8553 x 10°.

The simulation result of z(t) for ¢t € {0,1,...300} is shown in Figure 5.7,
confirming (5.32), namely, that ||z(t)|le is less than § := e = 1.02 for all
t€{0,1,...300}.

5.4.2 Example 2 (third-order plant)

To verify the effectiveness of the buffering scheme considered in this chapter,
we next carry out simulations for the following three control schemes:

(a) Buffering scheme:

The buffering scheme considered in the previous sections is applied to
compensate for packet dropouts.
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Figure 5.7: Plant state trajectory in the presence of dropouts and distur-
bances

(b) Zero input scheme (s(t) =0 = u(t) =0):
If a packet is dropped, the actuator applies zero input to the plant.

(¢) Previous input scheme (s(t) =0 = u(t) = u(t —1)):
If a packet is dropped, the actuator applies the previous input to the
plant.

Consider the third-order plant given by

0.1 23 14 1.1
z(t+1)=10 2 15| z(t)+ [09] u(t)+w(t),
0 09 16 1
and the communication channel with N = 3. We choose the nominally

stabilizing feedback gain as
K =1[0.0013 —1.6591 —1.5782].
For this networked control system, we have x = 42.63 and
Yoo = 3.7945, o1 = 4.3528, 10 = 6.4171, 11 = 7.4988.

We choose M = 5 so that the stability condition (5.31) is satisfied. We
carried out the simulations with random disturbances satisfying ||w(t)]|e <
€ = 5.8918 x 10~ and periodic packet dropout sequences consisting of two
consecutive dropouts and one success.

The simulation results are shown in Figure 5.8. It is clearly seen from
this figure that the buffering scheme (a) succeeds in keeping ||z(t)]|s much
smaller as compared to the zero input schemes (b) and (c¢). Furthermore,
Figure 5.8 shows that the previous input scheme (c) does not stabilize this
plant with this particular choice of K and M because the plant state is
unbounded.

65



5.5. SUMMARY

10%

107 |

107 |

10° -

()l

....................................

10° |

107

Figure 5.8: Simulation results for the control schemes (a), (b), and (c)

Note also that in the proposed scheme, it is sufficient to choose the feed-
back gain K such that the matrix A + BK is stable. This stands in stark
contrast to the zero input scheme, where in the presence of packet dropouts,
a necessary condition for the stability of the networked control system is that
all finite products

(A+ BK)A', ie{l,---,N—1}

are stable. The class of admissible feedback gains is therefore quite restricted
in the zero input case. On the other hand, in the proposed scheme, the
constraint on the feedback gain is much milder. This is useful when designing
the networked control system.

5.5 Summary

This chapter discusses the small £*° signal £>° stability of a networked control
system subject to disturbances, packet dropouts, and finite-level quantiza-
tion. We have employed a deterministic setting and the small /> signal (>
stability analysis framework for the stability analysis. Within this frame-
work, we have shown that by incorporating a buffering mechanism at the
receiving end of the channel, the adverse effect of packet dropouts on closed
loop stability can be canceled as long as the number of consecutive dropouts
is smaller than the buffer length. A sufficient condition for stability, which is
stated in terms of the number of quantization levels, has been derived. We
have also elucidated the effect of the quantizer step size and the maximal
number of consecutive packet dropouts on the disturbance attenuation level.
Through the stability analysis of this networked control system, this chapter
has shown the usefulness of the framework developed in this thesis.
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Appendix 5.A Proof of Lemma 3

We give the proof of only ||F}|se-ina < K, because ||Fs|sx-ina < Kk can be
proved in the same manner.
Define f; = Fiw for w € f.. There always exists ¢ € Z, such that

te{tit;+1, -+ tix1 — 1}, and Flw is given by (5.22). Clearly, || f1(t)|lc =
0 < K||w]|e holds for t € {t;,--- ,t;x1 —2}. In the case of t = t;11 — 1, we
obtain
tz+1 t1 t1+1 tv
[f1()]oe < Z A w(tivn = Dl < Z A [ellw(tin = Dllso
tz+1 t;

< Z 1A N llwlle < ZHAZ Hiillwlles = allw]es.

In the last inequality, we have used Assumption 5.

