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Preface

Differential equations have been used to model dynamic systems. Such modeling
has met great success primarily because solutions of differential equations precisely
predict the actual behaviors of the modeled systems. However, the analytic solution
of a dynamical system is in general quite challenging to obtain. Various methods
have been developed to determine and analyze the behaviors of dynamical systems
without obtaining their explicit solutions. Among these methods is the Lyapunov
function based analysis. Over the course of its development, the Lyapunov function
based analysis has shown its universal applicability to the study of a wide range
of systems such as linear and nonlinear systems, time-invariant and time-varying
systems, and deterministic and stochastic systems.

Time delay systems refer to those dynamic systems whose change of current state
depends on the past values of its state and/or input. Such lagging phenomena have
been frequently observed in engineering practice. Input delay of a system emerges
whenever the transmission of the control signal from the controller to the actuator
of the system takes a certain amount of time. This lagging effect in the input can
be caused by long-distance transmission of the control signal or time-consuming
computation of a control algorithm carried out by the controller. A fundamental
problem in the control of time delay systems is the problem of stabilization. The
importance of such a problem is obvious from the observation that feedback laws
designed without consideration of the delay typically fail to stabilize when the value
of the delay grows large.

There are two commonly followed paths to achieving the stabilization of linear
systems with input delay. The first path extensively involves the Lyapunov function
based analysis. We pick a Lyapunov function for the open loop system. By designing
a feedback law that makes the time derivative of the Lyapunov function along
the trajectory of the closed-loop system negative definite, we achieve closed-loop
stability. Typically, a stability criterion obtained from such an analysis is in the form
of linear matrix inequalities (LMIs). Thanks to effective computation techniques, the
solution of LMISs is an easy task. The Lyapunov function based method possesses
considerable advantages in dealing with time-varying features of a time delay
system, including time-varying delays and other time-varying system parameters.
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viii Preface

Uncertainties in the system, such as external noises, stochastic nature of the system,
and even uncertainties in the delay, can also be readily handled.

The second path to achieving stabilization is more straightforward. To directly
compensate the input delay, we express the control input as the product of a feedback
gain matrix and the state of the system at a future time ahead of the current time
by the same amount of the delay. Such a feedback law results in a stable closed-
loop system free of delay. By predicting the future state as the sum of the zero
input solution and the zero state solution of the system, the feedback law allows
implementation from the causality point of view. Such a form of feedback is referred
to as the predictor feedback. However, the term in the predictor feedback that
corresponds to the zero state solution is distributed because the zero state solution
is a convolution between the state transition matrix and the input term. This causes
difficulty in the implementation of the predictor feedback.

A possible way to avoid such difficulty is to truncate the distributed term from
the predictor feedback law. The resulting feedback law is referred to as the truncated
predictor feedback law. The delay-dependent state transition matrix in the truncated
predictor feedback law prevents its application to control scenarios when the exact
knowledge of the delay is not available. A delay independent truncated predictor
feedback law results when the delay-dependent transition matrix in the truncated
predictor feedback law is further dropped. It has been shown that the truncated
predictor feedback law compensates an arbitrarily large delay in a linear system with
all its open loop poles in the closed left-half plane when the feedback gain matrix is
designed by the use of the low gain design techniques and is parametrized in a single
low gain parameter. Conversely, the delay independent truncated predictor feedback
law compensates an arbitrarily large delay in a linear system only when all its open
loop poles are at the origin or in the open left-half plane. The key to achieving
stabilization is the parameterization of the feedback gain matrix by a single constant
low gain parameter. For a given, arbitrarily large, delay, the closed-loop stability is
guaranteed by tuning the feedback parameter to a small enough value.

By either the truncated predictor feedback law or the delay independent truncated
predictor feedback law, the stabilization requires some knowledge of the delay.
In particular, the state transition matrix of the truncated predictor feedback law
contains the explicit value of the delay. An upper bound of the delay is required
for the determination of a stabilizing feedback parameter in the delay independent
truncated predictor feedback law. In the absence of any knowledge of the delay, the
design of a time-varying feedback parameter whose value is updated by an adaptive
algorithm is then crucial for arriving at a stabilizing feedback law. Even when we
have the knowledge of an upper bound of the delay, the design of a time-varying
feedback parameter in the delay independent truncated predictor feedback law helps
to result in stronger closed-loop performance in terms of a smaller overshoot and a
higher convergence rate.

This book focuses on the design of truncated predictor based feedback laws
for general, possibly exponentially unstable, linear systems. The first part of the
book is dedicated to the design of truncated predictor based feedback laws with a
constant feedback parameter. It is established through examples that these feedback



Preface ix

laws cannot stabilize general, possibly exponentially unstable, linear systems with
a sufficiently large delay. Admissible delay bounds that guarantee closed-loop
stability are established. The second part of the book is dedicated to the design of
time-varying feedback parameters in the truncated predictor based feedback laws.
Such designs are motivated by the desire to improve the closed-loop performance
of systems under the truncated predictor feedback laws with a constant feedback
parameter and to enable the feedback laws to accommodate the unknown delay. In
particular, a family of time-varying feedback parameters in the delay independent
truncated predictor feedback law improves the closed-loop performance with a
smaller overshoot and a higher convergence rate. Moreover, we manage to not
require any knowledge of the delay in the regulation of linear systems by equipping
the delay independent truncated predictor feedback law with a delay independent
update algorithm for its feedback parameter.

The organization of the book is as follows: Chapter 1 introduces time delay
systems and recalls some fundamental concepts and design methods. Time delay as
a frequent scene in almost every aspect of engineering practice is illustrated through
examples. For the study of asymptotic behaviors of a closed-loop system with delay,
stability definitions are presented. At the end of the chapter, we introduce the basic
design of the predictor feedback law for the stabilization of linear systems with input
delay, along with a discussion on the difficulty associated with its implementation.

Chapter 2 introduces the design of the truncated predictor feedback law for
continuous-time linear systems. Low gain feedback design techniques are employed
to parameterize the feedback gain matrix of the truncated predictor feedback law by
a single constant low gain parameter. For a system with all its open loop poles
in the closed left-half plane, the truncated predictor feedback law compensates
an arbitrarily large delay as long as the low gain parameter is chosen small
enough. The original truncated predictor feedback law is parameterized by using an
eigenstructure assignment based low gain feedback design technique. An alternative
approach by using an algebraic Riccati equation based low gain design technique is
also reviewed. Both state and output feedback designs are covered.

Chapter 3 develops the discrete-time counterparts of the results in Chap. 2. It
is shown that the truncated predictor feedback law compensates an arbitrarily large
delay in a discrete-time linear system with all its open loop poles on or inside the unit
circle. Both an eigenstructure assignment based and an algebraic Riccati equation
based low gain feedback design techniques for the parameterization of the feedback
gain matrix are reviewed. As in Chap. 2, both state and output feedback designs are
presented.

Chapter 4 generalizes the results in Chaps. 2 and 3 to a general linear system
that is possibly exponentially unstable. For an exponentially unstable linear system,
no feedback law can achieve stabilization when the input delay is large enough.
We construct state and output feedback laws of the form of a truncated predictor
feedback law and establish conditions on the delay, the system, and controller
parameters under which the closed-loop system is asymptotically stable. Based on
these conditions, the design of the feedback law that allows maximum delay is
determined. Both continuous-time and discrete-time systems are considered.
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In Chaps. 5 and 6, we focus on the design of delay independent truncated
predictor based feedback laws. In the absence of the exact knowledge of the
delay, the truncated predictor feedback law is no longer implementable due to its
delay-dependent term. The removal of the delay-dependent term from the truncated
predictor feedback law results in the delay independent truncated predictor feedback
law. It is shown through an example that the delay independent feedback cannot
compensate an arbitrarily large delay in a linear system with purely imaginary open
loop poles. Admissible delay bounds with stability guarantee are then established
for general, possibly exponentially unstable, linear systems. However, for a system
with all its open loop poles at the origin or in the open left-half plane, the delay
independent truncated predictor feedback law compensates an arbitrarily large delay
as long as the low gain feedback design technique is applied to parameterize the
feedback gain matrix. Such a low gain nature of the delay independent truncated
predictor feedback law leads to a large overshoot and a low convergence rate of the
closed-loop system. A time-varying feedback parameter design is then proposed
to improve the closed-loop performance under the constant feedback parameter
design. To comprehensively study the stabilizing effects of the delay independent
truncated predictor feedback, we examine the stabilization of continuous-time and
discrete-time linear systems, respectively, in Chaps. 5 and 6, by either state or output
feedback.

The time-varying feedback parameter design in Chap. 5 requires an upper
bound of the delay to be known for the stabilization. We manage to not require
any knowledge of the delay in feedback designs in Chap. 7. In the absence of
any knowledge of the delay, a control scheme is proposed that equips the delay
independent truncated predictor feedback law with an updated algorithm, which
is also delay independent, for the feedback parameter. This control scheme allows
ease of implementation because only current state, and no knowledge of the delay, is
required. Discrete-time counterpart of such an adaptation scheme is also developed
in Chap. 8.

This monograph was typeset by the authors using I&TgX. All simulation and
numerical computation were carried out in MATLAB.

The authors would like to thank the National Science Foundation for its generous
support that has led to most of the results contained in this book.

Charlottesville, VA, USA Yusheng Wei
Charlottesville, VA, USA Zongli Lin
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Notation

Re(:) (Im(-))
[

0
1 (I)

Ila, b]

x(1)

C(t, ], R")
D([ky, k2], R™)
1 fllc

1 fllp

Lo([t1, 2], R")

AC([n, ], R")

The set of natural numbers

The set of integers

The set of real numbers

The set of positive real numbers

The set of nonnegative real numbers

The set of real vectors of dimension n

The set of real matrices of dimensions n X m

The set of complex numbers

The imaginary unit /—1

The real (imaginary) part of a complex number

The absolute value of a scalar, the Euclidean norm of a vector,
or the norm of a matrix induced by a vector Euclidean norm

A zero scalar, vector, or matrix of appropriate dimensions

An identity matrix of appropriate dimensions (of dimensions n x
n)

The set of integers within the interval [a, b], where a, b € R and
a < b. Either side of the interval can be open if a or b is replaced
by oo

The first-order derivative of x(¢) : R — R” with respect to time
t

Or C[t, t2] for brevity, the set of R"-valued continuous func-
tionsont € [t1, 2]

Or DIk, ko] for brevity, the set of R"-valued functions on k €
I1ky, ko], where k, k1, k, € Z

The continuous norm SUPs e[ty .10 |f(@)]|of feC(t, 2], R")
The discrete norm maxieyx, k] | f (k)| of f € D([k1, k2], R")
Or Lj[t1, tp] for brevity, the set of R"-valued square integrable
functions on ¢ € [f1, 1]

Or AC |1y, 12] for brevity, the set of R”-valued absolutely contin-
uous functions f ont € [t1, t,] with f € Lo([t1, ], R")
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[l fllac
Ck(t, 1], R")
PC([t1, 1], R")

MF
fx(x» t)
fxl(-xv t)

[1f Il
Ll
Xt

Xt

x:(0)

Xk

xe(D)

tr(-)

det(-)

AC)

)»min(') ()\max('))

vT(AT)
A> B(A > B)

A<B(A<B)

Notation

The absolutely continuous norm sup, ¢, .7 | f (1)|*+ fff | £ (1)|ds
of f e AC([t1, 1], R™)

Or C*[t1, 1] for brevity, the set of R"”-valued functions having
continuous kth order time derivative on t € [f1, 2]

Or PC[t1, o] for brevity, the set of R"-valued piecewise contin-
uous functions on ¢t € [f1, 12]

The set of multivariate functions f(x, ) : [0, 1] x R — R”

L f(x,1) for f(x,1) € MF

2 f(x 1) for f(x,1) € MF

RITES

Vo 1fx, 0)2dx for f(x, 1) € MF

{x(@) | x(#):[0,00) > R" and [;° [x(1)|dt < oo}
The restriction of x(s) : R — R" tos € [t — t, t], for some

T E RS‘
The restriction of x(s) : R — R" tos € [t — t, t], for some
T E RS‘
x(t 4+ 0), where x(s) : R - R"” and 0 € [—rt, 0], for some
T E RS‘

The restriction of x(p) : Z — R"* to p € I[k — r, k], for some
reN

x(k + 1), where x(p) : Z — R" and [ € I[—r, 0], for some
reN

The trace of a square matrix

The determinant of a square matrix

The set of eigenvalues of a square matrix

The minimum (maximum) eigenvalue of a real symmetric
matrix

The transpose of a vector v (a matrix A)

A — B is positive definite (semi-definite), where A and B are real
symmetric matrices

A — B is negative definite (semi-definite), where A and B are
real symmetric matrices



Chapter 1 ®
Introduction Check for

1.1 Introduction to Time Delay Systems

The phenomenon of time delay is a commonplace in almost every scientific
discipline. Time delay refers to the amount of time it takes for the matter, energy, or
information in a dynamic system to transfer from one place to another or to make
their full impact on the system after their emergence. Such a lagging effect causes
the change of current state of the system to rely on past values of its state and/or
input. For instance, the economic model in [127] reveals that economic growth relies
on population growth and technological advancement. In particular, the population
growth does not take effect on the economic growth until it transitions to the labor
growth, which potentially takes a couple of decades. Similarly, the technological
advancement does not boost the economy until the productivity of the workforce
is improved through technology innovations. Other examples of time delay in the
study of biology, physics, mathematics, and engineering are many, and we will
mention a few in the following subsection as examples.

1.1.1 Examples of Time Delay Systems
1.1.1.1 A Predator-Prey Model
In biology studies, the Lotka—Volterra equations are differential equations that

describe predator—prey interactions in a natural ecosystem. A typical set of the
Lotka—Volterra equations takes the following form (see [98]):

10 =anm (1~ 2) g ono, (1.1)
X2(t) = —yx2(t) + wx1(t — T)x2(t — 1), (1.2)
© Springer Nature Switzerland AG 2021 1
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where x1(¢) and x»(¢) are the populations of the prey and the predator, respectively,
and «, K, B, v, and w are positive constants determined by the characteristics of
the prey and the predator and the natural ecosystem in which they inhabit. The first
term on the right-hand side of (1.1) suggests that even in the absence of predation,
the population of the prey cannot exceed K, which represents the carrying capacity
of the ecosystem for the prey population. The second term on the right-hand side of
the equation describes the negative effect of the predation on the population of the
prey. Basically, the predation causes the population of the prey to decrease, and the
rate of this decrease is proportional to the number of interactions between the prey
and the predator, which can be characterized by the product of the population of the
prey and that of the predator.

The right-hand side of (1.2) also contains two terms. The first term suggests that,
in the absence of the prey, the population of the predator decreases exponentially
toward zero. The second term indicates that the positive effect of the predation
on the population of the predator does not occur instantly. The positive constant T
represents the time it takes for the predation to show its impact on the growth of the
predator population. Compared to the predator—prey model without consideration of
the delay t (see [45]), the differential equations (1.1) and (1.2) are more accurate in
describing the actual population dynamics of the two species.

1.1.1.2 The Distribution of Primes

In the study of the distribution of primes, mathematicians formulated the asymptotic
behavior of the prime counting function 7 (x) with respect to the prime x in the
Prime Number Theorem.! The prime countering function 7 (x) is the number of
prime numbers that are not greater than the prime number x. It turns out that such
a theorem can be proved from the perspective of time delay systems [96, 111].
Reference [96] defined a smooth curve y(x) that best fits the actual variation of
7 (x). By using a probability argument for the distribution of primes, [96] obtained

d? dyd
Zx—y y—y(x%)zo,

= 1.3
dx?2  dxdx (1.3)

where the first- and second-order derivatives with respect to x are defined as g_)yc and

d2y

o2 respectively. Reference [111] defined two functions of x, v, and w, as

2V =Inx

and

1The Prime Number Theorem: lim,_, T _q,

log(x)
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which, together with (1.3), imply that

dx
— = axlogx, (L.4)
dv
(‘iza 1—2”—1d—y(x%) , (1.5)
1+ w(v) dx
qdy /1
—_ — DV 1_
l+we—1)=2""2 (xz), (1.6)

where « = In2. Then, the following time delay system is obtained from (1.5) and
(1.6),

dw

— = —aw@— 11+ w)). (L.7)

dv
According to [111], the solution to (1.7) satisfies that w(v) — 0 as v — o0.
Therefore, % approaches 1/logx as x goes to infinity, which coincides with the
statement of the Prime Number Theorem. This example shows that the study of
time delay systems facilitates the development of number theory.

1.1.1.3 A Traffic Flow Model

The efficiency of a transportation system relies on the smooth flow of traffic. A
simple mathematical model for traffic flow can be established by considering n
number of automobiles that move along a straight road (see [32]). Denote the
position of the ith automobile at time ¢ as x;(¢) and let the (i 4+ 1)th automobile
move in front of the ith one, i € I[1,n]. The following sequence of equations
describes the movement of the automobiles in terms of their positions:

Xi(1) =k(i(t — ) —Xip1(t — 1)), i €I[l,n] (1.8)

Basically, the ith equation implies that the acceleration of the ith automobile at time
t is proportional to the relative velocity between the ith and (i 4 1)th automobiles at
a past time instant ¢ — 7;, with the coefficient of proportionality k < 0. The constant
T € Rg’ represents the time it takes for the driver of the ith automobile to sense
the traffic condition, determines a necessary action to accelerate or decelerate the
automobile, and regulates the gas paddle or the brake based on his/her decision.
These time delays are caused by the lagged behaviors of the drivers, which cannot
be neglected, especially in modeling fast moving traffic.
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1.1.2 Delay Differential Equations

The study of delay phenomena scatters among different scientific disciplines. A
systematic study of time delay and its effects within a unified framework relies
on modeling time delay systems by delay differential equations (also known as
functional differential equations, differential-difference equations, equations with
dead time, after-effects, or deviating arguments). A typical delay differential
equation is given by

x(t) = f(t, X1, %), (1.9)

where f : R x Cl([-7,0],R") x C([-7,0],R") - R" is a general nonlinear
functional, x; and x; are respectively the restrictions of the state x(s) and its
derivative x(s) tos € [t — 7,t], and T € Rg is the amount of the delay. The
equation indicates that the change of the current state x (t) depends on the values of
the state over the time interval [t — t, f], rather than solely on the current value of
the state x ().

Equation (1.9) belongs to the group of delay differential equations of neutral type
whose right-hand side depends on the derivative of x,. In contrast to the neutral type
is the retarded type of delay differential equations whose right-hand side does not
depend on the derivative of x;. A retarded equation takes the form of

x(t) = f(, x), (1.10)

where f : R x C([—7, 0], R") — R”" is a general nonlinear functional . The focus
of this book is on the study of delay differential equations of retarded type. We refer
to the rich literature on delay differential equations of neutral type (see [31, 32, 43,
52, 55], and the references therein).

We note that the expression for a general delay free ordinary differential equation
is given by

x(@) = f(t,x()), (1.11)

where f : R x R” — R" is a general nonlinear function. On the other hand, f
in (1.9) or (1.10) has two arguments, the time ¢ and a function x(s) restricted to
s € [t — 7, t]. It is thus natural that delay differential equations are also referred to
as functional differential equations.

The way x; appears in f in (1.9) or (1.10) determines whether the delay is
distributed or discrete (pointwise). As the names suggest, if f depends on x; over
a time interval [#1, 2], where t — T < #; < fp < t, then the delay is distributed.
For example, the following scalar equation with distributed delay describes the
circumnutation of a plant to geotropic movements [46],
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a(t) = —k/ f(n)sina(t — ntg)dn, (1.12)
1

where «(¢) denotes the angle of the plant with the plumb line, k is some constant,
f(n) is an exponentially decaying function, and #y denotes the geotropic reaction
time of the plant. If, on the other hand, f depends only on the value of x; at distinct
time instants, then the delay is discrete or pointwise. Examples of delay differential
equations with discrete delay are (1.2), (1.7), and (1.8).

1.1.3 The Initial Condition, the Cauchy Problem, and the Step
Method

The initial condition of a delay differential equation is defined differently in
comparison with that of an ordinary differential equation without delay. We take
Eq. (1.7) for illustration of its initial condition. We first rewrite the equation as

(1) = —ax(t — (1 + x(1)). (1.13)

Let x(¢) start its evolution from ¢+ = 0. The value of x(#+ — 1) is required for
computing x(¢), ¢t € [0, 1]. As time elapses beyond ¢ = 1, no information of x(¢) on
t < 0 is required. In order to depict the complete evolution of x () on ¢ € [0, 00), it
is necessary for (1.13) to take

xo=¢@), 0 [-1,0], (1.14)

as its initial condition, where ¢ is typically assumed to be a piecewise continuous
function. Similarly, the initial condition of (1.9) or (1.10) can be defined by

xo=v({t+0), 0el[-1,0], (1.15)

where the state of the equation starts its evolution from #p € R and v is a piecewise
continuous function. On the other hand, the initial condition of an ordinary
differential equation without delay is defined by x9 = x(#p) if the state of the
equation starts its evolution from #y. The distributed feature of the initial condition
of a delay differential equation implies that the equation is infinite-dimensional. In
contrast to delay differential equations, ordinary differential equations without delay
are finite-dimensional .

Closely related to the initial condition of a delay differential equation is the
Cauchy problem for the equation. The Cauchy problem, also referred to as the
initial value problem, is to determine whether the equation admits a unique solution
given an initial condition. For both the neutral type equation (1.9) and the retarded
type equation (1.10), comprehensive analysis was established in [43] that addresses
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the problem. Sufficient conditions on the general, possibly nonlinear, functional f
that guarantees the existence and uniqueness of the solution were established in
[37, 41, 43, 52], and [32]. Most of these sufficient conditions do not involve the
explicit solution. When f allows a delay differential equation to be explicitly solved,
we can address the Cauchy problem by directly solving the equation.

Consider Eq. (1.13) for example. Given the initial condition ¢ (f) = ¢ € R\ {0},
6 € [—1,0], x(¢) satisfies the ordinary differential equation without delay on ¢ €
[0, 11,

x(t) = —ac(l + x(1)), (1.16)
and thus,
x() =0 +c)e ¥ —1, te][0,1]. (1.17)

Forwarding the time interval of interest to r € [1, 2], we see that x(¢) satisfies the
ordinary differential equation without delay,

i) = —a((l +eyeet=D _ 1)(1 +x(1)), (1.18)

which is obtained by using the solution of x(¢) on ¢ € [0, 1] in Eq. (1.13). From
(1.18), we obtain

X(t) = (14 o)1= (e 0=1) . (1.19)

Following the same solution procedure for each of the time interval [k, k+1], k € N,
in a successive manner, we obtain the explicit solution of x(¢) on ¢ € [0, c0), which
obviously implies the existence and uniqueness of the solution. Such a method to
obtain the explicit solution to a delay differential equation is referred to as the step
method, which was originally proposed in [12]. The step method is applicable to
both equations of neutral type and retarded type with initial conditions that are
possibly time-varying.

The existence and uniqueness of the solution to a delay differential equation
are only byproducts of the use of the step method. In most circumstances, the
step method provides more intricate properties of the solution. For example, the
solution of a retarded type equation becomes smoother as time progresses, while it
is not the case for a neutral type equation. Such conclusions were reached in [12]
by employing the step method. Moreover, the solution to a neutral type equation
obtained by the use of the step method facilitates the stability analysis of the time
delay system described by the equation (see [55]).
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1.2 Stability of Time Delay Systems

1.2.1 Stability Definitions

Major interest in the study of a time delay system is in the evolution of the state of
the system as time tends to infinity. It is often desirable to find an equilibrium point
in the state space and that the state stays within a small neighborhood of the point
after some finite time, if such a point exists. Otherwise, a diverging state implies
that the system is unstable. We here present stability definitions for system (1.10).
It is assumed that given the initial condition x;y = ¥ (tp +6) = 0,0 € [—7, 0],
x(t) = 0,1t > 19, is a trivial solution of the system. We made this assumption
without loss of generality because the stability of a nontrivial solution x(¢) of the
system is equivalent to that of the trivial solution X () = O of the following system

B(t) = f(t, F+3)) — f(t, %), (1.20)
which is the delay differential equation governing the evolution of x () = x(¢) —x(¢)
(see [41)).

Definition 1.1 The trivial solution x(#) = 0 of system (1.10) is stable if for every
€ > 0 and every #y > 0, there exists 6 (¢, tp) > 0 such that
[Ixtyllc =& implies [x(r)| <€, 1> to.
Definition 1.2 The trivial solution x(¢) = 0 of system (1.10) is uniformly stable if
d in Definition 1.1 is independent of #.
Definition 1.3 The trivial solution x(#) = 0 of system (1.10) is attractive if there
exists §(tg) > O such that
[lx4]lc <& implies lim x(¢) = 0.
—>0o0
Definition 1.4 The trivial solution x(#) = 0 of system (1.10) is asymptotically
stable if it is both stable and attractive.

Definition 1.5 The trivial solution x(f) = 0 of system (1.10) is uniformly
asymptotically stable if it is uniformly stable and there exists § > 0, independent of
to, such that, for every € > 0, there exists T = T (6, €) such that

[lx4llc <& implies |x()| <€, t>1+T.

Definition 1.6 The trivial solution x(#) = 0 of system (1.10) is globally uniformly
asymptotically stable if § in Definition 1.5 can be any positive number.

In the case of a linear system, we often refer to stability (asymptotic stability) of
its trivial solution as stability (asymptotic stability) of the system.
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1.2.2 Lyapunov Stability Theorems

A straightforward approach to analyzing the stability of a time delay system is to
obtain the analytic solution of the system by employing the step method. However,
the step method ceases to work when the analytic solution is not available. Even
when an analytic solution is available, it is in many instances challenging to express
the solution as a simple function of ¢ € R, as seen in the example for the illustration
of the step method in Sect. 1.1.3. Therefore, stability analysis that does not involve
the analytic solution is preferable. Similar to Lyapunov function based stability
analysis for systems without delay, Lyapunov functional based stability analysis
for time delay systems does not require an analytic solution. By picking a positive
definite Lyapunov functional V (¢, x;) and taking its time derivative along the system
trajectory, we conclude that the system is stable if this time derivative is negative
definite. The following theorem on the stability of system (1.10) lays foundation for
such Lyapunov functional based stability analysis.

Theorem 1.1 (The Krasovskii Stability Theorem) Suppose f in (1.10) maps
bounded sets in R x C([—1, 0], R") to bounded sets in R", u,v, w : Rg — R(‘)"
are continuous and nondecreasing functions, u(s), v(s) are positive for s > 0, and
u(0) = v(0) = 0. The trivial solution of system (1.10) is uniformly stable if there
exists a continuously differentiable functional V (¢, ¢) : R x C([—7, 0], R") — R(‘)"
such that

u(lpO)) =V, ¢) < v(llgllc), (1.21)

and the time derivative of V (t, ¢) along the trajectory of the system satisfies
Vit ¢) < —w(lp0)]). (1.22)

If w(s) > 0 fors > 0, then the trivial solution is uniformly asymptotically stable.
If in addition lims_, », u(s) = 00, then the trivial solution is globally uniformly
asymptotically stable.

It was pointed out in [32] that the inclusion of the time derivative of x; as an
additional argument of the Lyapunov functional in Theorem 1.1 might make the
stability conditions in the theorem easier to satisfy. The following theorem extends
Theorem 1.1 by allowing such an additional argument in the Lyapunov functionals.

Theorem 1.2 (An Extension of the Krasovskii Stability Theorem) Suppose f
in (1.10) maps bounded sets in R x C([—t,0],R") to bounded sets in R",
u,v,w : ]Rg — ]R(J)r are continuous and nondecreasing functions, u(s), v(s)
are positive for s > 0, and u(0) = v(0) = 0. The trivial solution of system
(1.10) is uniformly stable if there exists a continuously differentiable functional
Vi, ¢, (i)) :Rx AC([-71,0],R") x Lo([—7, 0], R") — ]R(J)r such that

u(lp©O) <V (1,¢,6) < vllgllac), (1.23)
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and the time derivative of V (t, ¢) along the trajectory of the system satisfies
Vi, ¢, ¢) < —w(lgO)). (1.24)

If w(s) > 0 for s > 0, then the trivial solution is uniformly asymptotically stable.
If in addition limg_, oo u(s) = oo, then the trivial solution is globally uniformly
asymptotically stable.

In the application of the Lyapunov—Krasovskii Theorem or its extension, the
choice of a delicate Lyapunov functional V (¢, x;) that satisfies all the stability
conditions is the key. Typically, the time derivative of a Lyapunov functional along
the trajectory of a time delay system depends on x; in one form or another. This
makes the majorization of the time derivative by a negative definite term that
depends solely on the current state x (¢) of the system difficult (see (1.22) or (1.24)).
To overcome such difficulty, the following stability theorem takes an approach
differently from Theorem 1.1 or 1.2. By picking a positive definite Lyapunov
function V (¢, x(¢)), we can conclude the stability of the system if V(t, x(t)) along
the system trajectory is negative definite under a condition on the evolution of
V (s, x(s)) over the time interval s € [t — t,t]. This condition facilitates the
majorization of the time derivative of the Lyapunov function by a negative definite
term that depends solely on the current state x(¢).

Theorem 1.3 (The Razumikhin Stability Theorem) Suppose f in (1.10) maps
bounded sets in R x C([—1, 0], R") to bounded sets in R"*, u, v, w : Rg‘ — Rg‘
are continuous and nondecreasing functions, u(s) and v(s) are positive for s > 0,
u(0) = v(0) = 0, and v is strictly increasing. The trivial solution of system (1.10)
is uniformly stable if there exists a continuously differentiable function V (t, x(t)) :
R x R" — Rg such that

u(lx]) = Vi, x) < v(lx)), (1.25)
and the time derivative of V (t, x(t)) along the trajectory of the system satisfies

V(t,x(t)) < —w(|x(t)]) whenever V(t+6,x(t+0)) <V(t,x()), 6 € [—1,0].

(1.26)
If in addition, w(s) > 0 for s > 0, and there exists a continuous and nondecreasing
function p(s) > s for s > 0 such that condition (1.26) is strengthened to

V(t, x(1)) < —w(|x(r)|) whenever V(t + 6, x(t +0)) < p(V(t,x(1))), 6 € [—7,0],
(1.27)

then the trivial solution is uniformly asymptotically stable. If in addition
limg_, oo u(s) = 00, then the trivial solution is globally uniformly asymptotically
stable.
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1.3 Control Systems with Time Delays

1.3.1 Input and State Delays

In a control system, time delay can take place in the input and/or state of the
system. One form of input delay is induced in the implementation of a digital
controller in continuous-time control systems. A digital controller typically consists
of a computer that generates an input signal according to a control algorithm,
an A/D converter before the computer, and a D/A converter after the computer.
Given a complex control algorithm that demands heavy computation, the computer
generates the input signal u(+ — 7) in a non-negligible time t € R*. Moreover,
transformation between digital and analog signals carried out by the A/D and D/A
converters also adds to the delay. Another form of input delay is induced by long-
distance transmission of the input signal between controllers and controlled plants.
This form of input delay typically appears in control of large networks where the
controller and the controlled plant are located far apart. In general, all the time
consumption related to the generation, processing, and transmission of the input
signal can be modeled as input delay.

State delay is also typical in control systems. One form of state delay appears in
open loop systems. Examples of this form of state delay were given in Sect. 1.1.1,
where the time delay systems are autonomous because no external input is applied to
the systems. Another form of state delay appears in closed-loop systems when their
open loop systems are subject to state feedback and input delay simultaneously. In
this case, the controller utilizes the current state x(¢) to generate the current input
signal u (). However, the actual input signal injected to the open loop systems lags
behind the current input signal by the amount of the input delay. Therefore, the
actual input appears as a function of past state in the closed-loop system.

The mathematical description for a control system with input and state delays is
given by

-x(t) = f(t’xhul)v
1.28
{ym = w(t, x(1)). (1.28)

where f : R x C([—0o, 0], R") x C([—7,0],R™") — R”" is a general nonlinear
functional, w : R x R® — RY is a general nonlinear function, and 7,0 € R(‘)"
are the amount of the input delay and the state delay, respectively. A typical state
feedback law takes the form of

M(t) =Z(t,.xt,ut), (129)
where z : R x C([—05,0], R") x C([—7, 0], R") — R™, for some 6,7 € Ra',

is an appropriate functional and might contain linear operations such as addition,
multiplication by a constant and integration, as well as nonlinear operations.
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On the other hand, the output of a control system typically consists of physical
quantities that can be directly measured. Therefore, output feedback laws that
employ only the measurement of the output are more practical than state feedback
laws. A common output feedback law design for time delay systems first seeks to
utilize the measurement of u; and y(f) to construct an observer whose state X (t)
approaches x(¢) asymptotically. Then, based on the observed state % (), a feedback
law is constructed whose structure replicates that of a state feedback law. If the state
feedback law (1.29) achieved a certain control objective, the output feedback law

)é(f):g(t,)?l,ut,y(t)), |
{M(t) = z(t, X, uy), (1.30)

potentially achieves the same control objective, where g : R x C([—a, 0], R") x
C(-7,0],R™) x R? — R", for some ¢ € Rar, is a proper functional that
guarantees

lim (x(t) = £(0) = 0.

While most control systems behave in a nonlinear manner when the state of
the system is far away from the equilibrium point, near the equilibrium point,
their dynamics can be efficiently approximated by a linear system. Such an
approximation can be obtained by Jacobian linearization of the control systems at
the equilibrium point. The mathematical description for a linear system with input
and state delays is as follows:

{)&(t) =[O At $)x(t + $)ds + [°. B, s)u(t + 5)ds, 130

y() = C()x(1),

where 7,0 € RS‘ represent the input delay and the state delay, respectively, A(z, s) :
R x [—0,0] = R"™"_ B(t,s) : R x [—7,0] — R"™ are the dynamics matrix and
control matrix of the system, respectively, and are of bounded variation with respect
tos, and C(t) : R — R?*" is the sensor matrix of the system. System (1.31)
is time-varying and the delay is of distributed type. The time-invariant version of
system (1.31) is given by

i) = [0 A(s)x(t + 5)ds + O, B(s)u(t + 5)ds,
(1.32)
y(1) = Cx(1),
where A(s) : [—o,0] - R" B(s) : [-7,0] — R"™ are the dynamics matrix
and the control matrix of the system, respectively, and are of bounded variation,
and C € R?7*" is the sensor matrix of the system. Furthermore, the discrete delay
version of system (1.32) is given by
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{x(t) = Yig Aix(t —0p) + X Bjult — 1)), (1.33)

y(@) = Cx(1),

where A, € R, i e I[0,!], and B; € R"™"™, j e I[0, k], are the dynamics
matrices and control matrices of the system, respectively, and 7; € Rg , j €10, k],
and 0, € R(J)r ,i € I[0,1], are the lengths of the input and state delays, respectively.
The attention of this book is restricted to linear time-invariant systems with a single
input delay,

{)'c(t) = Ax(t) + Bu(t — 1), (1.34)
Y1) = Cx (),

and its stabilization via either state or output feedback. Occasionally in this book,
the constant delay t in system (1.34) is allowed to be time-varying but bounded,
namely, 7(¢) : R — [0, D], where D € Rg is an upper bound on the delay.

1.3.2 An Overview of Stabilization of Time Delay Systems

The study of control systems with time delay spans a wide range of problems,
including stabilization, trajectory tracking, output regulation, disturbance rejec-
tion, performance improvement, robust control, and adaptation to accommodate
unknown system parameters.

Central to these problems is the problem of stabilization. The stabilization
of a time delay system can be accomplished through two different paths. The
first path extensively involves Lyapunov functional based stability analysis. We
pick a positive definite Lyapunov functional and compute its time derivative
along the trajectory of the system. By designing feedback that renders the time
derivative negative definite, we achieve closed-loop stability (see [47]). It turns
out that such analysis is effective for systems with either input or state delay (see
[31, 32, 41, 67, 82-86, 120] and references therein). Furthermore, the Lyapunov
functional based stability analysis has shown its universal applicability to the study
of various time delay systems, including time-varying, nonlinear, and stochastic
systems with delays allowed to be time-varying or even unknown (see [11, 13—
15, 43,47, 58, 59, 91] and [97], for a small sample of the literature).

The second path to the stabilization of a time delay system is more straight-
forward. Given a linear system with a single constant input delay, a feedback law
completely cancels the effect of the delay by multiplying a feedback gain matrix
with the state of the system at the future time ahead of the current time by the
amount of the delay. Thanks to the linearility of the system, the future state can
be explicitly predicted as the sum of the zero input solution and the zero state
solution of the system. Such a feedback law is referred to as the predictor feedback
law [69] due to the prediction of the future state. The spectrum of the closed-loop
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system under the predictor feedback is finite and can be arbitrarily assigned in the
complex plane by an appropriate choice of the feedback gain matrix. Therefore,
such a predictor feedback design is also referred to as finite spectrum assignment
[68]. An alternative design that also leads to the predictor feedback law involves a
key step of transforming the original open loop system with delay into an open loop
system free of delay, and is referred to as the model reduction technique [7].

The predictor feedback laws for linear systems with input delay were generalized
to stabilize linear systems with input and state delays in [53, 54] and [56], where
the state of the systems at a future time is predicted by the use of the variation-
of-constants formula (see [12] for the formula). Such feedback laws designed by
the use of the variation-of-constants formula were further generalized to stabilize
neutral type systems with input delay in [55]. Besides these generalizations, the
combinated use of the finite spectrum assignment or the model reduction technique
with control techniques for nonlinear systems such as cross-term forwarding,
backstepping, and/or recursive methods induced various prediction methods for the
stabilization of linear and nonlinear systems with input and state delays (see [9, 48—
50, 59] and [11]). Predictor based feedback laws were also developed for linear
systems with input and state delays [117, 126].

In all these predictor based feedback designs, a distributed delay term appears
in the resulting predictor based feedback laws. Such a distributed nature of the
feedback laws originates from predicting the state of the system at a future time
by the use of the variation-of-constants formula . It was pointed out that these
distributed delay terms would cause difficulty in their implementation (see [95]
and [78]). Recently, a sequential predictors approach to the stabilization of linear
systems with input delay was proposed that manage to observe the state of the
system at the future time ahead of the current time by the amount of the delay
without using the variation-of-constants formula (see [13, 73, 74], and [16]). The
sequential predictors are a sequence of dynamic predictors that observe the future
state of the system in a progressive manner. Specifically, the state of the first
predictor observes that of the system at the future time ahead of the current time by a
small amount. Repeating such an observation manner, the state of the next predictor
observes that of the previous predictor at the future time ahead of the current time
by the same small amount. Given sufficiently large number of sequential predictors,
the state of the final predictor would observe the state of the system at the future
time ahead of the current time by the amount of the delay. The method of sequential
prediction has an advantage over other prediction methods because the sequential
predictors only contain discrete delay terms that can be readily implemented.

In the remainder of the book, we will focus our attention on predictor based
feedback designs for linear systems with input delay. The development of our
feedback laws is inspired by predictor feedback design methods, while the stability
analysis of the resulting closed-loop system is carried out by employing Lyapunov
functional based methods. The scope of the book is not limited to basic stabilization.
It expands to more challenging problems such as performance improvement and
adaptation to accommodate unknown system parameters. The proposed feedback
laws for stabilization will be modified to address each of these challenging problems
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effectively. In the following section, we review some predictor feedback laws and
their roles in the stabilization of linear systems with input and state delays.

1.4 Predictor Feedback

1.4.1 Linear Systems with a Single Input Delay

For a linear time-invariant system with a single input delay,
x(t) = Ax(t) + Bu(t — 1), (1.35)
wherex e R",u e R", 1t € Ra’ ,and (A, B) is controllable, the feedback law
u(t) = Fx(t + 1), (1.36)

where F is a feedback gain matrix such that A+ B F is Hurwitz, completely cancels
the effect of the input delay. Under such a feedback law, the closed-loop system

%(t) = (A+ BF)x(1) (1.37)

is free of delay and is asymptotically stable. Also, the spectrum of the closed-
loop system is finite and can be arbitrarily assigned on the complex plane by
an appropriate choice of F. We note that feedback law (1.36) cannot be directly
implemented because it requires the future state of the system x (¢ 4+ t) to be known.
However, since system (1.35) is linear, the explicit solution of the future state can
be obtained as the sum of the zero input solution and the zero state solution of the
system,

t+1
x(t+1)=e"x() + / AT Bu(s — 7)ds
t
t
=eTx(t) + / e~ Bu(s)ds. (1.38)
t—7
Then, the feedback law (1.36) is expressed as

t
u(t) = FeTx(t) + Ff e~ Bu(s)ds, (1.39)

t—t

which is referred to as the predictor feedback law due to the prediction of the future
state [69].

The predictor feedback law consists of two terms. The first term is a static
feedback term that is readily implementable. The second term is a distributed delay
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term that requires the input to be integrated over the past time interval [t — 7, f]. A
straightforward method to implement the distributed delay term is to approximate
the term by a finite sum. By using the backward rectangular rule to approximate the
distributed delay term, we arrive at the following feedback law:

N—-1 . .
u(t) = FAx(n) 4 F o D 7% g (f —o(1- lﬁ)) - 140

where N € N\ {0} is the number of the integration steps used by the backward
rectangular approximation. The feedback law (1.40) can be readily implemented
and, intuitively, would achieve stabilization if N is sufficiently large. However, in
[95], it was shown through an example, where the system is given by

i) =x(t) +u(t — 1), (1.41)

and the feedback gain is given by F = —2, that the feedback law (1.40) for system
(1.41) fails to stabilize no matter how large N is. The use of other numerical
integration methods such as the composite trapezoidal rule and the Simpson rule
to approximate the distributed delay term by a finite sum may encounter similar
difficulty in achieving stabilization.

The cause of the instability of the closed-loop system consisting of system (1.35)
and the feedback law (1.40) was examined in [26] and [78]. The characteristic
equation of the closed-loop system is given by

w4 —Be 0 (142)
et _ i _ =0, .
—FefT [ - EyNile (1-R)er-a g

which is the characteristic equation of a delay differential equation of neutral type.
According to [26] and [78], it is the neutral feature of this characteristic equation
that leads to instability.

In [78], a safe implementation method was proposed to resolve the implementa-
tion problem induced by the finite sum approximations of the distributed delay term
in the feedback law (1.39). By defining an augmented state vector

| x@®
(1) = [u([ - TJ, (1.43)

we obtain a new open loop system with z(¢) as its state,
. A B 0f. ~ =~
(1) = |:O O} z(t) + |:]] u(t —tv) = Az(t) + Bu(t — 7). (1.44)

Inspired by the design of the predictor feedback law (1.39), we let
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i(r) = Fz(r + 1), (1.45)

where F is a feedback gain matrix such that A+ BF is Hurwitz. The existence of
such an F is guaranteed because the controllability of the pair (A, B) is implied by
that of the pair (A, B). Clearly, the closed-loop system

2) = (A n Eﬁ) 2(t) (1.46)

is asymptotically stable. The spectrum of the closed-loop system with z(¢) as its
state is finite and can be arbitrarily assigned on the complex plane by an appropriate
choice of F. Because x(t) is part of z(¢), system (1.35) is stabilized. We rewrite
(1.45) as

i(t) = Fz(t + 1)

—F [x(t + ’)} . (1.47)
u(t)

Substituting the explicit solution of x (¢ 4+ t) given by (1.38) in (1.47), we arrive at
the following dynamic predictor based feedback law:

_ [AT tLA(t—s)
i) = B [&XO + [ MV Buls)ds T (1.48)
u(t)
Let F = [Fx }7",4] . The feedback law (1.48) can be written as
~ ~ t ~
iw(t) = Fex(t) + F, f e Bu(s)ds + Fuu(t). (1.49)
t—7

By using the backward rectangular rule to approximate the distributed delay term in
(1.49), we arrive at

5OA Fx = Ar(lfi) i ~
i) = Feeh () + 3 et U7 gy <t _ r(l - N)) + Fau(r).  (1.50)

i=0

It was shown in [78] that (1.50) asymptotically stabilizes system (1.35) as long as
the number of the integration steps N in (1.50) is sufficiently large. The use of other
numerical integration methods to approximate the distributed delay term in (1.49)
by a finite sum was also shown to be effective in the stabilization of system (1.35).