Appendix 5.B Proof of Lemma 4

From (5.24), the input-output relationships shown in Figure 5.2 are described
by

= q(u), (5.39)
U= GO()U + (G(n 9] F1>’w, (540)
r = G10U + (G11 e} F1 + FQ)w (541)

On the other hand, Lemma 3 gives

|Go1 © Fil|seo-ind < ||Got||ese-inal| F1 || e=-ina < Vo1, (5.42)
|G11 0 Fi + Fa||pso-ina < ||G11||eso-inal| Fi||ee-ina + || F2||ee-ina < Y115 + K-
(5.43)

It is easily seen by taking 1 := 0, ro := (G o Fy)w, v/ := v in Figure 5.4
that the small > signal ¢>° stability of the feedback interconnection (Gyg, §)
implies that

[(Gor o Frw)jolle= < € = (|@|pr e < 6 and [[v]jo.nlle= < ),
VreZ, (5.44)

holds for the feedback system of (5.39) - (5.41) shown in Figure 5.2.
Now, we assume that [|wlj|[ee < €, where € is defined by (5.30). To
complete the proof, we only need to establish the boundedness of ||| ||¢=
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5.C. PROOF OF THEOREM 11

It follows from (5.42) that
1(Gor o Frw)|pnllee < [|Gor © Filleso-ina||wljonllee < yo15€ = €. (5.45)

We then have ||v].7[¢ < d, from (5.44) and (5.45). Therefore, we conclude
from (5.41) and (5.43) that

lz[j0,7]lee < |Goolleoo-ind ||V 0,71 [[ee + [|G11 © Fi + Fal|geo-ind ||w]jo,7 || e
< Y000y + (711 + 1)Ke
= ve < +00, (5.46)

where v := Y900, /€ + (711 + 1)k.

Appendix 5.C Proof of Theorem 11

Suppose that (5.31) holds. Because Gy is strictly causal, it is easily verified
that Yoo = HGOOHZ‘X’—ind 1mphes

1(Goov) o, llee < Yool 0lo,r—illee, Vv € Le, VT € Zy (5.47)

(see Theorem 5). It then follows from (5.47), (5.31), (5.19), and Theorem 4
that the feedback interconnection of Gyg and ¢ shown in Figure 5.4 is small
0 signal £*° stable. In particular, we have

[ lI7lomlles < & = (fulolles < 6o and [[vljomlle~ < 6,) ]
Vrel,, VT €7,

where the constants

(M — 700)d (M -+ 1)’)/00d

T 214 00) T 2(1 o)

N Q.

(5.48)

are obtained by substituting v, := o0, 71 := 1/M, and € := Md/2 into
(3.11).

Consequently, we conclude from Lemma 4 that the networked control
system shown in Figure 5.1, or equivalently, in Figure 5.2, satisfies (5.32),

where € and v in (5.33) and (5.34) are obtained by substituting (5.48) into
(5.30).
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Chapter 6

Conclusion

In this thesis, we have

e provided the motivation for developing a new framework for the stabil-
ity analysis of quantized feedback systems,

e developed a new framework based on a new stability notion,

e demonstrated its usefulness through examples of quantized feedback
systems.

As a concluding chapter, we now summarize the contributions of this thesis.

In Chapter 2, we have revealed the difficulties involved in applying the
traditional small gain theorem to the stability analysis of quantized feed-
back systems. Specifically, by utilizing two examples of quantized feedback
systems, we have provided the motivation for introducing a new stability
notion and a new framework for stability analysis that are applicable to
quantized feedback systems. Stability analyses of an uncertain networked
control system with a rate-limited communication channel and a feedback
system involving a uniform quantizer have been discussed.

In Chapter 3, a new framework for the stability analysis of quantized
feedback systems has been developed. We have introduced a new notion
of stability, small (P signal P stability, that is achievable in a wide class of
quantized feedback systems. Then, we have prepared mathematical tools to
establish the stability of a feedback system in the sense of the new stability.
In particular, the small level theorem has been derived as a key theorem for
stability analysis. It provides a sufficient condition for a feedback system to
be small /7 signal P stable. A new class of uncertainty, level bounded uncer-
tainty, has also been introduced. This uncertainty effectively approximates
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some classes of nonlinearities that include quantization errors. Robust stabil-
ity against the level bounded uncertainty and the traditional gain bounded
uncertainty have been investigated.

Chapter 4 provides the first example that shows the usefulness of the
proposed framework for the stability analysis of quantized feedback systems.
We have studied the robust stabilization of an uncertain networked control
system over a rate-limited communication channel. By using the proposed
framework, we have elucidated the combined effect of quantization at the
communication channel and the model uncertainty in the plant dynamics, on
the robust stabilizability of the entire networked control system. A design
method for a stabilizing encoder-controller pair has also been presented.

Finally, Chapter 5 provides the second example that demonstrates the
usefulness of the proposed framework. In this chapter, we have examined
the stability of a networked control system subject to the combined effect
of finite-level quantization and packet dropouts. A uniform quantizer has
been employed as the quantizer in this example. In this example, we have
shown that the class of level bounded uncertainty effectively approximates
the nonlinearity associated with the quantization error. We have elucidated
the effect of quantization and packet dropouts on the stability of the overall
networked control system.
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