The characteristic equation of the closed-loop system consisting of (1.35) and
(1.50) is given by
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w4 _Be7
et » - ~ _ _ i _
—FeeAT 5T — F,— Ly Nole r(=d)or-np

N

q A Be™ ™

=det|sl — ~ i
~ ~ 1 —t(1=L)(sI-A
erA’ Fu+%§fvzole T( N>(S )B

=0, (1.51)
which is the characteristic equation of a delay differential equation of retarded type.
According to [78], it is the retarded feature of the characteristic equation of the

closed-loop system that guarantees the safe implementation of the feedback law
(1.50).

1.4.2 Linear Systems with Multiple Input Delays

The predictor feedback law (1.39) cannot be directly generalized to stabilize linear
systems with multiple input delays. However, through the use of model reduction
technique [7], a predictor based feedback law can be constructed for the following
linear systems with multiple input delays:

k
i(1) = Ax()+ Y Bu(t — 1)), (1.52)
i=0

where 7; € Rar ,1 € I[0, k], are the lengths of the input delays. We first construct an
auxiliary signal

ko at
YO =x0+) / eI Bu(s)ds. (1.53)
i=0 VI

In view of (1.52), we have

k
y(1) = Ay(t) + (Z e A B,-) u(t), (1.54)

i=0

which is an open loop system free of delay. Assume that the pair (A, Zf:o e AT B,»)
is controllable. Under the following feedback law:

u(t) = Fny(), (1.55)



18 1 Introduction

where Fy, is such that A + (Zf:o e ATi B,-) F,, is Hurwitz, the closed-loop system

k
$() = (A +Y et Fm) ¥(0) (1.56)

i=0

is asymptotically stable. Moreover, the spectrum of the closed-loop system is finite
and can be freely assigned on the complex plane by an appropriate choice of F,.
Since

k t
x) =yt - f AT =) B F, y(s)ds, (1.57)
i—0 t—71;

system (1.52) is stabilized by the feedback law (1.55). In view of (1.53), we rewrite
(1.55) as

k t
u(t) = Fpx(t) + F ) eAl=T=9) By (s)ds. (1.58)
=0

-1

The core step in designing (1.58) is to define the auxiliary signal y(¢), which helps
to transform the open loop system with multiple input delays (1.52) to the open loop
system free of delay (1.54). Thus, such a method of designing (1.58) is referred to
as the model reduction technique [7], which also applies to linear systems with a
single input delay.

In particular, when system (1.52) simplifies to a linear system with a single input
delay (1.35), the feedback law (1.58) simplifies to

t
u(t) = Fux(t) + Fy / eA=T=9) By (s)ds, (1.59)

-t
where A+e~47 BF,, is Hurwitz. Note that the controllability of the pair (A, e"47 B)
is equivalent to that of the pair (A, B). Let F be such that A 4+ BF is Hurwitz and
F, = FeAT. Then,
A+ e A"BF,, = e AT (A + BF)e? (1.60)

is also Hurwitz. Therefore, the feedback law (1.59) is the same as the predictor
feedback law (1.39), recalled below,

t
u(t) = Fe'%x (1) + F/ e By (s)ds. (1.61)
-7



1.4 Predictor Feedback 19

From this perspective, the feedback law (1.58) is of predictor type and can be
considered an extension of the predictor feedback law (1.39) for linear systems with
a single input delay.

1.4.3 Linear Systems with Input and State Delays

We consider the following linear systems with input and state delays:
X(@) = Aox(t) + A1x(t — o) + Bu(t — 1), (1.62)

where 7,0 € Rar are the amount of the input delay and the state delay, respectively.
Assume that there exist two feedback gain matrices Fp and Fj such that the time
delay system

x(t) = (Ag + BFo)x(t) + (A1 + BF)x(t — o) (1.63)

is asymptotically stable. Basically, such matrices Fy and F; can be obtained by
solving stability conditions of system (1.63), which are typically in the form of
linear matrix inequalities (LMIs) and thus can be numerically solved in an efficient
way.

Define the fundamental matrix K (¢) : R — R"*" of system (1.62) by

K(t) = AgK(t) + A1K(t — o), 1> 0, (1.64)

with the initial condition

{K(G):I, 6 =0, (1.65)

K@) =0, 6 <0.

Then, the variation-of-constants formula for the prediction of the state of the system
at a future time ¢ 4 6 for any given 6 € Rg is

0
x(t+0)=K(@0)x(t) +/ KO —0—5)Aix(t + s)ds

—0

0
—i—/ K(—s)Bu(t +s +6 — 1)ds, (1.66)
-6

from which we readily obtain

0 0

K(t—o—s5)A1x(t+s)ds+ / K(—s)Bu(t + s)ds,

x(t+1)=K(t)x(t)+ f
' (1.67)

—0
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andif T > o,

0
x(t+1t—0)=K(t —0)x(t) +/ K(t —20 —s)A1x(t + s)ds

—0

—h
+/ K(—s —o)Bu(t + s)ds. (1.68)

T

We design the following feedback law for system (1.62),
u(t) =Fpx@t+1t)+ Fix(t+1—0), (1.69)

under which the closed-loop system is given by (1.63) and is thus asymptotically
stable. By using (1.67) and (1.68), we rewrite the feedback law as

0 0

K(t—0—s)Aix(t+s)ds —|—F0/ K(—s)Bu(t+s)ds

-7

u(t) = FoK(T)x(t)—l-Fo/

0
+FK(t —o)x(t) + F; / K(t —20 —s)A1x(t + s)ds

—0

—0
+F / K(—s —o)Bu(t + s)ds, if t > o, (1.70)

-7
or

0 0

K(t—o0o —s)A1x(t+s)ds+F0/ K(—s)Bu(t+s)ds

-7

u(t) = FoK(t)x(t)+F0/

+Fix(t+t—0), ift <o. (1.71)
If there is no state delay in system (1.62), that is ¢ = 0, then

K(t) = e(Ao+Ap?

and Fy and F can be chosen such that Ao + A + B(Fy + Fy) is Hurwitz. Thus, the
feedback law (1.70) becomes

u(t) = (Fo + F)e o407y (p)

t
+(Fy+ Fl)f e AoTADE=9) By (5)ds, (1.72)
1—T

which is the same as the predictor feedback law (1.39) if we let A = A9 + A and
F = Fp + Fi in (1.39). From this perspective, the design of the predictor based
feedback law (1.70) for linear systems with input and state delays can be considered
an extension of the predictor feedback design for linear systems with a single input
delay.
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1.5 Discrete-Time Systems with Delay

As counterparts of continuous-time systems with delay, discrete-time systems with
delay have been well studied in the past few decades (see [1-3, 25, 34, 35, 37], and
[119], for a small sample of the literature). The initial condition of a continuous-
time system with delay, which is given in Sect. 1.1.3, implies that the system
is infinite-dimensional. In contrast, discrete-time systems with delay are finite-
dimensional. This is due to the simple structure of the initial condition of a
discrete-time system with delay, which is defined at a finite number of time instants.
Therefore, control problems for discrete-time systems with delay are considerably
less challenging than those for their continuous-time counterparts. For instance,
the exact stability criterion for continuous-time linear time-invariant systems with
constant state delays has yet to be established, while such a criterion for their
discrete-time counterparts was identified in [37] by transforming the systems with
delays to systems without delay.

In this section, we introduce delay difference equations that parallel delay
differential equations in the continuous-time setting. The initial condition of delay
difference equations is defined to illustrate the finite-dimension nature of discrete-
time systems with delay. Stability definitions of delay difference equations that
parallel those of delay differential equations are formulated. As a powerful tool for
stability analysis of a delay difference equation, the Razumikhin Stability Theorem
in the discrete-time setting is introduced. The control design for discrete-time
systems with delay is focused on stabilization due to its fundamental importance.
The predictor feedback for the stabilization of continuous-time systems with delay
has its parallel in the discrete-time setting. The intuition and expression of the
predictor feedback for discrete-time linear systems with delay are presented.

1.5.1 Delay Difference Equations

Discrete-time systems evolve at discrete time instants. Typically, those isolated time
instants are equally spaced, and the separation distance is referred to as the sampling
period. As a result of the sampling feature, the time variable of discrete-time systems
is defined to take values from the set of integers, and the elements of the time
variable are referred to as time steps, or simply, steps. We refer to the textbook
[8] for engineering examples of discrete-time systems.

A discrete-time system without delay can be described by a difference equation,
where the value of the state at the next time step depends solely on the value of the
current state, i.e.,

x(k+1) = f(k, x(k)), (1.73)
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where k € Z represents the time step, x € R” denotes the state vector of the system,
and f : Z x R" — R”" describes the system dynamics. When the delay appears
in the system such that the value of the state at the next time instant depends on
the state at past time instants, the system can be represented by the following delay
difference equation:

x(k+1) = fk, xi), (1.74)

where xy is the restriction of x(s) to s € [k —r, k], for some r € N, r represents the
amount of the delay, and f : Z x D([k — r, k], R") — R" is a functional. The well
definedness of the delay difference equation (1.74) relies on its initial condition. If
Eq. (1.74) starts its evolution from the time step ko and the initial condition is taken
to be

x(8) =¢(s), s € llkg—r, kol, (1.75)

then x(k), k > kg, can be uniquely determined by the functional f. It can be
readily observed from (1.75) that the initial condition of a delay difference equation
is defined at a finite number of time instants, whereas the initial condition of a
delay differential equation is defined over a continuous time interval. In contrast
to the infinite-dimension nature of delay differential equations, delay difference
equations are finite-dimensional, which significantly reduces the complexity in their
mathematical treatment, including but not restricted to stability analysis and control
design.

1.5.2 Stability of Delay Difference Equations

Central to the analysis of discrete-time systems with delay is the determination of
their stability. We follow the presentation of Sect. 1.2 to present definitions of the
stability of system (1.74), the Lyapunov method of analyzing its stability, and a
Razumikhin-type stability theorem as the discrete-time counterpart of Theorem 1.3.
Without loss of generality, we assume that given the zero initial condition x (s) = 0,
s € Ilkg —r, kol, x(k) = 0, k € I[ko, 00), is a trivial solution of system (1.74). If,
on the other hand, a nontrivial solution x (k), k € I[kg, 00), exists, then the stability
of such a nontrivial solution is equivalent to the stability of the trivial solution of the
following system:

X(k+1) = fk, X + ) — f(k, %), (1.76)

where ¥ (k) = x (k) — x (k).

Definition 1.7 The trivial solution x (k) = 0 of system (1.74) is stable if for every
€ > 0 and every ko > 0, there exists § (€, ko) > 0 such that
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llxkollp < 6 implies |x(k)| <€, k € I[ko, 00).

Definition 1.8 The trivial solution x (k) = 0 of system (1.74) is uniformly stable if
6 in Definition 1.7 is independent of k.

Definition 1.9 The trivial solution x (k) = 0 of system (1.74) is attractive if there
exists §(kg) > O such that

[Ixkollp < 8 implies lim x(k) = 0.
k—o00

Definition 1.10 The trivial solution x(k) = 0 of system (1.74) is asymptotically
stable if it is both stable and attractive.

Definition 1.11 The trivial solution x(k) = 0 of system (1.74) is uniformly
asymptotically stable if it is uniformly stable and there exists § > 0, independent of
ko, such that, for every € > 0, there exists T = T (8, €) € N such that

llxiollp < 8 implies |x(k)| <€, k € ITko+ T, 00).

Definition 1.12 The trivial solution x(k) = 0 of system (1.74) is globally
uniformly asymptotically stable if § in Definition 1.11 can be any positive number.

The Lyapunov based method for stability analysis of continuous-time systems
with delay can be naturally adapted for stability analysis of their discrete-time
counterparts. We define a positive definite Lyapunov functional V(k,x;) for
system (1.74). By computing the forward difference of the Lyapunov functional
AV(k,xx) = V(k + 1, xx+1) — V(k, xx) along the trajectory of the system, we
conclude that the system is asymptotically stable (stable) if this forward difference
is a negative definite (semi-definite) function of x (k). Such an approach is referred
to as the Krasovskii’s approach. However, the Krasovskii’s approach requires the
majorization of the forward difference by a negative definite term depending solely
on x (k), but not on the restriction of x (s) to s € [k—r, k]. This elevates the difficulty
level in majorizing terms of the forward difference.

On the other hand, the Razumikhin’s approach overcomes such difficulty by
taking a slightly different route. We first define a Lyapunov function V (k, x (k)) and
then take its forward difference along the trajectory of the system. If the forward
difference is negative definite (semi-definite) under a condition on the evolution
of the Lyapunov function on the time interval s € [k — r, k], then the system
is concluded to be asymptotically stable (stable). In what follows, we present the
Razumikhin Stability Theorem in the discrete-time setting as a powerful tool for the
stability analysis of discrete-time systems with delay.

Theorem 1.4 (The Razumikhin Stability Theorem for Discrete-Time Systems)
Suppose f in (1.74) maps bounded sets in 7. x D([—r, 0], R") to bounded sets in
R" u,v,w: Rar — R(")" are continuous and nondecreasing functions, u(z) and v(z)
are positive for z > 0, u(0) = v(0) = 0, and v is strictly increasing. The trivial
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solution of system (1.74) is uniformly stable if there exists a continuous function
Vk,x(k)) :Z x R" — Ra' in x such that

u(lxl) < V(k, x) < v(lx]), (1.77)
and the forward difference of V (k, x(k)) along the trajectory of the system satisfies
AV (k, x(k)) = —w(x(k)), (1.78)

whenever
Vik+s,x(k+s)) <V(k,x(k)), sel[-r0] (1.79)

If, in addition, w(z) > 0 for z > 0, and there exists a continuous and nondecreasing
function p(z) > z for z > 0 such that condition (1.78) is strengthened to

AV (k, x(k)) < —w(|x(k)|), (1.80)
whenever
Vik+s,xtk+s)) < p(V(k,x(k))), se[—r0], (1.81)

then the trivial solution is uniformly asymptotically stable. If, in addition,
lim, o u(z) = o0, then the trivial solution is globally uniformly asymptotically
stable.

1.5.3 Predictor Feedback

We are concerned with the stabilization problem of the following discrete-time

linear time-invariant system with input delay:

{x(k+1) = Ax(k) + Bu(k —r), (1.82)
y(k) = Cx(k),

where x € R", u € R™, and y € R? are the state, the input, and the output of the
system, respectively, r € N is the amount of the input delay, and A, B, and C are
constant matrices of appropriate dimensions. It is assumed that (A, B) is stabilizable
and (A, C) is detectable. In some cases, the constant delay r is allowed to be time-
varying but bounded, i.e., 7 (k) € I[0, R], k € Z, where R € N is an upper bound of
the delay.

Feedback designs for system (1.82) can be accomplished by following two
different paths. The first path is based on Lyapunov stability analysis. We take a
positive definite Lyapunov function/functional and compute its forward difference
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along the trajectory of the system. Those feedback designs that make the forward
difference negative definite are the desired ones, which achieve closed-loop stability.
Lyapunov based analysis is applicable not only to such linear time-invariant systems
as (1.82), but also to a wide range of systems including nonlinear systems, time-
varying systems, and even stochastic systems with time-varying or unknown delays
(see [1, 2, 33, 34], and [35], for a small sample of literature). The resulting stability
conditions are often expressed in the form of linear matrix inequalities (LMIs),
which can be efficiently solved through numerical computations carried out on
MATLAB.

The second path is the predictor feedback design as discussed for continuous-
time systems with delay. Take system (1.82) with a single constant input delay for
example. The predictor feedback law is the product of a feedback gain matrix and
the predicted state of the system at the future time step ahead of the current time
step by the amount of the delay. Thanks to the linearility of the system, the explicit
expression of the predicted future state can be written as the sum of the zero input
solution and the zero state solution of the system. Such a feedback law cancels the
effect of the input delay, no matter how large the delay is. The spectrum of the
closed-loop system under the predictor feedback law can be arbitrarily assigned
on the complex plane by choosing an appropriate feedback gain matrix. The finite
spectrum assignment and the model reduction technique for the stabilization of
continuous-time systems with input and state delays can be also adapted so as to
deal with their discrete-time counterparts.

We here illustrate the predictor feedback law and its stabilizing capacity on
system (1.82). The feedback law

utk) =Fx(k+r), (1.83)

where F is a feedback gain matrix and assigns the eigenvalues of A 4+ B F inside the
unit circle in the complex plane, cancels the effect of the input delay. Under such a
feedback law, the closed-loop system is given by

x(k+1) = (A+ BF)x(k), (1.84)

which is asymptotically stable. However, the feedback law (1.83) is not directly
implementable because it requires the future state x (¢ + ) to be known. As a result
of the linearility of system (1.82), we can write out the explicit expression of the
future state of system (1.82) as follows:

k—1
x(k+r)=Ax(k)+ Y AT Bu(), (1.85)

i=k—r

where the first term on the right-hand side is the zero input solution of the system
and the second term is its zero state solution. Therefore, the feedback law (1.83)
becomes
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k—1
utk) = FA'x(k)+ F Y A" Bu(i), (1.86)

i=k—r

which can be readily implemented.

In contrast to the predictor feedback law (1.39) for continuous-time systems,
whose implementation by employing finite sum approximation may fail to achieve
closed-loop system stability, the predictor feedback law (1.86) for discrete-time sys-
tems is free from such implementation problems. Such a relief in implementing the
predictor feedback law for discrete-time systems with delay is a direct consequence
of their finite-dimension nature. This is another example from which we can see that
control problems for discrete-time systems with delay are generally less challenging
than those for their continuous-time counterparts.

The use of predictor based feedback to stabilize continuous-time linear systems
with multiple input delays and with both input and state delays, as seen in
Sects. 1.4.2 and 1.4.3, can be adapted to the stabilization of their discrete-time
counterparts. Like the predictor feedback law for system (1.82) with a single input
delay, these predictor based feedback laws for discrete-time systems with input and
state delays also contain finite summation terms that involve only past input.

1.6 Notes and References

This chapter covered basic elements of the analysis and control design for time delay
systems. Examples of time delay systems were presented to show that the study of
them is relevant to the development of many scientific and engineering fields. To
unify all the models in these examples into a single framework, we presented the
concept of the delay differential equation, along with the definition of its initial
condition. We refer to Krasovskii’s [57], Bellman and Cooke’s [12], Halanay’s [42],
and Hale’s [43] works for the early development of the mathematical theory on the
delay differential equation. A primary interest in the study of time delay systems
is to investigate their asymptotic behaviors, which relies on rigorous definitions
of stability. Following the celebrated monograph [41], Sect. 1.2 formulated basic
elements of the stability of time delay systems, including stability definitions and
Lyapunov stability theorems for stability analysis. For brevity in presentation, we
omitted the proofs of the Lyapunov stability theorems. Readers are referred to [43],
[41], or [32] for these proofs.

Apart from Lyapunov functional based methods, the stability analysis of time
delay systems has been extensively carried out by following frequency domain
approaches. Unlike Lyapunov functional based stability analysis which typically
leads to sufficient stability conditions with considerable conservativeness, the
frequency domain analysis tends to result in necessary and sufficient stability
conditions (see [17, 19, 24, 36, 38, 39, 41, 65, 66, 75, 80, 87], and [127]). However,
the Laplace transform as a key element of the frequency domain approaches limits
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their applications to the stability analysis of linear time-invariant systems with
constant delays.

Sections 1.3 and 1.4 focus on the control design for time delay systems. Among
various design techniques, we emphasized on the predictor feedback design. Dating
back to Smith’s predictor [89] in 1950s and Mayne’s predictor feedback law in
1960s [69], the development of the predictor based feedback design technique has
left a long historical trail, just as the Lyapunov functional based feedback design
has. The two celebrated papers, Manitius and Olbrot’s [68] and Artstein’s [7] papers,
formulated predictor feedback in the context of the finite spectrum assignment and
model reduction techniques, respectively. Predictor based feedback laws have since
also been developed for linear systems with input and state delays [29, 30, 53, 56],
nonlinear systems with input delay [72], and neutral systems with input delay [52].

In Sects. 1.4.2 and 1.4.3, we omitted discussions on the implementation of the
distributed delay terms in the predictor-type feedback laws (1.58), (1.70), and (1.71).
As extensions of the predictor feedback law for linear systems with a single input
delay, these feedback laws with distributed delay terms naturally encounter similar
implementation problems encountered in the predictor feedback law for a linear
system with a single input delay when the terms are approximated by finite sums.
In [54], Kharitonov proposed a dynamic feedback law for linear systems with input
and state delays that can be safely implemented when its distributed delay terms
are approximated by finite sums. Specifically, the stabilization by the approximated
feedback law is achieved as long as the number of the integration steps used by
finite sum approximations is sufficiently large. Readers are referred to [54] for the
detailed construction of the dynamic feedback law, the approximated feedback law,
and a proof of the stability of the resulting closed-loop system.

Section 1.5 covers the analysis and control design for discrete-time linear systems
with delay. Similarities between the notions of discrete-time linear systems and
those of continuous-time linear systems facilitate the exposition of delay difference
equations, their stability definitions, and the Razumikhin Stability Theorem in the
discrete-time setting. On the other hand, control design for discrete-time linear
systems emphasizes on predictor feedback.



Chapter 2 ®
Truncated Predictor Feedback for e
Continuous-Time Linear Systems

2.1 Introduction

A difficulty arises in the implementation of a predictor feedback law with the
distributed delay term in it. To overcome this implementation difficulty, the authors
of [63] proposed to truncate the distributed delay term from the predictor feedback
law, implementing only the remaining static state feedback term. This leads to a
truncated predictor feedback (TPF) law, which can be readily implemented. In this
chapter, we introduce the intuition, expression, and construction of the TPF law
and its output feedback counterpart. In particular, the construction of the feedback
gain matrix of the truncated predictor feedback law is first carried out by using an
eigenstructure assignment based low gain feedback design technique. An alternative
design is then presented by using the Lyapunov equation based low gain design
technique. Stabilization of linear systems with input delay by the TPF is established
under both the eigenstructure assignment based TPF and the Lyapunov equation
based TPE.

2.2 The Eigenstructure Assignment Based Design

This section examines the asymptotic stabilizability of linear systems with delayed
input by TPF laws. By explicit construction of stabilizing feedback laws, it is shown
that a stabilizable and detectable linear system with an arbitrarily large delay in the
input can be asymptotically stabilized by either a truncated predictor state feedback
law (also referred to as the state feedback TPF law) or a truncated predictor output
feedback law (also referred to as the output feedback TPF law) as long as the open
loop system is not exponentially unstable (i.e., all the open loop poles are on the
closed left-half plane). A simple example will show that such results would not be
true if the open loop system is exponentially unstable.
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Consider the following linear system with a time delay in the input:

i(1) = Ax(t) + Bu(t — 1),
y() = Cx(1), 2.1)
x(@0) =¢@©), 0¢el[-r10]

where x € R” is the state, u € R™ is the control input, y € R? is the measurement
output, and T > 0 is the amount of time delay in the control input. It is also assumed
that the pair (A, B) is stabilizable and the pair (A, C) is detectable.
Control problems for linear time delay systems in the form of (2.1) or in
a variety of other forms have been a subject of extensive research (see, for
example, [5, 6, 18, 20-23, 41, 44, 71, 76, 77, 79, 81, 93, 112-115, 118], and the
references therein). Various stability and stabilizability conditions were identified
and stabilizing feedback laws constructed. In particular, two special classes of (2.1)
were studied in [28, 71] and [70], respectively. Both [71] and [28] showed that an
oscillator system
{%10) = x2(1), 2.2)
X(t) = —x1(t) +u(t — 1),

with an arbitrarily large delay 7, is globally asymptotically stabilizable by bounded
state feedback laws.
In [70], the authors established global asymptotic stabilizability by bounded state
feedback of a chain of integrators with an arbitrarily large delay in the input,
{ 5i(0) = 21, i eIl —1], 23)
X, (t) = u(t — 7).

While (2.2) and (2.3) are both special classes of (2.1), the feedback laws that
were constructed for stabilizing them are very different and the proofs of the closed-
loop stability involve different techniques. The feedback laws in [71] and [28]
both involve a saturation function and both require the explicit knowledge of the
amount of the delay. The asymptotic stability of the closed-loop system in [71]
was established through establishing the asymptotic stability of a system under
a distributed control law, while [28] resorted to the analysis of trajectories. The
feedback law in [70] does not require explicit knowledge of the amount of delay
but involves a set of nested saturation functions. The result of [70] was extended to
open loop systems with all poles located on the closed left-half plane [115], where
L, stabilization is also considered.

These results in the literature in a way indicate the complexity in the stabilization
of systems in the form of (2.1). The objective of this section is to reexamine
asymptotic stabilizability of system (2.1). By explicit construction of TPF laws, we
will show that system (2.1), with an arbitrarily large finite delay, is asymptotically
stabilizable by either linear state or output feedback as long as the open loop system



2.2 The Eigenstructure Assignment Based Design 31

is not exponentially unstable (i.e., all the open loop poles are in the closed left-half
plane). Key to establishing our results is the low gain feedback design technique.
The potential of the low gain feedback design has been well demonstrated in [61].
In contrast to the bounded control laws in [28, 70, 71], which are all nonlinear, TPF
laws we are to construct are linear.

2.2.1 Low Gain Feedback Design

The eigenstructure assignment based low gain feedback design for multiple input
systems is developed from the design for single input systems.
Consider the following single input linear system:

x() = Ax(t) + Bu(t), x eR", u eR, 2.4)
where
0 1 0 o 0 0
0 0 1 0 0
A= : : : R s B=1:
0 0 0 e 1 0
—dy —dp—1 —ap-2 - —di 1

Assume that all eigenvalues of A are on the imaginary axis. Let F(¢) : (0, 1] —
RI*" be the unique state feedback gain such that

AMA+ BF(e)) = —e+A(A), € (0,1]. (2.5)

Then, we have the following lemmas [61] on the properties of the resulting closed-
loop system. Explicit construction of all the matrices involved in these lemmas can
be found in [61].

Lemma 2.1 Consider system (2.4) and let F be as given by (2.5). Then, there exists
a nonsingular transformation matrix Q(g) € R™*" such that

Q')A+ BF(£)Q(e) = J (¢)
= blkdiag {Jo(e), J1(e), -, Ji(e)},

where
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—e 1
Jo(e) = o ,
—c 1
- noxng
and for eachi € I[1,1]
Jr () I
Ji(e) = R ,
J;(&) 163
Jl'*(g) 2n,-><2n,-
* —& IBi
J; = ,
r© [—,31' —8}

with B; > 0 foralli € I[1,1] and B; # Bj fori # j.

Lemma 2.2 Consider system (2.4) and let F be given by (2.5). Let J (¢) be as given
in Lemma 2.1. Let

S(e) = blkdiag{So(¢e), S1(e), S2(¢), - - -, Si(e)},
where
So(e) = diag [8”0_1, g2 L g, 1} ,
and for eachi € I[1,1],
Si(¢) = blkdiag {e"f—llz, 2L, el 12} .

Then,

1. S(e)J(e)S~(e) = £J (¢) 2 eblkdiag {J”o, Fie), --- ,J}(e)}, where

-1 1

S
Il

-1 1
noxng

and for eachi € I[1,1],
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Jre) I
Jie) = e :
Jl-*(S) ~12
Ji*(g) 2n; x2n;
Tx _ —1 ﬂi/g
o= I:_ﬂi/e ~1 }

with B; > O foralli € I[1,1] and B; # Bj fori # j;
2. The unique positive definite solution P to the Lyapunov equation

J' )P+ PJ(e)=—I

is independent of ¢.

Lemma 2.3 Consider system (2.4) and let F be as given by (2.5). Let Q(¢), l, and
n; fori = 0 tol, be as defined in Lemma 2.1. Let the scaling matrix S(¢) be as
defined in Lemma 2.2. Then, there exist y, a, 8,9 > 0, all independent of €, such
that, for all ¢ € (0, 1],

|F(e)] < ve,
F©0@)s™ @) < e,
[FEe)40@)s7 @) < pe,

0@ <.
07| = .

2.2.2 Truncated Predictor State Feedback Design

For system (2.1) with all eigenvalues of A on the closed left-half plane, we construct
a family of linear state feedback laws as follows.

Step 1.  Find nonsingular transformation matrices 75 and 7; such that the pair
(A, B) is transformed into the following block diagonal control canonical form,

Aj 0 -0 0
0 Ay---0 0

T7'AT = ¢ oo ] (2.6)
0 0---4 0
0 0 0 Ap
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By Bz -+ By *
0 By --- By %
TBT=| & o
0O 0 --- B %
Bo1 Boz -+ Bor *

2.7

where Ao contains all the open left-half plane eigenvalues of A, for each i €
I[i, 1], all eigenvalues of A; are on the jw axis and (A;, B;) is controllable as
given by,

0 1 0 0 0

0 0 1 0 0
Ai = : : - : s Bi=11 1,

0 0 0 | 0

—_

—Ain; —Ai(n;—1) —Qi(n;—-2) '+ —dil
and finally, *’s represent submatrices of less interest.
We note that the existence of the above canonical form was shown in [110]. The
software realization can be found in [62].

Step 2. For each (A;, B;), let Fi(¢) € RI*7 pe the state feedback gain such that

MA; + BiFi(e)) = —e+ A(A), e€(0,1].

Note that Fj(¢) is unique.

Step 3. Construct a family of low gain state feedback laws as
ut) = F(e)ed"x (1), (2.8)
where the low gain matrix F(¢) is given by
[ Fi(e) 0 0 0 0]
0 F()--- O 0 0
Fe)=T| Do o (2.9)
0 0 ---F_1(¢) 0 O
0 0 0 Fieo
| 0 0 0 0 0]

The low gain feedback law (2.8) is a truncated version of the predictor feedback
law (1.39), whose distributed delay term resulting from the zero state solution of
the predicted future state has been discarded. Therefore, the feedback law (2.8) is
referred to as the TPF law. The key here is to parameterize the feedback gain matrix
of the TPF law through the eigenstructure assignment based low gain feedback
design. The theorem below establishes that such a linear state feedback law (2.8)
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asymptotically stabilizes system (2.1) as long as all eigenvalues of A are on the
closed left-half plane, no matter how large the delay is.

Theorem 2.1 Consider the closed-loop system comprising of the plant (2.1) and
the state feedback TPF law (2.8). Let all eigenvalues of A be on the closed left-half
plane. Then, for any given arbitrarily large t > 0, there exists €* > 0 such that, for
each ¢ € (0, *), the closed-loop system is asymptotically stable.

Proof Without loss of generality, assume that the pair (A, B) is already in the form
of (2.6)—(2.7). Under the state feedback law (2.8), the closed-loop system is given
by

X(1) = Ax(1) + BF()e’"x(1 — 1), (2.10)

from which we have
t
eATx(t — 1) =x(t) — / A=) BF(8)edTx(s — 7)ds. (2.11)
t—7
Substitution of (2.11) in (2.10) results in

t
%(1) = (A+ BF(¢))x(t) — BF(¢) = / A= BF(e)edTx(s —T)ds.  (2.12)

-t

Partitioning the state x according to the structure of (2.6)—(2.7), x = [xlT Xy e
x; x(T)]T, x;i € R% i € I[1,1], we rewrite the state equation (2.12) as follows:

I
£1(1) = (A1 + BiFi(()x1(t) + Y Bij Fj(e)x;(t)
j=2
t
—BRlF(e)/ A=) BF(£)e?"x(s — 7)ds,
-1
l

(1) = (A2 + BaFa(e))xa(t) + Y Baj Fj(e)x; (1)
j=3

t
—BwF(s) / eI BF(£)eA"x(s — 7)ds,
-t

t
%1(1) = (A + BiFi(e))x,(t) — Bu F(e) / eI BF (e)e"x(s — 1)ds,
1—T

!
fo(t) = Aoxo(t) + ) Boj Fj(e)x; (1)
j=1
—BuF(e) [!  eA9BF(e)eTx(s — T)ds,

(2.13)
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where for each i € I[1,1], By, is the ith row of the right-hand side of (2.7) and Byg
is the last row.

Now for each i € I[l [], let Q (&), Si(e), J (e), P,, Vi, &, Bi, and ¥; be the
matrices Q(¢), S(¢), J(g), and P and the constants y, «, B, and ¥ as defined in
Lemmas 2.1-2.3, but for the triple (A;, B;, Fi(¢)). Define a state transformation
as ¥ = [&,%,---,%,%)], where ¥ = xo, and for each i € I[1,1],
X = S; (E)Qi_l(s)x,-. It follows from Lemmas 2.1 and 2.2 that, under this state
transformation, the state equation (2.13) can be written as

I
F1() = ei@F0) + ) $1() 07 () B1j Fj(6)Q;(6)S; (£)F;(1) — Si(e)

j=2
t
x Ql_l(e)BRlF(e)/ A=) BF(£)ed"x Q(e)S ' (8) (s — T)ds,
t—T
B2() = s12()F2(1) + ) $2(6) 02(6) B2 Fj () Q(6)S; ()% (1) — Sa(e)
j=3

t
X Qz_l(s)BkzF(s)/ eI BF(e)e?" Q(e)S™! (e)F (s — T)ds,
t_

' t
X(1) = ey (@)% (1) — Si(e)Q; ' () BuF (e) f eI BF(e)e”
t—T
x Q(e)S~ (&)X (s — 1)ds,
1
Fo(t) = Aofo(t) + ) Boj Fj(e)Q;(e)S7 " ()% (1)
j=1
t
—BROF(s)/ e BF(£)eA" 0(e) S~ ()% (s — T)ds,
t

(2.14)
where

Q(¢e) = blkdiag {Q1(¢), Q2(e). -, Qu(e), I}

and
S(e) = blkdiag{S;(¢), Sa(e), - -, Si(e)1}.
Let us choose a Lyapunov function
I
V(E) =Y k' F P + %) Poky £ ¥ PX,
i=1

where 130 > 0 is such that

APy + PyAg = —1,
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k > 01is a constant whose value is to be determined later, and
P= blkdiag {Kﬁl,fczﬁz, kB, f’o} .

The existence of such a 130 is due to the fact that Ag is Hurwitz.
The derivative of V along the trajectory of the closed-loop system (2.14) can be
evaluated as follows:

[ [
V@ED) = Z[ex"fc;(z) (Bdi@+ T @F) &0 +2 Y. K FOFSi©0; @5
i=1 j=i+1
x Fi(6)0,(6)S7 (0% (z)] +E () (A6130 + ﬁvo) Fo(t) +2 > 551 Po By,
j=1

l
x Fj()Q(©)S7 (©)%j(1) =2 {Zn"i}(t)é-s,- (©) 07 (&) By + iaﬁoBRo}

i=1

t
x F(g) A=) BF(£)e4T 0(e)S L (e)i(s — T)ds. (2.15)

t—1
Recall that
P Ji(e) + I (e) P = —1
and
AL Py + PoAg = —1.
Also, it follows from Lemma 2.3 that the matrices defining the (X;, X;) cross terms,

i € I[0,] — 1], j € [i + 1,1], are all of order ¢. It is then straightforward to verify
that there exist « > 0 and &} € (0, 1] such that

I
V(@E®) < —%P(r)i(t) -2 [Zx"i,? (1) P;S;(6)Q; ' (¢) By +f$ﬁoBRo} F(e)
i=1

t
x/ eI BF(£)e" Q(e)ST ()i (s — T)ds, & € (0, ). (2.16)
-7

Recalling the special structural of J~l (¢), we have

[s@07 a0 @)

l

5>

i=1

510 (9)A; Qi (e)S; ! (e)( + 40|
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5107 (e)(A; + BiFi(e)0(e)S; () — Si ()07 (e)B; Fi(e) Qi (e)S; ' (e)

l
=2
i=1

+lAo|
(=

for some § > 0. Thus, by noting that

<

-

Ji(e)| + eaiti|Bil) + 1Aols, e € (0, ¢71,
1

1 1
At _ 2.2 3.3, ...
e —I+At+2!A1: +3!A1:+

and, forany i > 1,
[5@07 @' 057 (@)
=[s@0 @405 @S0 (A A0E)S (@)

<é&, (2.17)
we have,
|Fee'"0@)s™! @)
= |F© 0@ @sE 0 @ 05 (o)

= [Fe@s™ @ [se0 e 05 )|

(3

F (e)@-(s)syl(s)\) "

1
<e (Za,) T, (2.18)

Hence, inequality (2.16) can be continued as follows:

t
VE®D) < —gx;l;x(ﬁ)va(z)) +82wv%(i(t))/ A= V3 (G(s — 1))ds,
1—T

e € (0, &71,

for some @ > 0, independent of ¢. In arriving at the above inequality, we have used
the inequality
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V@E®) = ¥ (0 P(1)

< Amax (P)XT()F ().

Now, let n > 1 be any constant. If V(x(t +60)) < nV(x(t)), 6 € [—, 0], then

Yo~ €. 1 pryys 2 A ~
V(@) < —E)Lmax(P)V(x(t)) + e wn/ ‘e dsV(x(1))
0

1 - T
—¢ [Ekm;x(P) - swn/
0

where the following estimate was used:

eAs

ds:| V(x(@)),

VIGEGs — 1) < JIVEGEE — 1)
<nVIGE®W), seli—t1.

It is clear that, for any given t > 0 and > 1, there exists ¢* € (0, af] such that,
for each ¢ € (0, ¢*],

V@E®) < —p(e)V(E®), if VEE+6) <nV(E®D), 6 €l-1,0],

for some positive scalar p(g). It thus follows from the Razumikhin Stability
Theorem (Theorem 1.3) that the closed-loop system (2.10) is asymptotically stable.
O

To examine the conservativeness of result of Theorem 2.1, we consider the
following simple system, whose open loop system is exponentially unstable,

(2.19)

X=ax+ult—1t), a>0,
u=—kx, k=>0.

The following result from [79] shows that system (2.19) is not asymptotically
stable for any k > 0 if 7 is large enough and thus the condition of Theorem 2.1 is
tight. This result also indicates that asymptotic stabilization of systems whose open
loop poles are not all in the closed left-half plane is possible for a smaller time delay.

Proposition 2.1 System (2.19) is asymptotically stable if and only if k > «a and

a
. arccos (%) L
k2—ot2

On the other hand, it is well known [21] that one of the necessary condition for a
system of the form

x(t) = Ax(t) + Bx(t — 1)

is asymptotically stable independent of t is that all eigenvalues of A have negative
real parts. The result in Theorem 2.1 establishes that the real part of eigenvalues of
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A being non-positive alone is sufficient for achieving asymptotic stabilization for an
arbitrarily large bounded delay .

2.2.3 Truncated Predictor Output Feedback Design

For system (2.1) with all eigenvalues of A on the closed left-half plane, we construct
the following output feedback TPF law:

{fc(t) = A%(1) + Bu(t — 1) — L(y(t) — CX(1)), (2.20)

u(t) = F(e)edTx(r),

where F (g) is as given by (2.9) and L € R"*? is such that all eigenvalues of A+ LC
have negative real parts. We note that such a matrix L exists as the pair (A, C) is
detectable.

The theorem below establishes that the output feedback law (2.20) asymptoti-
cally stabilizes system (2.1) as long as all eigenvalues of A are on the closed left-half
plane.

Theorem 2.2 Consider the closed-loop system comprising of the plant (2.1) and
the linear output feedback law (2.20). Let all eigenvalues of A be on the closed left-
half plane. Then, for any given arbitrarily large T > 0, there exists ¢* > 0 such
that, for each ¢ € (0, £*], the closed-loop system is asymptotically stable.

Proof Under the linear output feedback law (2.20), the closed-loop system is given

by,
X(t) = Ax(1) + BF(e)ed"2(t — 1), 221)
X(1) = AR(t) + BF(e)e*"2(t — 1) — L(y(1) — CX(1)), '
which, in the new state (x, €¢) = (x, x — x), can be written as,
x(t) = Ax(t) + BF(8)eA™x(t — 1) — BF(e)eATe(t — 1), (2.22)
é(t) = (A4 LC)e(t), '
which in turn implies that
t
eATx(t—1) = x(1) — / A=) BF(£)edTx(s — 7)ds
1—T
t
+ f A=) BF(g)edTe(s — 7)ds, (2.23)
1—T

and
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e(t — 1) = e AHLOT,(p), (2.24)
Substitution of (2.23) and (2.24) into (2.22) results in
t
(1) = (A+ BF)x(t) — BF(e)/ A=) BF()eA"x(s — 7)ds + BF(¢)
t

t
X / A=) BF(e)eATe(s — T)ds — BF (e)edTe~ATLOT (1),
1—T
é(t) = (A + LO)e(d).
(2.25)

Without loss of generality, assume that the pair (A, B) is already in the form of
(2.6)—(2.7). Partitioning the state x according to the structure of (2.6)—(2.7) as
x=[xlxdaf ] xmeRY, ie[l]]
we rewrite the state equation (2.25) as
i

x1(t) = (A1 + B1Fi(e)x1 (1) + Z B1jFi(e)xj(t) — Br1 F(g)
=2

t
X/ eA(tfs)BF(E)eArx(s — 1)ds + By F(¢)
-7

t
x/ eI BF(e)edTe(s — T)ds — By F(g)eATe~(AHLOT (1),
-1

!
X2(t) = (A2 + BaF2(e))x2(t) + Z ByjFi(e)xj(t) — Ba F ()
=3

t
X/ eA(f*S)BF(g)eArX(S — 1)ds + Bro F(¢)
-7

t
x/ eI BF(e)edTe(s — T)ds — Bro F(g)eATe~(A+LOT (),
-1

t
1) = (A + BiFi(e)x1 () — BR,F(e)/ A=) BF(£)eATx(s — T)ds
t

t
+BR1F(8)/ A= BF(e)etTe(s — 7)ds

-7
_BRZF(S)eAref(A+LC)Te(t)’
1

Ko(t) = Aoxo(t) + Y Boj Fj(e)x;j (1)
j=1
t
—BR()F(S)/ eI BF(e)eTx(s — 7)ds

+BR0F(5)/ A= BF(e)etTe(s — 7)ds

_BROF(E)CA‘[ _(A+LC)T€([)
é(t) = (A + LO)e(r),

(2.26)



42 2 Truncated Predictor Feedback for Continuous-Time Linear Systems

where, for each i € I[1, 1], By; is the ith row of the right-hand side of (2.7) and Byg
is the last row.

Now, for each i € I[l [], let Q,(e) Si(e), J (), P,, Vi, &, Bi, and ¥ be the
matrices Q(¢), S(¢), J(¢), and P and the constants y, «, B, and ¥ as defined in
Lemmas 2.1-2.3, but for the triple (A;, B;, Fj(¢)). Define a state transformation as

¥ — T ZT T =T T g
X = [xl,xz,--- ,xl,xo] , e=e,
where X¢ = x¢, and, for each i € I[1,1],
= -1
xXi = Si(e)Q; (e)xi.

It follows from Lemmas 2.1 and 2.2 that, under this state transformation, the state
equation (2.26) can be written as

x1(1) = eJi1(e)%1 (1)
1
+Y 51007 ()B1jFi(e)Q(0)S7 ()% (1) — S1(6) Q7' (6) By
j=2

t
xF(s)/ eA=)BF(£)e’7 Q(e)S ()i (s —1)ds +51(e) Q7 (¢)
-7
t
xByiF(e) | er™)BF(e)e?*Q(e)S (e)é(s — t)ds
t—t

—5S1(e) 07 ' (e) Bu F(e)eTe=AHLOT5(r),
)

X(1) = 8f2(8)f2(t)+z $2(6)02(8)B2j Fi(e)Qj(e)
j=3
xS @)% (1) = $2() 05 ' () Bua F ()
x [1 A=) BF(e)e’" Q(e)S™ ()% (s — T)ds
t
+52(6) 05! (S)BkzF(b‘)/ AV BF(e)eT Q(e) ST (o)

xe(s —7)ds — S (e) Q;lzs)BRzF(s)eAfe_(A"'Lc)’é(Z),

t
() = @)X —S1(e) 0 (©)BuF(e) | eI BF(£)eT Q(e)

-7

t
xS He)i(s — T)ds+S81(e)0; () BuF(e) | eM™IBF(e)el
-t
x Q(S)S‘l(e)e(s — D)ds — 5() Q) (&) Baa F(e)eTe~AHLOT5(p),

Xo(t) = AoFo(r) + Z Boj Fj(e)Q,(e)S7 " ()% (t) — B F () / A=)

j=1
xBF(£)eAT 0(e)S™ (e)%(s — T)ds+Bwo F (¢) e/“’ﬂ‘)

xBF (e)e’" Q(e)S™ (e)é(s — t)ds — BROF(s)etA_’re_(AJrLC)T'é(t),
é(t) = (A+ LC)é),

(2.27)
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where

Q(e) = blkdiag{ Q1 (), Q2(¢), - . Qui(e), I}
and
S(e) = blkdiag{51 (&), S2(e), -+, Si(e), I}.
Let us choose the Lyapunov function
I

V(Z,é) = Z K PR 4 X PoXo + k! T1ET Qe

i=1
= i"P% + " Qe,
where Py > 0 and Q > 0 are the solutions to the Lyapunov equations
AL Py + PyAg = —1,
and
QA+ LC)+(A+LO)'Q =1,

respectively, k > 0 is a constant whose value is to be determined later, and
P = blkdiag {Kﬁl, 2Py, kB 130} .

The existence of such 150 and Q is due to the fact that both Ag and A + LC are
Hurwitz.

The derivative of V along the trajectory of the closed-loop system (2.27) can be
evaluated as follows:

V(@E@), ét))

l
-y [sfc"f;a) (Bie) + T @) B) %) = 2 5[ () PiSi(2) 07 (&) Bu
i=1

l
X F(e)e?Te” O3 (1) 42 Y k' F (1) PiSi () Q7 () Bij Fj(2) Q) (2)
j=i+1
~ ~ l ~
%57 ()% (z)} + 25) (AbPo + Podo) Fo(t) +2 Y %(1) PoBo, Fi (o)
j=1
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xQj(€)S; ! ()% (1) — 255(1) PoBu F(e)eTe~ A1 OTe(r)

—2[ Z K ZT() P Si (6) 0 () Bi + iaPOBRO]F(s)
t
X / A=) BF(£)eA" 0(e) S~ (e)X (s — 7)ds
-7
1
2 [Z K 5 (1) P;Si () Q7 () Bui + xgﬁoBRo} F(e)
i=1

t
x/ A=) BF(£)e" 0(e)S™ (e)é(s — T)ds
-7
18 (1) ((A FLO)'O+ O(A + LC)) ().
In view of Lemmas 2.3, the matrices defining the (X;, X;), i # j, and (X;, €)

cross terms are all in the order of ¢. It is then straightforward to verify that there
exist k > 0 and ] € (0, 1] such that,

VG, (1) < —F(1F Lo e — 2 i B:S;i(e)07 (¢) By
(%), 8(0) = =S5 (OF@) — 58 Oe0) - ;Kx,.m :Si () Q; ' (8) B
t
+)Z5130BR0}F(8) / eI BF(£)ed" () ST ()i (s — T)ds
-1

+2[ZK‘iT(r>P $i(6)Q; 1 (6)By + ¥ POBRO]F@)

i=1

'
x / e BF()e" Q(e)S™(e)é(s — t)ds, & € (0, £F].
11—t
By using Lemma 2.3 again and (2.18), we easily see that,

V&), é(0) < —% min [xmgx (ﬁ) Azl (Q) }v G(0), &) +E2mVIE®D), é(t))

t
x / e
1—T
for some @ > 0, independent of €.

Now, let > 1 be any constant. If V(X (t + 6), e(t + 0)) < nV(x(t),e(t)), 0 €
[—7, 0],

A ya(E(s — ))ds, e € (0, er],

V@), é(1) < —-mm{xmax< ) -1 (Q)}V()E(t),é(t))
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T
+&wn / ‘eAS
0

It is now clear that there exists an ¢* € (0, 1] such that, for all ¢ € (0, £*],

dsV(X(r),e()), ¢€e€(0,¢f]

V(E(1), (1)) < —/eV(Z(1), &(t)).

It then follows from the Razumikhin Stability Theorem (Theorem 1.3) that the
closed-loop system (2.21) is asymptotically stable. This completes the proof. O
2.2.4 A Numerical Example

Consider system (2.1) with

A=

010
001
000 , C=[0001].

o = O O
- o O O

—10-2

The open loop system has two pairs of repeated poles at s = +j. Following the
proposed design method, we choose F(e) = [—e*—2e? —4e3—de —66> —4e |.
Then, the state feedback TPF law (2.8) is given by

—0.9974¢* 4+ 0.020363 — 1.2757¢% +1.9177¢ ]
—0.4997&* — 0.9974¢3 — 0.8766s — 3.5103¢
—0.1199¢* — 0.4591e3 — 4.78612 + 1.9177¢
—0.0203¢* — 0.1199¢3 — 2.7953¢2 + 3.5103¢

u(t) = F(e)ex(t) = x(1).

To design an output feedback law, we choose L = [—13 50 23 —1O]T, which
places the eigenvalues of A + LC at {—1, —2, —3, —4}, and obtain the output
feedback TPF law (2.20) as follows:

01 0-13 0 —13

A 00 1 50, 0 50
1) = t r— - t’
x(1) 00 0 24 x(1) + 0 u(t — 1) 23 y()

| —-10-2-10 1 —10

T

™ —0.9974¢* + 0.0203¢3 — 1.2757¢2 + 1.9177¢
—0.4997¢* — 0.9974¢% — 0.87665% — 3.5103¢
—0.1199¢* — 0.4591¢3 — 4.78615% + 1.9177¢
| —0.0203&* — 0.1199¢3 — 2.7953¢% 4+ 3.5103¢

u(t) = x(1).
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Some simulation results of the resulting closed-loop systems are shown in
Figs.2.1, 2.2, 2.3, and 2.4. These simulation results verify the conclusion of
Theorems 2.1 and 2.2. In particular, under the TPF laws, a larger delay entails a
smaller value of the low gain parameter to achieve closed-loop stability.

2.3 The Lyapunov Equation Based Design

This section develops an alternative TPF design by adopting a Lyapunov equation
based low gain feedback design technique instead of the eigenstructure assignment
based low gain feedback design technique presented in Sect. 2.2.

The Lyapunov equation based design shows its advantages over the eigenstruc-
ture assignment based design in the following two aspects. TPF laws under the
eigenstructure assignment based design have been developed to handle constant
input delay, while those under the Lyapunov equation based design have been
developed to handle time-varying input delay. Moreover, explicit bounds on the
low gain parameter in the case of the Lyapunov equation based design have
been established, while no such bounds have been established in the case of the
eigenstructure assignment based design. Such bounds can also be established for
the eigenstructure assignment based design. However, doing so takes many more
steps and may incur more conservativeness, because of the multiple-step nature of
the eigenstructure assignment based design.

Consider the following linear system with input delay
{)'c(t) = Ax(t) + Bu(¢ (1)), (2.28)
y(6) = Cx(),

where x € R" and u € R™ are respectively the state and input, the pair (A, B)
and the pair (A, C) are assumed to be stabilizable and detectable, respectively, and
o) : RS’ — R denotes the delay function. Here, ¢ (¢) can be defined in a more
standard form

p@)=1—d@), (2.29)

where d (1) : RT — RT is the time-varying delay that is continuously differen-
tiable. However, as pointed out in [60], the formalism involving the function ¢ (¢)
turns out to be more convenient because the predictor problem we will consider
later requires the inverse function of ¢ (¢) , namely, ¢_1 (¢) . In this section, we will
proceed with model (2.28) and assume (2.29) whenever necessary. Some necessary
assumptions on ¢ (¢) is made as follows.

Assumption 2.1 The function ¢ : ]R?)_ — R is a continuously differentiable,

invertible, and exactly known function such that %q’) (t) > 0,t > 0, and the delay
d (t) is bounded, namely, there exists a finite, but arbitrarily large, number D > 0
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0 5 10 15 20

Fig. 2.1 State response and control input under the state feedback TPF law (2.8): 7 = 0.1s and
e=0.5
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Fig. 2.2 State response and control input under the state feedback TPF law (2.8): = = 2s and
e =0.05
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0 5 10 15 20

Fig. 2.3 State response and control input under the output feedback TPF law (2.20): 7 = 0.1s and
e=0.5
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Fig. 2.4 State response and control input under the output feedback TPF law (2.20): T = 2s and
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such that

0<d@) <D, tel0,00). (2.30)

2.3.1 Low Gain Feedback Design

Consider a controllable pair (A, B), where A € R"*" and B € R"*™. We construct
a parameterized feedback gain matrix F'(y) as follows:

F(y) =—B"P(y), (2.31)

where P(y) is the unique positive definite solution to the parametric algebraic
Riccati equation,

A"P(y)+ P(y)A— P(y)BB'P(y) = —yP(y), v > —2min{Re(A(A))}.
(2.32)
Note that the inequality on the values of y is necessary and sufficient for the
existence and uniqueness of a positive definite solution to (2.32). To compute P (y),
we can first compute the positive definite solution W (y) to the following Lyapunov
equation:

14 Y\" _ T
(A n 51) W) + W) (A ¥ E) — BB", (2.33)
and then take P(y) = w-! (y). Equation (2.33) results from (2.32) by a substitution

of P(y) = W~!(y). We recall the following lemma on the properties of the solution
P(y) to (2.32).

Lemma 2.4 ([116, 121, 122]) Assume that all eigenvalues of A are on the closed
right-half plane. The unique positive definite solution P(y) to (2.32) satisfies

45 (y) >0, (2.34)

dy
tr (B"P (y) B) = 2tr(A) + ny, (2.35)
P (y)BB'P (y) < 2tr(A) +ny)P (y), (2.36)
AP (y)eM < eV P (y), (2.37)

where y > 0,1t > 0, and w > 2% + n — 1. Moreover, the eigenvalues of A and

those of A + BF(y) are symmetric with respect to Re{s} = —% in the complex
plane, i.e.,
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AMA) +AA + BF(y)) = —, (2.38)

and P (y) is a rational matrix in y. When all eigenvalues of A are on the imaginary
axis,

lim P(y)=0. (2.39)
y—0t

In the case when all eigenvalues of A are on the imaginary axis, property (2.39) in
Lemma 2.4 and (2.31) imply that the norm of the feedback gain matrix F(y) goes
to zero as y goes to zero. In this case, such a parametrization of a feedback gain
matrix in (2.31) is referred to as the Lyapunov equation based low gain feedback
design.

Throughout the book, stability analysis of time delay systems under feedback
laws whose feedback gain matrices are constructed by following the Lyapunov
equation based low gain feedback design frequently utilizes the following Jensen’s
Inequality.

Lemma 2.5 ([40]) For any positive semi-definite matrix Q > 0, two scalars >
and yy with vy, > y1, and a vector valued function o : [y1, y2] — R" such that the
integrals in the following are well defined, then

V2 2 2
(/ o' (B) dﬂ) Q </ w(ﬂ)dﬂ> =(rn- )/1)/ o' (B) Qo (B) dB.
Y1 Y1 Y1

(2.40)
2.3.2 Truncated Predictor State Feedback Design
The main idea of predictor feedback is to design the feedback controller
u(p@)=FrFx@, ¢ =0, (2.41)
such that the closed-loop system consisting of (2.28) and (2.41) is
xt)=(A+BF)xt), ¢(@)=0, (2.42)

where F is such that A + B F is Hurwitz. The controller (2.41) can also be written
as

u(t) = Fx (¢—1 (z)) . 1>0. (2.43)

However, as qb’l (t) = t,vt > 0, the above controller cannot be directly
implemented. To overcome this problem, x (¢’1 (t)) should be predicted based on
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the current state. By using the system model (2.28) and the variation-of-constants
formula [43, 60], it can be obtained that

, O
x (45_1 (t)) = AT Oy (1) + / AT OBy (¢ (5))ds.  (2.44)

t

Substituting the above relation into (2.43) gives the following predicator feedback:

» 0] .
u(t) = F [e2@ Oy 1) + / AT O=) By (¢ (5)) ds | . (2.45)
t

For easy reference, the first term
ug (1) = FeAl 0=y () (2.46)

is referred to as the static state feedback term while the second term
O N
ug (t) = F f A0 O=5) By (¢ (s)) ds (2.47)
t

is referred to as the distributed delay term .
We notice that, since d (¢) is bounded, the function ¢_1 (t) — t, which was
referred to as the prediction time, is also bounded. In fact,

0<¢'(t)—1<D. (2.48)

Let the nominal feedback gain F be parameterized as F = F (y) : y € (0, 1]. If
F (y) is of order O(y) with respect to y, namely,

1
lim — |F (y)| < oo, (2.49)
y—>0ty

then the static state feedback term ug (¢) in the predictor feedback law (2.45) is also
of order O(y) with respect to y in view of (2.48). Consequently, control u (¢) itself
is of order O(y) with respect to y, namely,

1
Iim — |u(t)| < oo, t>0. (2.50)
y—0ty

As aresult, by virtue of (2.48),

1
y—>0ty

oty
F(y) / AT O By (4 (5)) ds
t
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(lF (y)) /¢- O A0 (m> .
14 ¢ ”

¢~
<tm S ir o)l [0 (|00 8] ((tim o)) s
y—>0t Yy t y—>0*ty

<00, 2.51)

= lim
y—07t

namely, the distributed delay term uq (¢) is at least of order O(y?) with respect to y.
This indicates that, no matter how large the value of D is, the distributed delay term
ui (¢) in (2.47) is dominated by the static state feedback term ug (¢) in (2.46) and
thus might be safely neglected in u (#) when y is sufficiently small. As a result, the
predictor feedback law (2.45) can be truncated to result in the following TPF law:

u(t) = us (1) = F () A7 Oy 1) (2.52)

When the delay in the time delay system (2.28) is constant, say, ¢ (t) = t —d, where
d is a positive constant, then ¢! (1) = t + d, and the TPF (2.52) becomes

u()=F (y)etdx @), (2.53)

which coincides with the TPF law (2.8) in Sect. 2.2.2 for linear systems with a
constant input delay.

Through the formulation of the TPF law, we have assumed a low gain nature of
F(y) with respect to a low gain parameter y. It is well known that such a feedback
gain matrix F(y) can be explicitly constructed for the stabilization of linear systems
with all open loop poles on the closed right-half plane. Therefore, we impose the
following assumption on system (2.28).

Assumption 2.2 The matrix pair (A, B) € (R”X” X R”X’") is controllable with all
the eigenvalues of A being on the imaginary axis.

In what follows, we first prove that the TPF (2.52) can indeed stabilize the time-
varying delay system (2.28) under Assumptions 2.1 and 2.2.

Theorem 2.3 Consider the linear system (2.28) with time-varying delay. Let
Assumptions 2.1 and 2.2 be satisfied and n > 2. Then the TPF

u(t) = —B'P () A0y 1), >0, (2.54)

(globally) asymptotically stabilizes system (2.28), where u (t) is a function that is
bounded overt € [¢(0), 0), the matrix P (y) is the unique positive definite solution
to the parametric algebraic Riccati equation (2.32) and the parameter y satisfies

5*
ye 0.y, y*= Do (2.55)
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with w = n — 1 and §* being the unique positive root of the following equation:

w? 5 (.8
3= de (e - 1). (2.56)
Proof For simplicity, we denote F = F(y) = —B"P(y) and P = P (y).

Consider an arbitrary initial condition of the time-varying delay system (2.28) as
x()=¢@), tel¢(0),0]. (2.57)
From the TPF (2.54) we can write
(@) =Fe''™Dx (@), 1=¢7'0). (2.58)
The closed-loop system can thus be written as
% (1) = Ax (t) + BFe 'O x (o 1)), 1> ¢~ (0). (2.59)
Since u (¢),t € [¢(0),0), is a bounded function, the solution in the interval
[0, ¢~ (0)) to the closed-loop system is simply given by
t
x (1) =etx (0) + /0 eI Bu (¢ (5)) ds

t
=ep (0) + / eI By (¢ (s))ds, 1 €0, ¢! (0)), (2.60)
0

which is also bounded for any bounded initial condition ¢ (¢),t € [¢_1 ), O].
Hence, we need only to consider the asymptotic stability of the closed-loop system
with 1 > ¢~ (0), say, asymptotic stability of system (2.59). However, the solution
to system (2.59) in the interval [¢~! (0), ¢! (¢7" (0))) is given by

t
x (1) = eAl=97'O)y (¢*‘ (0)) + / MBIy (¢ (s)) ds,
$710)
2.61)

which is again bounded for any bounded initial condition ¢ (1), V¢ € [¢~! (0), 0],
in view of (2.60). Therefore, we need only to consider the asymptotic stability of
system (2.59) with t > ¢~1 (¢! (0)).

With the help of Eq. (2.59) and the variation-of-constants formula [43, 60], we
can compute, forall > ¢~! (¢! (0)),

t
x (1) = ey (6 (1) + / eATIBFeACPW)x (¢ (5)) ds. (2.62)
10
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Then the closed-loop system (2.59) can be rewritten as

t
%(t)=(A+BF)x(t)— BF / A=) BFeAt=06)) x (¢ (s5)) ds
(1)

= (A+BF)x(t)— BFA(1), (2.63)

where
t
At = / A=) BFeAt=PED x (¢ (5)) ds.
()

By virtue of (2.32) and Lemma 2.4, the time derivative of
V (x (1)) = x" (¢) Px (1) (2.64)
along the trajectory of the system (2.63) satisfies

V(x (1) =x"(t) ((A+ BF)" P+ P(A+ BF))x (t) — 2" (1) PBFx (t)
=—yV (x(t)) —x"(t) PBB"Px (1) — 27" (t) PBB"Px (1)
< —yV (x (t))—x"(t) PBB"Px (t)+x" (t) PBB"Px (1)
+ A" (1) PBBPA (1)
= —yV (x (1)) + A" (1) PBB"PA (1)
< —yV(x (@) +nyr" (t) Pr(t). (2.65)

We next simplify the term AT (t) PA (). By using the Jensen’s inequality in
Lemma 2.5, we get

AT (8) P ()

t T t
= ( / A=) B A=Wy (¢ (s))ds> P ( / A=) pFeAt—¢Wx (¢ (s))ds>
() o(t)

t
< (t—¢ 1) / X7 ( (5)) e 696D p g BTeAT(=5) pe A=) g BT peAG—¢()) . (4 (5)) ds.
()

Using Lemma 2.4 again, the above inequality can be continued as
AT(H) PA (D)

t
<d@) VU= (g (5)) A 6= pBBTP BBTPeAC W x (¢ (5)) ds
(1)
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t
<d(1) / e (9T (¢ (5)) e 46D P Bt (B"PB) BT P ™Wx (¢ (s)) ds
(1)

t
= nyd(r) Y= 1T (4 (5)) e ) pBBTPeAC—EEN x (4 (5)) ds

(1)
t
s@wfﬂn/ e 17X (g (5)) e 790D peAE=0Wy (4 (5)) ds
(1)
t
< (my)2d@) | etV =6 xT (¢ (5)) Px (¢ (5)) ds
()

t
= (mny)?d() | eV IOV (x (¢ (5))) ds,
(1)

(2.66)

where @ = n — 1. By using the boundedness assumption on d(¢), we further get

t
ﬂmPM0§m¥D/ eIy (x (¢ (5))) ds
o (1)
t
=m¥Df eV =Ty (x (¢ (5))) ds
é(t)
t
swﬁwaf eIV (x (¢ (5))) ds.
(1)

Substituting (2.67) into (2.65) gives

t

Vua»sﬂwu0»+m&0#wf T (x (¢ (5))) ds.

(1)

Notice that

P(@@) =t—d(t)—d(t—d@))
=t—d(1),

where
d(t) =d@t —d@)).
Clearly, we have |d’ (t)| < 2D. Hence, under the condition that

Vix@+6) <nV(x(), 0 e[-2D,0],

(2.67)

(2.68)

(2.69)

(2.70)

where # > ¢~! (¢! (0)) and n > 1 is any given scalar, inequality (2.68) can be

continued as
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V@) <-yx V&), 2.71)

where

x () 21 —e"Pyndy?D @Y 1= g (2.72)

\N

-D
—-1— nn3y2De“’y L ( wyD _ 1)
oy
3 2
- ’ZULZ (;‘;3 —nsed (& — 1)), (2.73)
in which § = wy D. Notice that
f@ =8 (-1, 5§20, (2.74)

is a strictly increasing function. Therefore we deduce from Eq. (2.56) that

w2

= 8¢ (e —1) >0, §¢e(0,8%), (2.75)

and consequently, there exists a number n > 1 and a sufficiently small number
& > 0 such that

L s (@ —1)>e e (0,6%). (2.76)

With inequality (2.76), we obtain from (2.71) and (2.73) that

. 3 §*
Vix@®)=< —y%zgv x@®), vye (0, Da)) . 2.77)

The closed-loop system (2.59) is thus asymptotically stable by the Razumikhin
Stability Theorem (Theorem 1.3). The proof is complete. O

Remark 2.1 In Theorem (2.3) we have assumed that n > 2. If n = 1, say, the
system (2.28) is of the form x (r) = —u (¢ (¢)), then we get from (2.72) that
x (y) =1—ny?*D? Consequently, inequality (2.71) reads

Vx@)<-y (1 — WzDz) V(x(1)). (2.78)

Therefore the asymptotic stability of the closed-loop system is guaranteed provided
that y € (0, %) . U
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Regarding the convergence rate of the closed-loop system, we have the following
result.

Proposition 2.2 Let y satisfy (2.55) and a = « (8) be defined as

1 n3 0)2 8§ (.8
w= (- @ 1)) 279)

n

where § = wy D and w = n — 1. Then there exists a constant ¢ = ¢ (y) > 0 such
that, for any t > 0,

IX(I)IEC( sup {lx (@)} + sup {Iu(9)|}>e_g'- (2.80)

0€l$(0),0] 0€[¢(0),0]

Proof Since y satisfies (2.55), it follows from (2.56) that

w2
— =8 (e —1)>0, ye(0yY). (2.81)

n3
We next prove (2.80). Define a new state vector & (¢) as
EM=x@®el, 12¢(0)), (2.82)
by which the closed-loop system (2.59) can be transformed as
E@)=i@)ed + %x (t)e3!
= (Ax () + BFAOx (¢ 1)) ¥ + 3£ (1)

=(a+ %1,1) £ (1) + BFeA—9O)g (¢ (1)) e300

- (A 4 %1,,) £ () + BFe(A+SI—90g (4 (1)) | (2.83)

where 1 > ¢! (0) . Moreover, by definition of V (x (¢)) in (2.64), we can compute
VE®) ="V (x(®). (2.84)

Let z; > 0 be a prescribed number that is sufficiently small. It follows that
V@) =e"V(E @) <e ™V E®), t =1 (2.85)

Then, in view of (2.68), (2.84), and (2.85), the time derivative of V (£ (¢)) along the
trajectory of system (2.83) satisfies
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V(E @) =V (x (1) +ae™V (x (1))

< ae”V (x (1)

t

+em< —yV (1) + (ny)’ DerP / eIV (x (¢ (s)))ds)
¢

()
= (@—y)VE @)+ (ny)’ De”rP /45 ;) eIV (x (¢ (5)) ds
<@—y)VEQ)

+ (ny)® De®7Peot /¢ ;) eIV (& (¢ () ds
<@—y)VEQ)

t
+ (ny)? De®?Pe=la / eV U=V (£ (¢ (5))) ds, (2.86)
)
where 1 > ¢! (¢! (14)) . Therefore, under the condition that

VEE+0) <nV(E(@), 0e[-2D,0], (2.87)

where t > ¢! (q&‘l (td)) and n > 1 is a given scalar to be specified later, we can
obtain, for any ¢ > ¢_1 ((]5_1 (td)) ,

t
V(E(@) < ((Ol — ) + 1 (ny)? De®rPe %l /
t

-D

e“’y“—”ds) V(€ @®)

3 2
_ <a — %%5 (L:—S — ne 4 ged (e) — 1))) V(@) (2.88)

Notice that, in view of (2.79) and (2.81),

1 3 2
a——"s <a)_3 — e~ sed (e — 1))
n

D o3
1 3 2
—a— 5%5 (‘:—3 — e (1 — g) e ged () — 1))
1 3
= —5%665 (e‘S — 1), (2.89)

where ¢ is a sufficiently small positive number such that
n=e"(1—¢g)>1. (2.90)

We then get from (2.88) that, forall t > ¢~! (¢! (1)) ,
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. 1 n3
V(£ (1) < —5%865 (& —1)eV(E®). (2.91)

Since V (-) is a quadratic function, by the Razumihkin Stability Theorem (Theo-
rem 1.3), we conclude from (2.91) that the £-system (2.83) is asymptotically stable,
namely, there exists a sufficiently small positive number € and a positive number k
such that, forallt > 1o = ¢! (o7 (10)),

lE@) <k sup {|E@)[e <), (2.92)
te[¢(0),10]

which, according to (2.82), implies that, forallz > 1o = ¢! (¢! (1s))

lx@ <k sup {|& (f)|}e*€(f*to)ef%(t7to)
t€[¢(0).10]

<k sup {lx(v)|ye 2070, (2.93)
1€[¢(0),1%]

where k' = ke, Finally, it follows from (2.60), (2.61), and (2.62) that there exists
a positive constant ¢ = ¢ (y) such that

sup {IX(t)I}SC( sup  {|x (O)I} + sup {Iu(9)l}>- (2.94)
7€[$(0).10] 0€($(0).0] 0€($(0).0]

Combining (2.93) and (2.94) gives the inequality (2.80). The proof is completed.
0

Remark 2.2 Tt follows from (2.56) that @ (§*) = « (0) = 0, which indicates
that there exists at least one number 8' such that o (8) is minimized, namely, the
estimation of the convergence rate is maximized. Letting %a (8) =0 to give

2

% =5 (2( — 1) +8(2¢° — 1)), (2.95)

which has a unique solution 87 € (0, §*) . Then « (8) is minimized at § = §7. [

Remark 2.2 implies that, for a given delay bound D, a larger value of y (or
8) not necessarily leads to a higher convergence rate of the closed-loop system.
In our design, we may want to choose the optimal value of y (denoted by yopt)
such that the convergence rate of the closed-loop system is maximized. Since the
convergence rate given in Proposition 2.2 is only an estimation, the optimal value
Yopt May not be simply determined by yopc = % according to Remark 2.2. We
notice that determining y,p¢ is generally a hard problem if the delay d (¢) is time-
varying. However, if the delay is a constant, we can propose the following numerical
method to compute yopt.
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When d(t) = d is a constant, the characteristic quasi-polynomial of the closed-
loop system (2.59) is given by

B (s,7) = det (sl,, —A—BF(y) eAde—”’) . (2.96)

It is well known that, for any fixed y and any prescribed number /, equation
B (s, y) = 0 has only a finite number of zeros on {s : Re{s} > [} [43]. The right-
most zeros of equation S (s, y) = 0 can be computed by the efficient software
package DDE-BIFTOOL [27].

For a given y > 0, denote the real part of the right-most roots of the characteristic
quasi-polynomial equation § (s, y) = 0 by

Amax (y) = max {Re {s} : B (s, y) = 0}. (2.97)

It follows that the closed-loop system (2.59) is asymptotically stable if and only if
Amax (¥) < 0. Moreover, it is well known that the convergence rate of the closed-
loop system (2.59) is totally determined by Amax (), namely, the smaller the value
of Amax () , the faster the state converges to the origin [43].

According to Theorem 2.3, there is an interval .# C (0, 0co) such that Apax (¥) <
0,Vy e J. Let yop = Sup,, ¢ 7 {y}. By definition, we have Apax (0) =
Amax ()/sup) = 0, namely, the closed-loop system (2.59) is marginally unstable with
y = 0and ¥ = ysp. Moreover, we have Amax (¥) < 0,¥ € (0, youp) = &,
i.e., the closed-loop system is asymptotically stable with y € (0, ysup) = &
Therefore, by continuity of zeros of quasi-polynomials [88], there exists a value
Yopt € (0, Ysup) = & such that Amax () is minimized with ¥ = yop. Denote such

minimal value by A™in

> hamely,

kmin

max = MM {Amax ()} = min {max {Re{s}: B (s, ) = 0}}. (2.98)

VAS

Then AT is the maximal convergence rate that the TPF (2.54) can achieve.
We can compute the function Amax () defined in (2.97) via the efficient software

package DDE-BIFTOOL [27] by choosing
y=kA,, k=0,1,---,N, (2.99)

where A, is a sufficiently small number denoting the step size, and N is chosen
as the minimal number such that Apax (N Ay) = 0. From the computational result
min

of Amax (¥) , the optimal value yop and the maximal convergence rate A can be

obtained accordingly.
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2.3.3 Truncated Predictor Output Feedback Design

In this subsection, we discuss the output feedback stabilization of system (2.28) by
a Lyapunov equation based TPF law. Without loss of generality, we assume that the
stabilizable pair (A, B) has the following block structure:

A 0 B
A=|"" B=|" 2.100
aloe=ln] 2.100)

where A, € R™>" is Hurwitz, all eigenvalues of Ay € R™*"® are in the closed

right-half plane, n, 4+ n, = n, and the dimensions of B, and B, correspond to those

of A, and Ay, respectively. Based on this structure, the pair (A, By) is controllable.
We construct the following observer based controller:

X (1) = AX (1) + Bu (¢ (1)) — L(y (1) = CX (1)), (2.101)
u () = —BP (y) A 05 (), '
where
0 0
_ , 2.102
Py) [0 P(y)} ( )

P(y) is the unique positive definite solution to (2.32) with (A, B) replaced by
(Ag, Br), and L € R™P? is such that A + LC is Hurwitz. The controllability of
the pair (Ag, By) guarantees the existence and uniqueness of such a P(y), and the
detectability of the pair (A, C) guarantees the existence of such an L.

By defining an error signal e(¢) = x(¢) — X(¢), we obtain the dynamic of e(¢) as

ée(t) =(A+ LC)e(2). (2.103)

A combination of the dynamic of the error signal e(#) with the open loop system
(2.28) gives the following closed-loop system:

%.(1) = Aux (t) — BB PerdO (x (¢ (1)) — ex (@ (1)),
X (1) = Apxe(t) — Be BI Pe™4O (x, (9 (1)) — ex (9 (1)), (2.104)
ét) = (A+ LCe(),

where x = [xL xR]T and e = [eL eR]T are respectively the decompositions of the
state and the error signal corresponding to the structure of the (A, B) pair. Based on
the closed-loop system and the fact that A, is Hurwitz, we see that the asymptotic
stability of the second and third subsystems of the closed-loop system (2.104)
implies that of the overall closed-loop system. Therefore, in the following theorem,
we establish the stability of
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(2.105)

{fcR(r) = Axp(t) — By BT Pe 0 (x, (¢ (1)) — ex(9(1))),
ée(t) = (A+ LC)e(t).

Theorem 2.4 If all eigenvalues of A are on the closed left-half plane, then there
exists y* > 0 such that system (2.105) is asymptotically stable for any y € (0, y*].

Proof We rewrite the dynamic of x; as
(1) = AxeXe(t) + By By Poy (1) + By By Pe™* Ve (¢(1)), (2.106)
where Age = Ay — ByBIP and A (1) = xx(t) — e**?Ox (¢ (1)). By applying the

variation-of-constants formula to (2.106), we obtain

t
Aet) = — / e B BT Perd®) (x (¢ (5)) — ex(¢p(s)))ds. (2.107)
t—d(t)

We now define a Lyapunov function
V(xx (1), e(t)) = x3 Pxy + €"Re, (2.108)
where R is the positive definite solution to the Lyapunov equation
(A4 LC)Y'R+R(A+LC)=—1I. (2.109)

Then, the time derivative of the Lyapunov function along the trajectory of system
(2.105) is
V(x(t), e(t)) = xf (P Awc + AL P)Xy + 2X. P By Bl Phy

+2x; P BBy Pe™* Ve (4 (1))

+e"(R(A+ LC)+ (A4 LC) R)e. (2.110)
In (2.110), we have suppressed all the time variable ¢ for notational brevity, and we
will continue doing so in the rest of this proof as long as no ambiguity will occur. We
evaluate (2.110) by using the parametric algebraic Riccati equation (2.32), Young’s
Inequality, Lemma 2.4, (2.109), and (2.103),

V<-— y Xy Pxp + 2ngy Ay Py
+ anyewRyd(t)eTef(AJrLC)Td(t)Pef(AJrLC)d(t)eR e @2.111)
R ’ .

where w, > ny — 1 is any constant.
The term A} P A, can be evaluated as
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t
MNP Zd() | (@) — e (9))'e* O PR petr(=op,
t—d(t)

x B Pe 4O (x, (¢ (5)) — ex($(s5)))ds
<d(1) ! ewR)/(l—S) (nky)ZewRVd(S)
t—d(t)
X (X (P (5)) — ex(P ()P (x (B (5)) — ex(¢p(s)))ds

< 2De* P, y)?
t
% / (HOOPR@GE) +E @6NPG6))ds 2.112)
.

based on which (2.111) can be continued as

t
V (xx(t), e(1)) < — yxI Pxg 4 4D(npy)3e?x7 P /

t—D

(x;(qb () Pxe((s))

+ eT(‘P(S))?De((P(S)))dS + ZHRyewRyd(’)e;

x ¢~ (AFLOAW) p—(A+LOYD , _ 4Ty, (2.113)

The structure of #, combined with the low gain nature of P(y) as seen in
Lemma 2.4, implies that there exists y;* > 0 such that for any y € (0, y;],

P(y) <R, (2.114)

which further implies that
t
V(xe(t), e(t)) < — yxp Pxy + 4D (ngy) e?r P / (x;w(s))PxR(«p(s))
t—D
+ eT(¢(s>>Re(¢>(s>>)ds + eT< — I + 2ngye?=rP

X e(A+LC)Td(l)Pe(AJrLC)d(t))e. (2115)

Note that for any D € R, there exists Y5 € (0, y{'] such that, for any y € (0, 5]
and any d(¢) < D,

_ 1 + 2nRyea)k}/Def(A+LC)Td(f)Pef(A+LC)d(l) S _yR (2116)

Then, for any y € (0, y51,
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y 3 2wry D
V(x(r),e()) < —yV +4D(ny)’e

t
) [ D (X (@ () Pxe(9(5)) + €' (@ (s))Re (¢ (s))) ds.
t_
(2.117)

Assume that V (xz(t 4+ 0), e(t + 0)) < nV (xx(2), e(?)), 0 € [-2D, 0], for some
n > 1. Then, we have

V(x(1), e(1)) < =y V(xe (1), e(1)) (1 - 4Dzn,§y2e2ww0). (2.118)

It is clear that if

y < min {yz*, y_{} 2 9% (2.119)
where y;3' is the unique positive solution to
4D ndy2e?errP — 1, (2.120)

then by the Razumikhin Stability Theorem (Theorem 1.3), system (2.105) is
asymptotically stable. O

An estimate of the convergence rate of the closed-loop system (2.105) can also
be obtained by using the methods in the proof of Proposition 2.2. The details are
omitted for brevity.

2.3.4 A Numerical Example

We consider a delayed double oscillator system characterized by (2.28) in which A,
B, and C are given by

0 w00 0
—00 10 0

A= 000 ol B = 0 , C=[1001]. (2.121)
0 0-w0 1

Here, w is a positive number. It can be readily verified that (A, B) is controllable
and (A, C) is observable. For this system, the unique solution to the parametric
algebraic Riccati equation (2.32) can be computed as
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7 5 6 4 5 3 .4
Y 2y 3 3y 4 3y 8y’ v 2
AT e e 2T
35 4yt 10y3 3 1ly 2 4y
p— o T e o T8 Ayt 2122
B I VA G I O A PR e (122
P ) o T r 14 ©
—42 47 or”
4y ? ” 4y

and the matrix exponential is given by

cos (ws) sin (ws) %s sin (ws) iw (s)

— sin (ws) cos (ws) ﬁlﬂ (s) %s sin (ws)
0 0 cos (ws)  sin (ws)
0 0 —sin(ws) cos (ws)

exp (As) = (2.123)

in which @ (s) = sin (ws) — ws cos (ws) and ¥ (s) = ws cos (ws) + sin (ws) .
We consider two cases of the delay function ¢ (¢):

* In the first case, the delay function is (Example 5.3 in [60])

t+1
t)y=t— ——, t>0. 2.124
@ (1) 71 > ( )

It follows that D = 1 and the inverse function of ¢ (¢) is

/ 2
o (=" (t;rz) 1 (2.125)

Hence, according to Theorem 2.3, the truncated predictor state feedback law
(2.54) is given as

u(t)=—B"P (y)exp (A ( 1 )) X (0. (2.126)
(t+ 1>+ 141

* In the second case, the delay function is given by

t+1
* > 0. (2.127)

tH=t—4 , t
) 2t +1 -

It follows that D = 4 and the inverse function of ¢ (t) is

—2t +3 4+ /42 + 20t + 41
2 .

(1) = (2.128)

Hence, according to Theorem 2.3, the truncated predictor state feedback law
(2.54) is given as
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. ( ( 8t +8 >>
u(t)=—BP(y)exp| A x(1). (2.129)
412 +20t + 4142t — 3

With a given initial condition
x@=[10-12]", 6e[-D,0], (2.130)

and by setting @ = 2, and letting y = 0.3 and y = 0.1 for the first and second
case of the delay function, respectively, the state response and control input under
these two cases are shown in Figs. 2.5 and 2.6. It is clear that the systems are indeed
stabilized by the truncated predictor state feedback TPF law (2.54).

The stabilization of system (2.121) by the truncated predictor output feedback
law (2.101) is also studied through simulation. We pick L = [—35 —18.5 -5 25]T
to assign the eigenvalues of A + LC at {—1, —2, —3, —4} in the complex plane.
With the given initial condition (2.130) and x(0) = [O 00 O]T, 0 € [—D, 0], system
(2.121) with the delay function given by either (2.124) or (2.127) is stabilized by the
output feedback TPF law (2.101), which is shown in Figs. 2.7 and 2.8. The feedback
parameter y in the first and second case of the delay function is chosen as 0.3 and
0.1, respectively, just as in the simulation for the state feedback case.

2.4 Conclusions

By truncating the distributed delay term of the predictor feedback law that stems
from the zero state solution of the predicted future state, we arrived at the
truncated predictor feedback (TPF) law, containing only the static state feedback
term of the predictor feedback law that stems from the zero input solution of the
predicted future state. The safety in discarding the distributed delay term relies on
a delicate parametrization of the feedback gain matrix of the TPF law, either by the
eigenstructure assignment low gain design or by the Lyapunov equation based low
gain design. Stabilization of linear systems with input delay by the TPF justifies
the effectiveness of such a parametrization, in which the eigenstructure assignment
based approach and the Lyapunov equation based approach were revisited. Both
state feedback and output feedback TPF laws were considered.

2.5 Notes and References

The predictor feedback design for linear systems with input delay results in a
distributed control law, which is known to incur difficulty in its implementation.
Reference [63] overcomes such a difficulty by proposing the method of discarding
the distributed delay term, leading to a TPF law. The validity of such a truncation
process requires the parameterization of the feedback gain matrix of the TPF law by
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Fig. 2.6 State response and control input under the state feedback TPF law (2.54): d (t) = 4%
and y = 0.1
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using low gain feedback design techniques. An eigenstructure assignment based
low gain design technique was utilized in [63], while an alternative design, a
Lyapunov equation based low gain design technique, was employed in [124] and
[102]. An advantage of the Lyapunov equation based design over the eigenstructure
assignment based design is that the former facilitates the treatment of the time-
varying delay. The presentation of Sects. 2.2 and 2.3 mostly follows that of [63] and
[124], respectively. However, [124] does not consider the effect of stable poles of
the open loop system throughout its output feedback results. In the output feedback
setting, it is not without loss of generality to assume that the open loop system
does not have stable poles. The contribution of the output signal corresponding
to the subsystem with all its open loop poles on the imaginary axis cannot be
distinguished from the output signal of the overall system. Therefore, in Sect. 2.3.3,
we reformulated the truncated predictor output feedback law for linear systems with
open loop poles in the closed left-half plane, along with the corresponding stability
analysis of the closed-loop system under our output feedback law.



Chapter 3 )
Truncated Predictor Feedback for Chock or
Discrete-Time Linear Systems

3.1 Introduction

Based on the predictor feedback law for the stabilization of discrete-time systems
with delay, as introduced in Sect. 1.5, we develop a truncated predictor feedback
(TPF) law that simplifies the implementation of its predictor feedback prototype. An
eigenstructure assignment based low gain design as well as an alternative Lyapunov
equation based design are employed to parameterize the feedback gain matrix of the
TPF law in a low gain parameter. The core of low gain feedback designs is that a
sufficiently small low gain parameter would compensate an arbitrarily large delay
in a discrete-time linear system without exponentially unstable open loop poles.
Consider system (1.82) recalled below,
{x(k—i—l) = Ax(k) + Bu(k —r), 3.1)
y(k) = Cx(k), '

where (A, B) is stabilizable and (A, C) is detectable. The implementation of the
predictor feedback law (1.86), recalled below,

k—1
uk) = FA"x(k) + F Z AR By ), (3.2)

i=k—r

requires to measure, store, and extract the input signal u(s) on the time interval
s € [k — r, k] in real time. As the amount of delay grows large, the number of
memory units that store the values of past input grows large accordingly. This leads
to considerable burden on the implementation of the predictor feedback law. The
state feedback TPF law

u(k) = FA"x(k) (3.3)

© Springer Nature Switzerland AG 2021 75
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requires solely the measurement of the current state. Compared with the predictor
feedback law (1.86), the TPF law (3.2) is much easier to implement. In the following
two sections, we introduce two methods of parameterizing the feedback gain matrix
F of the TPF law in a low gain feedback parameter, and establish the stabilizing
effects, in the presence of an arbitrarily large delay, of the TPF law on system (3.1)
without exponentially unstable open loop poles.

3.2 The Eigenstructure Assignment Based Design

Our interest in discrete-time systems of the form (3.1) has been motivated by several
results on asymptotic stabilization of their continuous-time counterparts (2.1). A
general result on stabilizability of system (2.1) was established in [63]. By explicit
construction of stabilizing feedback laws, it was shown that system (2.1), with an
arbitrarily large finite delay, is asymptotically stabilizable by the truncated predictor
state or output feedback law, namely, (2.8) or (2.20), as long as the open loop system
is not exponentially unstable (i.e., all the open loop poles are in the closed left-half
plane).

This result in a way indicates the complexity in the stabilization of systems with
delay in the input such as those in the form of (3.1). The objective of this section
is to establish parallel results of [63] in the discrete-time setting. That is, system
(3.1), with an arbitrarily large finite delay, is asymptotically stabilizable by either
truncated predictor state or output feedback law as long as the open loop system is
not exponentially unstable (i.e., all the open loop poles are inside or on the unit
circle). Key to establishing this discrete-time result is the Razumikhin Stability
Theorem in the discrete-time setting, Theorem 1.4. Simple examples show that these
results would not be true if the open loop system is exponentially unstable and thus
are not conservative.

3.2.1 Low Gain Feedback Design

The eigenstructure assignment based low gain feedback design for discrete-time
systems with multiple inputs is developed from the design for single input systems.
Consider the following linear system with a single input:

x(k+ 1) = Ax(k) + Bu(k), (3.4)

where x € R", u € R, and
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0 1 0 0 0
0 0 1 0 0
A= : ; oo, , B=|1]. (3.5)
0 0 0 1 0
—a, —an—1 —ap—7 -+ —ay 1

Assume that all eigenvalues of A are on the unit circle. Let
F(e): (0,1] — RP"
be the unique state feedback gain such that
AMA+ BF(e)) =1 —e)A(A), ee€(0,1]. (3.6)

Then, we have the following lemmas [61] on the properties of the resulting closed-
loop system. Explicit construction of all the matrices involved in these lemmas can
be found in [61].

Lemma 3.1 Consider system (3.4) and let F be as given by (3.6). Then, there exists
a nonsingular transformation matrix Q(g) € R™" such that

0 '(e)(A+ BF(¢))Q(e) = J(¢)
£ blkdiag{J_1(e), J41(e), Ji(e), -+, Ji(e)},
where
—(1—-e) 1

J_1(e) = ) (3.7)

—(1—2¢) 1
—(1—¢)

n_;xn_,
1—¢ 1
Ji1(e) = R , (3.8)

+1

and, for eachi € I[1,1],
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Ji(e) I
Ji(e) = R , (3.9)
J;(S) I
J;(S) 2n,-><2n,-
I (e) = (1—8)[ % ﬁl}, (3.10)
—Bi o
with
of + 7 =1
foralli € I[1,1] and
o 75 a;j

fori # j.
Lemma 3.2 Consider system (3.4) and let F be as given by (3.6). Let J(¢) be as
given in Lemma 3.1. Let

S(e) = blkdiag{S_; (), S11(e), S (e), $2(e), -+, Si(e)}, G.11)

where
S_i(e) = diag {8"71_1, 172 e, 1} : (3.12)
S.1(e) = diag {g"+1*‘,s"+1*2, e, 1} (3.13)

and, for eachi € I[1,1],
Si(¢) = blkdiag {8""_112, 2 el 12} . (3.14)

Then,

S(e)J(e)S™(e) = J (o)
£ blkdiag { 7-1(e), Fy1(e), i(e), -+ Tie)]

where
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—(1—¢) ¢
Joi(e) = e g , (3.15)
—(1—¢) £
=,
l1—¢ ¢
Tiie) = R : (3.16)
1—¢ e
1_
Ny XNy
and, for eachi € I[1,1],
Jx(e) el
Jie) = , (3.17)
Jr () el
‘,i (&) 2n; X2n;
* o ﬂi
J-(8)=(1—8)[ ' }
' —Bi a;
with
/31' > O
foralli € I[1,1] and
Bi # Bj

fori # j;
2. There exists €* € (0, 1] such that the unique positive definite solution P (¢) to the
Lyapunov equation

J"(e)PJ(e) — P = —¢l (3.18)

is bounded over € € (0, £*), i.e., there exist positive definite matrices 151 and 152
such that

P < P(g) < Py, Ve € (0,&]. (3.19)

Lemma 3.3 Consider system (3.4) and let F be as given by (3.6). Let Q(¢), I, and
n; fori = 0 to 1, be as defined in Lemma 3.1. Let the scaling matrix S(¢) be as
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defined in Lemma 3.2. Then, there exist y, a, 8,9 > 0, all independent of €, such
that, for all ¢ € (0, 1],

|F(e)] < ye. (3.20)
‘F(S)Q(S)S_l(é“) < ae, (3.21)
’F(s)AQ(s)S_l(e) < Be. (3.22)
Q)] <V, (3.23)

’Q‘l(s) <. (3.24)

3.2.2 Truncated Predictor State Feedback Design

For system (3.1) with all eigenvalues of A on or inside the unit circle, we construct
a family of linear state feedback laws as follows.

State Feedback Design

Step 1.  Find nonsingular transformation matrices 75 and 7; such that the pair
(A, B) is transformed into the following block diagonal control canonical form,

AL 0 ---0 0
0 Ay---0 0
T'AT = ¢ 0] (3.25)
0 0--4 0
L0 0 -0 A
[ Bi Bz By *
0 Bz-nBy*
T7'BL=| ¢ o], (3.26)
0 0 --- B *

L Bo1 Bo2 -+ - By *

where Ag contains all the eigenvalues of A that are strictly inside the unit circle,
foreachi € I[1,1], all eigenvalues of A; are on the unit circle and hence (A;, B;)
is controllable and is given by,



3.2 The Eigenstructure Assignment Based Design 81

0 1 0 0 0
0 1 0 0
Ai = : : : ol Bi= s
0 0 0 | 0
—Qip; —0i(n;—1) —Gi(n;—2) *** —ail 1

and finally, *’s represent submatrices of less interest.
We note that the existence of the above canonical form was shown in [110]. The
software realization can be found in [62].

Step 2.  For each (A;, B;), let Fi(g) € R'*" be the state feedback gain such that

AMA; + BiFi(e)) = (1 —e)A(A;), e¢€(0,1]. (3.27)

Note that F;(¢) is unique.
Step 3.  Construct the family of low gain state feedback laws as

u(k) = F(e)A"x(k), (3.28)

where the low gain matrix F(¢) is given by

[ Fie) 0 -~ 0 0 0
0 Fe)--- 0 0 0
Fe)=T| - o - (3.29)
0 0 ---F_i(e) 0 0
0 0 -« 0 F()O0
0 0 -~ 0 0 0

The theorem below establishes that the state feedback TPF law (3.28) asymptot-
ically stabilizes system (3.1) as long as all eigenvalues of A are on or inside the unit
circle.

Theorem 3.1 Consider the closed-loop system comprising of system (3.1) and the
state feedback TPF law (3.28). Let all eigenvalues of A be on or inside the unit
circle. Then, for any given arbitrarily large r > 0, there exists ¢* > 0, such that, for
each ¢ € (0, £*], the closed-loop system is asymptotically stable.

Proof Without loss of generality, assume that the pair (A, B) is already in the form
of (3.25)—(3.26). Under the state feedback law (3.28), the closed-loop system is
given by

x(k+1) = Ax(k) + BF(e)A"x(k —r), (3.30)

from which we have
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r—1
A'xtk—r)=x(k) — ZAr_S_lBF(s)Arx(k +s5 —2r). (3.31)
s=0

Substitution of (3.31) in (3.30) results in
r—1

x(k+1) = (A+BF(£)x(k)—BF(6) Y A" "' BF()A"x(k+s—2r).  (3.32)
s=0

Partitioning the state x according to the structure of (3.25)—(3.26),
= [x{ xy - X] x(T)]T, xi e R i ell[l,l],
we rewrite the state equation (3.32) as

l
x1(k+1) = (A1 + B1Fi(e))x1 (k) + Z BjFj(e)x;(k)
j=2
r—1
—BuF(e)y A" 'BF(e)A"x(k +s — 2r),

s=0
l

x2(k + 1) = (A2 + BaFa(e))xa (k) + Z ByjFj(e)x;(k)

j=3
r—1

—BRzF(s)Z AT TIBF(e)A x(k + 5 — 2r), (333)
s=0 ’

xi(k +1) = (A} + B Fi(e)x; (k)
r—1
—BR,F(e)Z A" TIBF(e)A"x(k + s — 2r),

s=0
I

xo(k + 1) = Agxo(k) + Y _ Boj Fj(e)x; (k)
j=1
—BuoF () Y!Z) A BF () A x(k + 5 — 2r).

where for eachi € I[1, 1], By; is the ith row of the right-hand side of (3.26) and Byg
is the last row.

Now for each i € 1[1 [], let Q (), Si(e), J, (e), P,, Vi, @, Bi, and ¥ be the
matrices Q(e), S(g), J (¢), and P and the constants y, «, B, and ¥ as defined in
Lemmas 3.1-3.3, but for the triple (A;, B;, F;(¢)). Define a state transformation as,

f=[an5, 5] (3.34)

where Xop = x¢, and, foreachi € I[1,1], X; = S; (s)Qi_l(s)x,-.
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It follows from Lemmas 3.1 and 3.2 that under the state transformation (3.34) the
state equation (3.33) can be written as

1
B+ 1) =Di@%® + ) Si1(e)Q7 ()B1Fj(e)Qj(e)S] ' (e)F (k)

j=2
r—1
—S1()07 (©)Bu F(e)) | A" 'BF(2)A” Q(e)S™ ()% (k + 5 — 2r),
s=0
)
Bk +1) = h(@)F2k) + Y S2(6)Q2(6) Baj Fj(2) Q(e)S7 ' ()% (k)
= r—1
—S$,(e)Q5 ' (&) BaaF(e)Y A" "'BF(2)A" Q(e)S™ (&)X (k + 5 — 2r),
s=0

Bk + 1) = Ji@)% k) — S(e)Q; " (&) Bu F (e)

r—1

XZ ATSTIBF(e)A"Q(e) S~ )i (k + s — 2r),

s=0
Xo(k+ 1) = Agxo(k) + ZI: By F; (S)Qj(S)Sfl(S)fj(k)
j=1
—BRoF(wf AT TIBF (@) AT Q)T @)F (k + 5 — 2r).
= (3.35)
where
Q(e) = blkdiag{ Q1(¢), Qa(e), -+, Qi(e), I} (3.36)
and
S(e) = blkdiag{Si(¢), S2(e), -+, Si(e), 1}. (3.37)
Let us choose a Lyapunov function
I
V(E) =Y «'Z Pi(e)% + Xy PoXo
i=1
L FTP(o)R, (3.38)

where Py > 0 is such that
ABF’()A() — f’o =-1,

k > 01is a constant whose value is to be determined later, and
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P(e) = blkdiag {Kﬁl (©), K2Pa(e), - -,k Bi(e), ﬁo} . (3.39)

The existence of such f’o is due to the fact that Ag is Schur stable. The forward
difference of V along the trajectory of the closed-loop system (3.35) can be
evaluated as follows:

i
AVER) = Y | = F 0 (7@ P i) = B ) 500

i=1

1
+2 Y HEOITEP)Si(0)0;  (©)Bij Fi(2)Q(0)S7 (@)% (k)
j=i+1

l T
-2 ( > Si(E)Qi_l(E)Biij(S)Qj(S)S;](S)fj(k)) Py (e)

j=itl1
r—1
x Si(e)Q; ! (e)By F(e) Y A" T'BF(e)A" Q(e)S™ ! (e)
s=0

l T
x 5k +s—2r)+k [ > S,-(a)Ql.l(e)B,-ij(e)Qj(s)Sjl(s)ij(k):|
j=i+1

1
x P (e) { > Si@0; (e)B;jFj(e)Q ,-(e)sj‘%s)xj(k)}
j=i+l

1
— 550 (Ab oo — Bo) Tok) +2 Y T A PoBo; Fj ()0 (e)
j=1

J=l1

i T
x ST e)F; (k) + {Z Bo,-F,-(s)Qj(e)s;l(e)fj(k)} Py

1
x [Z Bo,-Fj@)Q,-(s)S;l(s)ijac)}

J=1

I
-2 {Zm; (k)] (&) Pi(e)Si ()0} (2) B +50A5ﬁoBRo} F(e)
i=1

r—1
x Y AT TIBF(e)AT Q(e)ST )R (k + 5 — 2r)
s=0
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r—1 T
+ {Z A" STIBF() A" Q(e)S N (e)itk +5 — 2r):|
s=0

1
x [ZK"FT@)B;,-(Q;I)TS,T@)E (©)S;(e)Q; ' (&) Byi F () + F'(e) B
i=1

r—1
x f’OBROF(s)] {Z Ar_s_lBF(s)ArQ(s)S_l(e)i(k—l—s—Zr):| . (3.40)

s=0
Recall that
T (&) Pi(e)Ji(e) — P = —1 (3.41)
and
AyPyAg — Py = —1I. (3.42)

Also, it follows from Lemma 3.3 that the matrices defining the remaining
(%;(k), %j(k)) terms, other than the terms defined by J™(e)P;(¢)J;(¢) — P; and
A(T)ﬁOAO — Py, are all of order O(¢) or order O(e2). It is then straightforward to
verify that there exist « > 0 and s’l“ € (0, 1] such that,

AV(x(k) = —

i
%?(k)i(k) -2 {fsAgﬁoBRo +Y [x;(miﬁ(e)ﬁi ©)Si(6) 0} (&) Bu

i=1

! T
+ ( > Sl-(e)Q*(s)Biij(e)Q,-(s)S,-1<a)£j(k>) ﬁ,-(e>s,-<e>}

j=i+1
r—1

x 07" (e)Bui | F(e) Y A" 'BF(2)A” Q(e)S™ ()% (k + 5 — 2r)
s=0

r—1 T
+ [Z A" TIBF(e)A" Q(e) S~ (&)X (k + 5 — 2r):|

s=0
l
X [Zx"FT(s)B;xQ;l(s))TS,T(e)&(e)Q;l(e)BRiF@)
i=1
r—1
+ FT(g)B;OBROF(a)] [ > ATTIBF(e)A Q(e)S T (e)

s=0

x x(k+s— 2r)], e € (0, ¢f]. (3.43)
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Recalling the special structure of J;(¢) and Lemma 3.3, we have

[s@07 @405 @)

l
2
i=1

5i©)07 (04 01(e)57! )] + 140l

S ()07 (e)(Ai+Bi Fi () Q(e) S ()15, () 07 (e) Bi Fi (£) Qi (&) ;' () |+ Ao

I
>
i=1

j,(&‘)’ +80lil9i|3i|> + Al <48, €€ (0, ST] (3.44)

l

< Z(

i=1
Hence, we have

[s@07 @A 05 )|
=[s@0 @107 s @SE@0 @4 40@)sT @) < 8, (3.45)

and

[Feam0@)s™ (o)
=|[Feo@s™ @sE 0 @ 0@)s ™ @)

= [FE0@s™@||se 07 @47 0@s™ @)

l
< (Z F, (E)Qi(s)Si_l(E)‘) 4

i=1

I
<e|d e (3.46)
i=1
Consequently, the inequality (3.43) can be continued as follows:

AV S (P@)V
x(k) = —2)»max(P(8))V(X(k))

r—1
+e2an (MVEER) Y 1A VGG + 5 - 2)),
s=0

2

r—1

+etan(r) {Z APV VI Gk + 5 — 2r)):| , &€ (0,1,
s=0
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for some @ (r), wy(r) > 0, both independent of ¢. In arriving at the above inequality,
we have used the inequality

V(EWR) = (k) P(£)E (k) < Amax (P ()" (k)X (k).

Now, let n > 1 be any constant. If V(X(k + 5)) < nV(X(k)),s € I[—r, 0], then

r—1
AV (5 (k) < —gxgéx(ﬁ(e))V(i(k)) +&2m () (Z |A|”‘) V(E(K)
s=0

r—1

2
+etay (rn? (Z |A|’+1) V(E (k)

s=0

r—1
1 - :
=—¢ [ZAI;;X(P@)) —ewy(r)n (Z |A|H—1)

s=0

r—1

2
—&3w (rn? (Z|A|Hl) VE®K), ee0,ef], (347
s=0

where the following estimate was used:

VIGEGK +s —2r) < JiVEGEK — 1)
<nVIGEW), sel[—r 0] (3.48)

We recall that, by the definition of P(¢) in (3.39) and because of (3.19),
Amax(P(€)), as a function of &, is bounded from below by a positive scalar
independent of ¢. It is clear that, for any given r > 0 and n > 1, there exists
e* e (0, s]“] such that, for all ¢ € (0, £*],

AV (k) < —pe)V(Ek), ifVEk+s) <ngVEk), sell[-r0], (3.49)
for some positive scalar u(e). It thus follows from Lemma 1.4 that the closed-loop

system (3.30) is asymptotically stable. m]

To examine the conservativeness of the result of Theorem 3.1, we consider the
following simple system, whose open loop system is exponentially unstable,
xtk+1)=pxk)+utk—r), B=>1, (3.50)

uk) = —ax(k).

We will show that, for large enough delay r, system (3.50) is not asymptotically
stable for any choice of the feedback gain «, and thus the condition of Theorem 3.1



88 3 Truncated Predictor Feedback for Discrete-Time Linear Systems

is tight. To this end, let us consider the characteristic equation of the closed-loop
system,

I B +a=0. (3.51)

We assume that there exists at least one solution z to the characteristic equation
(3.51) that lies inside the unit circle, i.e., |zo| < 1. Then, as r increases to infinity,
both |zo|"*! and |zo|" go to zero. Thus, the first two terms on the left-hand side of
the characteristic equation go to zero accordingly, no matter what the value of g
is. This leads to a contradiction if « # 0, which implies that all the roots of the
characteristic equation lie outside the unit circle when r is sufficiently large. On the
other hand, if « = 0, then the characteristic equation has » number of solutions at
z = 0 and an unstable solution at z = > 1, which also implies that the system is
unstable. Concluding from the above, we know that, given a sufficiently large r, if
B > 1, then any « as the feedback gain would cause instability of the closed-loop
system. Moreover, all the solutions to the characteristic equation of the closed-loop
system are unstable because they all lie outside the unit circle.

3.2.3 Truncated Predictor Output Feedback Design

For system (3.1) with all eigenvalues of A on or inside the unit circle, we construct

the following family of output feedback laws:

X(k+1) = Ax(k) + Bu(k —r) — L(y(k) — Cx(k)), (3.52)
u(k) = F(e)A"x(k), '

where F(g) is as given by (3.29), and L € R"*” is such that all eigenvalues of
A 4 LC are strictly inside the unit circle. We note that such a matrix L exists as the
pair (A, C) is detectable.

The theorem below establishes that the output feedback law (3.52) asymptoti-
cally stabilizes system (3.1) as long as all eigenvalues of A are on or inside the unit
circle.

Theorem 3.2 Consider the closed-loop system comprising of system (3.1) and the
linear output feedback law (3.52). Let all eigenvalues of A be on or inside the unit
circle. Then, for any given arbitrarily large r > 0, there exists ¢* > 0 such that, for
each ¢ € (0, £*], the closed-loop system is asymptotically stable.

Proof Under the linear output feedback law (3.52), the closed-loop system is given
by,

(3.53)

{x(k +1) = Ax(k) + BF(e)A"#(k — r),
fk+1) = AR(k) + BF(e)A"2(k — r) — L(y(k) — C2(k)),
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which, in the new state (x, ¢) = (x, x — X), can be written as

x(k+1) = Ax(k) + BF(e)A"x(k —r) — BF(s)A"e(k — r), (3.5
e(k+1) = (A+ LC)e(k), '
which in turn implies that
r—1
A'x(k —r) = x(k) — Z AT IBE()A x(k + s — 2r)
s=0
r—1
+ Z AT TIBF(e)A ek + 5 — 2r) (3.55)
s=0
and
etk —r)=(A+LC) "e(k). (3.56)

Substitution of (3.55) and (3.56) into (3.54) results in

r—1
x(k+1) = (A+ BF)x(k) — BF(e)y | A" "'BF(e)A"x(k +5 — 2r)

s=0
r—1

+BF(¢) Z A" BF(e)Ae(k + 5 — 2r)
s=0
—BF(e)A"(A+ LC)"e(k),
e(k+1) = (A+ LC)e(k).

(3.57)
Without loss of generality, assume that the pair (A, B) is already in the form of
(3.25)—(3.26). Partitioning the state x according to the structure of (3.25)—(3.26),

T . .
x=[xfxxfxy] . xeRY, el

we rewrite the state equation (3.57) as follows:
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1
xi(k+1) = (A1 + BiIFi(@)x1(k) + Y _ BijFj(e)x;(k) — B F(e) Yj—y A"~"'B

j=2
r—1

xF(e)A"x(k +s — 2r) + By F(S)Z A"BF(s)A"e(k +5 — 2r)
s=0

—Br F(e)A"(A+ LC) "e(k),
l
x2k +1) = (Ax + B2 Fa(e))xa(k) + Z BajFj(e)x;(k) — BeaF(e) Y1y A7*"'B
j=3

r—1

X F(e)ATx(k+s —2r) + BoaF(e)y A" "'BF(e)A"e(k + s — 2r)
s=0

—BpoF(e)A"(A+ LC) "e(k),

r—1
xi(k+1) = (Ar + BrFi(e)xi (k) — BRIF(S)Z A"BF(e)A"x(k + s —2r)

s=0
r—1
+BR1F(8)Z A"BF(s)A"e(k +5s —2r) — By F(e)A" (A + LC) "e(k),
s=0
1 r—1
xo(k+1) = Agxo(k) + Y Boj Fj(e)x;(k) — BuoF(e) Y A" BF () A"x(k+s—2r)
j=1 s=0
r—1
+BR0F(8)Z A"BF(s)A"e(k +5 — 2r) — ByoF () A" (A+LC) "e(k),
s=0

e(k+1) = (A+ LC)e(k),
(3.58)

where, for each i € I[1,!1], By; is the ith row of the right-hand side of (3.26) and
By is the last row.

Now, for each i € I[1,1], let Q;(¢), Si(e), Ji(e), P, Vi, &, Bi, and ¥ be the

matrices Q(g), S(¢), J(¢), and P and the constants y, a, B and ¥ as defined in
Lemmas 3.1-3.3, but for the triple (A;, B;, Fi(¢)). Define a state transformation
as, X = [i{,i;, cee ,i;,ig]T,é = e, where Xo = xg, and, for each i € I[1,1],

5= 5i()0; ' (e)xi.

It follows from Lemmas 3.1 and 3.2 that, under this state transformation, the state

equation (3.58) can be written as,



3.2 The Eigenstructure Assignment Based Design

Xi(k+1) =

X2k+1) =

xk+1) =

Xotk +1) =

ék+1) =

where

and

1
H@FE + ) S1(0)07 " (©)B1j Fj(e)Q;()S; ()% (k)
j=2
—S1(e) Q7' (&) Bu1 F (e)
X YTV ATSTIBE(€) AT Q(e) ST ()R (k + 5 — 2r)
+51(6) Q7' () Bui F ()
X Y AT IBE(e)AT Q(e)S T (e)é(k + 5 — 2r)
—S1(e) Q7' (&) Bui F(e) A" (A + LC) & (k).
l

L@ k) + Y $2(e) Qa(e) B Fj(e)Q(2) S (&)F (k)
j=3
r—1

91

—$,(e)Q5 ' () BaF(e)Y A" 'BF(2)A"Q(e)S ™ ()i (k + 5 — 2r)

s=0
~852(8) Q5 () Bra F(£)eATe=A+LOT 5 (k).

r—1

+52(6)05 ' (€)BaF ()Y A 'BF(e) A" Q(e)S™ ' ()é(k + s — 2r)

s=0
—$2(6)05 " (€)Bia F(e) AT (A + LC) " é(k),

Ji(e)% (k)

r—1

~Si(e)Q;”! (s)BRIF(s)Z A STIBF(e)A" Q(e)S ™ (e)i(k + 5 — 2r)

s=0
r—1

+51(6)Q;  (©)BuF ()Y A" "'BF(e) A" Q(e)S™ ' (e)é(k + s — 2r)

s=0
—S1(8)0; ' (e)Bia F () A" (A + LC) & (k),
1

Aofo(k) + ) Boj Fj(©)Q;()S; ! ()% (k)
j=1
r—1

—BF(e)Y A" 'BF(e)A"Q(e)S™ ()% (k +5 — 2r).

s=0
r—1

+BroF (&) Z A TIBF(e)A" Q(e)S N (e)e(k + 5 — 2r)
s=0

—BooF(e)A"(A+ LC) "e(k),

(A+ LC)e(k),

Q(e) = blkdiag{ Q1(e), Q2(e), -~ , Qu(e), I},

S(e) = blkdiag{Si(¢), S2(e), -+, Si(e), 1}.

(3.59)
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Let us choose the Lyapunov function
!
V(E.8) =Y k%P + X PoTo + ke Q2
i=1

L P+« Qe, (3.60)
where Py > 0 and Q > 0 are the solutions to the Lyapunov equations
A PoAg — Py = —1,
and
(A+LC)' QA+ LC)— 0 =—I,

respectively, k > 0 is a constant whose value is to be determined later, and
P = blkdiag {Kﬁl, Kzf’z, . ,K1131, f’o} .

The existence of such 150 and Q is due to the fact that both Ag and A+ LC are Schur
stable.

The forward difference of V along the trajectory of the closed-loop system (3.59)
can be evaluated as follows:

1
AVER) =Y | =K W) (T @ P @) = Pie)) £ (k)

i=1

1
+2 ) KE KT @) Pie)Si(e) Q] (e)Bij Fi(e)Q(2)S; (&)%)
j=i+1

— 2" %] (k) J; () Pi (£)Si (£) Q7 ' (8) B F(e) A" (A + LC) ™' é(k)

! T
— 2! ( > &-(a)Q;l<s)Bi,,-F,-(s>Q,-<e>S;‘(s)@(k)) Pi(e)

=i+l

X 5i()Q; ' (€)Bui F(€) A" (A + LC) " &(k)

i T
-2 ( > S,-(s)Q,-‘l(s)Bi,,-F,«s)Q,-(e)s/-“(e)f,,-(k)) Pi(e)
j=i+1
r—1
x Si(e)Q; ' ()Bui F(e) Y A" 'BF(2)A” Q(e)S™ ! ()% (k+5—2r)
s=0
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1 T
-2 ( > S,»(s)Q;1<e)Biij(e)Q,-(e)Sf(e)i,-(k)) Pi(e)

j=i+l1
r—1

x S;(e)0; ' (©)Bi Fe) Y A" "' BF(e)A" Q(e)S™" (e)e(k + 5 — 2r)
s=0

+ 2678 (0) (80 07 () B F(e) A (A + LC)")T Bi(e)Si ()07 (¢)

r—1
X BiiF(e) Y A" 'BF(e)A" Q(e)S™ ()% (k + s — 2r)
s=0

— 2%l (k) (Si ()07 (6) B F () A" (A + LC)")T Bi()Si ()07 ()

r—1
X BiiF(e) Y A" "'BF(2)A"Q(e)S™ (e)é(k + 5 — 2r)
s=0

i T
+ k! |: Z Si(S)Qi_l(€)Biij(8)Qj(S)Sj_l(s)fj(k)j| Pi(e)
j=i+l
1
x [ > S,-(e)Q;l(s)Bi,-Fj(g)Qj(s)sjfl(e)ij(k)]

j=i+l

1 (Si07 @BuF@AT(A+LO) o)) Fi(e)

xS;(5)Q; " (&) Bui F(e) A" (A + LC)’é(k):|

1
— Xp(k) (ABf’vo - f’o) Fo(k) +2 ) #5(k) A PoBo, Fi(£)Q(e) ST (e)
j=1

x %j(k) — 285 (k) AL Py Byo F (€) A" (A + LC) ™" é(k)

/ T
-2 (Z Boj Fj(e)Q,(e)S7 " (&)%; (k)) PyBF(e)A"(A+ LC)"é(k)
j=1

l T l
+ [Z BojFj(£)Qj(e)S; " (&)%; (k)} Po[ Y BoiFi(©)Q;()S; (o)

j=1 j=1

x X (k)] + (B F()A"(A + LC)"é(k))" PyByoF(e)A"(A + LC) (k)
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l
-2 [Z K 5 (k)T (e) Pi(2)Si () Q7' () Bi +23A51303Ro}
i=1

r—1
x F(g) Z AT IBF(e)A" Q(e)S™ ()i (k + 5 — 2r)
s=0

1
+2 [Z K 5 ()T} (©) Pi ()i (6) ;' (6) Bui +25A5ﬁoBRo}

i=1

r—1

x F(e) Z A STIBF(e) A" Q(e) S~ (e)e(k + 5 — 2r)

s=0
r r—1 T
+|F(e)Y AT T'BF(2)A"Q()S ™ () (k + 5 — 2r):|
L s=0

r 1
x| Y Kk BL(Q; " (£)"S] (e) Pi(e)Si () Qf () Bui + BgoﬁoBRo}
Li=1

B r—1
X F(e)ZAr_s_lBF(e)A’Q(a)S_l(a))E(k+s—2r)]

L s=0

r—1 T
+| F(e) Z A" TIBF(e)A" Q(e)S (e)e(k + 5 — 2r)]
L 5s=0

r 1
x| Yk By (Q; (6)"S] (e) Pi(e) Si() Qf ' () Bri + BgoﬁoBRo}
Li=I

B r—1
x| F(e)Y A" 'BF(e)A”Q(e)S™ ' ()é(k + s — 2r):|

L s=0

r—1 T
-2 |:F(a) Z ATTIBF(e)A"Q(e)S ™ (e)i(k + 5 — 2r)j|

s=0

1
x [Z k' By (07 (£)"S] (e) Pi(2)Si () Q7' () Bei + BgoﬁoBRo}

i=1

r—1
x |:F(8) Z A TIBF(e)A"Q(e)S (e)e(k + 5 — 2r):|

s=0

+FE R ((A FLO)Y' QA+ LC) — Q) (k).

(3.61)
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In view of Lemmas 3.3, the matrices defining the (X;,X;) and (X;,é)
cross terms, other than the terms X (k) <fiT(£)I3i(8).ii(£)—ﬁi(a)) x; (k),

(k) (Agﬁvo—ﬁo) Zo(k), and &(k) ((A +LCYO(A +LC) — Q) é(k), are
all of order O(e). It is then straightforward to verify that there exists k¥ > 0 and an
e} € (0, 1] such that,

AV (x(k), e(k)) = —%J?T(k)i(k) - %ET(k)é(k)

r—1

+X(OMi(e)F(e) Y A" ' BF(e)A"Q(e)S™ ()R (k +5 — 2r)
s=0
r—1

+ X (OMy(e)F(e) Y A" ' BF(2)A" Q(e)S™ (e)é(k + s — 2r)
s=0
r—1

+ & (k)M3(e)F(e) Y A" 'BF(e) A" Q(e)S™ " ()% (k + 5 — 2r)
s=0
r—1

+ & ()Ma(e)F(e) Y A" "'BF(e)A” Q(e)S™ " (e)é(k + 5 — 2r)
s=0

r—1 T
+ (Z A TIBF(e)A"0(e)S N (e)i(k +5 — 2r)> F"(e)Ms(¢)
s=0

r—1
x F(e) Y A" "'BF(e)A"Q(e)S™ () (k + 5 — 2r)

s=0

r—1 T
+ (Z AT TIBF (&) A" 0(e)S (e)e(k + s — 2r)> F™(e)Ms5(¢)
s=0

r—1
x F(e) Y A" "'BF(e)A"Q(e)S™ " (e)e(k + 5 — 2r)

5s=0

r—1 T
+ (Z A" IBF(e)A" Q(e) S~ N (e)i(k + 5 — 2;»)) F"(e)Mg(¢)
s=0
r—1
x F(¢) Z A TIBF () A" Q(e)S  (e)etk +5s —2r),  (3.62)
s=0

where matrices M;(¢),i = 1,2, --- , 6, are defined in an obvious way and are all of

order &°.

By using Lemma 3.3 again and (3.46), we can easily see that,
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AVGER), ék)) < —%min {Am;X (ﬁ) (i ( ’+1Q)] V Gk, ék))

r—1
+ a1 (NVIER). 2(0) Y Al
s=0
X VIGEK+s —2r), 6k +5 — 2r) + 4@ (r)
2

r—1
x [Z A"V Rk 45 — 2r), 8k + 5 — 2r)):| e e (0,67],

s=0

for some @ (r), w>(r) > 0, both independent of ¢.
Now, let n > 1 be any constant. If V (x(k + s),e(k +5) < nV(x(k), e(k)),s €
I[-r,0],
~ ~ e . ~ _ ~ ~ ~
AV (F(6), &(6) < — min {kmix (P) L (k ( ’+1Q)} V G (K), (k)

r—1

+ &1 (r)n (Z |A|H—1) V(E(k), (k)

s=0
2

r—1
+ 4w (r)n? <Z|A|H—1) V(& (k), &(k)), € € (0, &}].
s=0
(3.63)

It is now clear that, for any given r, there exists ¢* € (0, 1] such that, for all ¢ €
(0, &*],

AV (x(k), e(k)) < —/eV(Z(k), é(k)). (3.64)

It then follows from the Razumihkin Stability Theorem for discrete-time systems

(Theorem 1.4) that the closed-loop system (3.53) is asymptotically stable. This
completes the proof. O

3.2.4 A Numerical Example

Consider system (3.1) with

0 1 0 0 0
0 01 0 0

A: B: 9 == . 5
o 00 1l 0 C=[1000] (3.65)
—~12V2-42V2 1
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The open loop system has two pair of repeated poles on the unit circle at z =
++/2/2 + j/2/2. Following the proposed design method, we choose

F(e)=[—e*+4e3—6e2+4e —24/2¢% + 6+/262 — 64/26 —4e2 +8s —24/2¢].
Then, the family of linear state feedback laws (3.28) is given by

u(k) = F(e)A"x (k). (3.66)
To design an output feedback law, we choose L = [ 22 —4 223 /4 ]T, which

places the eigenvalues of A+ LC atz = £1/2+ j/2, and obtain the family of linear
output feedback laws (3.52) as follows:

2421 0 0 0 —2J2

. —40 1 0. 0 . —4
k+1) = k ARk —r) — k
x(k+1) —2«/50 0 1 x(k) + 0 x( r) —2«/2 y(k),

—1/40 222 1 3/4

u(k) = F(e)A"x (k).
(3.67)
Some simulation results of the resulting closed-loop systems are shown in Figs. 3.1,
3.2,3.3, and 3.4.

3.3 The Lyapunov Equation Based Design

This section presents an alternative low gain feedback design for the parametrization
of the feedback gain matrix F of the TPF law (3.3). Like the eigenstructure
assignment based low gain feedback design presented in Sect. 3.2, the Lyapunov
equation based design enables the TPF law to compensate an arbitrarily large input
delay in a discrete-time linear system without exponentially unstable open loop
poles.

3.3.1 Low Gain Feedback Design

Consider a controllable pair (A, B) where A € R"*" and B € R"*™. We construct
a parameterized feedback gain matrix F'(y) as follows:

F(y)=—(In + B"P(y)B)”' B'P(y)A, (3.68)

where P(y) is the unique positive definite solution to the following parametric
discrete-time algebraic Riccati equation



98 3 Truncated Predictor Feedback for Discrete-Time Linear Systems

0 20 40 60 80 100

25 1

20 40 60 80 100
k

Fig. 3.1 State response and control input under the state feedback TPF law (3.28): r = 1 and
e=0.1



3.3 The Lyapunov Equation Based Design 99

25 T . . T T

20 - 2

— m3
15

10

0 50 100 150 200 250 300

1.5 a

051 5

_0 .5 1 1 L 1 1
0 50 100 150 200 250 300

k

Fig. 3.2 State response and control input under the state feedback TPF law (3.28): r = 2 and
e =0.04
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Fig. 3.3 State response and control input under the output feedback TPF law (3.52): r = 1 and
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Fig. 3.4 State response and control input under the output feedback TPF law (3.52): r = 2 and
e =0.01
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A"P(y)A — P(y) — A"P(7)B (I + B'P(y)B) "' B'P(y)A = —y P(y),

y € (1 —min{|,\(A)|2} , 1).
(3.69)

According to [123], the range of y guarantees the existence and uniqueness of a
positive definite solution P(y). Also, such a design requires that min{|A(A)|} # O,
which implies that the open loop system cannot have any poles at the origin.

To compute P(y), we can first compute the positive definite solution W (y) to
the following discrete-time Lyapunov equation,

W(y) — ﬁAW(y)AT — —BB". (3.70)

By taking P(y) = w-! (y), we obtain the solution of P(y). Equation (3.70) results
from Eq. (3.69) by letting W(y) = P~(y).

When all eigenvalues of A are on the unit circle, we recall the following lemmas
on the properties of the solution P(y) to (3.69).

Lemma 3.4 ([100, 125]) The eigenvalues of A and those of A + BF(y) are
reciprocal with respect to |s| = /1 — y in the complex plane, i.e.,
MAAMA+ BF(y) =1-—y, (3.71)

P(y) is a rational matrix in y, and P(y) is strictly increasing with respect to y.
If all eigenvalues of A are on or outside the unit circle, the unique positive definite
solution P(y) to (3.69) satisfies

i i det?(A)
A PAT s = P, (3.72)
det?(A) — (1 — p)"
FIROFG) < El)_ygn_ly) PO, (3.73)

wherei € N, R(y) = I, + B"P(y)B, and F(y) is given in (3.68). If, in addition,
all eigenvalues of A are on the unit circle,

lim P(y) = 0. (3.74)
y—0t

Lemma 3.5 ([100, 125]) Assume that all eigenvalues of A are on or outside the
unit circle. Then, the unique positive definite solution P(y) to (3.69) satisfies
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(A= 1BRG) T BTPHA™Y) FTORGF () (3.75)
x A" STIBR™V ()BT P(y) AT

(de?) -1 - y)")3

= (1 — ) =Dr=s+D (det*(A)D> 2P (y), (3.76)

withr > 1,5 € I[0,r — 1] and R(y) is defined as in Lemma 3.4.

Property (3.74) in Lemma 3.4 and (3.68) imply that the feedback gain matrix
F(y) goes to zero as y goes to zero. Such a parametrization of a feedback gain
matrix is referred to as the Lyapunov equation based low gain feedback design.

Throughout the book, stability analysis of time delay systems under feedback
laws whose feedback gain matrices are constructed by adopting the discrete-time
Lyapunov equation based low gain feedback design frequently utilizes the following
discrete-time Jensen’s Inequality.

Lemma 3.6 ([40]) For any positive semi-definite matrix M > 0, two integers r
and r1 with ro > ry, and a vector valued function o : I[r1, r2] — R", then

T

Yo MY o) | <tra—r+DY o () Mo@).

3.3.2 Truncated Predictor State Feedback Design

In this subsection, we present the stabilization of system (3.1) by a truncated
predictor state feedback law whose feedback gain matrix is parameterized by the
use of the Lyapunov equation based low gain feedback design.

Without loss of generality, we assume that (A, B) of system (3.1) is given in the

following form:
As O Bs
A= , B= , 3.77

where Ag € R™*"s contains all eigenvalues of A that are strictly inside the unit
circle, A, € R" " contains all eigenvalues of A that are on the unit circle, and
ns +n, = n. The stabilizability of (A, B) then implies that (A, B,) is controllable.
Clearly, the subsystem (Ag, Bs) does not affect the stabilizability of the system. In
the following theorem, we can safely omit all stable eigenvalues of A.

Theorem 3.3 Assume that all eigenvalues of A are on the unit circle. Then there
exists a positive scalar y* € (0, 1), where
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(n—1)2r+1)
o () .
= n/nr ’ '
such that the following state feedback TPF law
uk—ry=—-F@y)A'x(k—-r), y€(0,y*], k=0, (3.79)
asymptotically stabilizes system (3.1), where F(y) is given by (3.68).
Proof With the feedback law (3.79), the resulting closed-loop system is given by
x(k+1)=Ax k) —BFA"'x(k—7r). (3.80)

We solve (3.80) to give

r—1
A'x (k—r)=x k) + Z AT IBFA x (k+s —2r),
s=0

with which the closed-loop system (3.80) can be written as,

x(k+1)=Ax (k) — BFq (k), (3.81)
where
r—1
A. = A+ BF, q(k):ZAr_S_lBFArx(k—i—s—Zr). (3.82)
s=0

Choose the following Lyapunov function:
V (x (k) = xT (k) Px (k).

Then the forward difference of V (x (k)) along the trajectory of system (3.81) can
be evaluated as follows:

AV(x (k) & xT(k+1) Px (k+ 1) — xT (k) Px (k)
=xT (%) (AEPAC - P) x (k) +4qT (k) FTBTPBFq (k)
—xT (k) ATPBFq (k) —q" (k) FTBTPAcx (k). (3.83)

Therefore, by using (3.69), Eq. (3.83) can be further simplified as

AV (x(k)) = xT (k) <—yP - FTF) x (k) +q" (k) FYBYPBFq (k)
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—xV (k) FYFq (k) — ¢ (k) FTFx (k). (3.84)
By using Young’s Inequality, we have
—2xT (k) FTFq (k) < xT (k) FTFx (k) + ¢" (k) FTFq (k).
Inserting the above inequality into (3.84) gives
AV (x(k) < —yxT (k) Px (k) +q" (k) FTRFq (k) . (3.85)
By using (3.82) and Lemma 3.6, we obtain

q" (k) FTRFq (k)

|
_

.
T
r (A”X’] BFA"x (k+s — 2r)) FTRF (AF’S’IBFA’x k+5 — 2r))

N

IA
Il
S

r—1
r xT(k—l-s—2r)U(s,y)x(k+s—2r),
s=0

where U (s, y) is defined as the left-hand side of (3.75). Then it follows from
Lemma 3.5 that

w (—a-y

g (k) FTRFq (k) <r Z . y)(n_1>(zr_s+1>xT (k+s—2r)Px(k+s—2r).

5=0
(3.86)
Therefore, under the condition
Vxk+s) <nV(xk),sel[-2r,0], n>1,
it follows from (3.86) that
r—1 3
qT (k) FTRFq (k) <nry_ 0 (i ;)iij)éfll) 2T (k) Px (k) .
5=0
With this, the inequality in (3.85) reduces to
AV (x(k)) < —yg (y,mx" (k) Px (k) , (3.87)

where g (y, n) is given by
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3 r—1
nr (1= (1—=y)") INY
g =1- (a=noD)
— )e=D@r+1)
y (L =)= =
3
nr? (1- (1 —p)") 288
- y (1 — y)n=DCr+D” (3.88)
It is clear that lim,, o+ g (v, ) = 1 and lim,,_, ;- g (¥, n) = —oo. Then, for any
n > 1, there exists y* () € (0, 1) such that
1 *
gr,m =5, Vre [0, v* ()] (3.89)

Therefore, it follows from (3.87) and (3.89) that
1
AV(x(k) = —gyx' (k) Px (), Vy € (0,y" (0],

which, in view of the Razumikhin Stability Theorem for discrete-time systems
(Theorem 1.4), implies the asymptotic stability of the closed-loop system (3.80).

Therefore, to complete the proof, we need only to show that there exists n > 1
such that (3.89) is satisfied with y € (0, y*]. To show this, we note that 1 — y < 1
and it follows that

n—1

I—(A=p)"=y> (-y) <ny. (3.90)
s=0

We then deduce from (3.88) that
2,,2,3

nrey n
(1 _ y)(n—l)(Zr-i—l) :

gly,m=1- (3.91)

Sincen > 1 and r > 1, we compute from (3.78) that

(n—l)§2r+1) +1

-1
1—)/21—)/*:1—(2( )nﬁr) 2%.

Thus, if we let n = 2, the inequality in (3.91) can be continued as

g,2)=1- 2r2y2n32(n—1)(2r+1)

>1— 272 (y*)2n32(n—1)(2r+1)

n— r -2
- <2(( E +1)+1)n\/zr> 2r2p32 =D+
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which completes the proof. O

3.3.3 Truncated Predictor Output Feedback Design

In this subsection, we propose the stabilization of system (3.1) by a truncated
predictor output feedback law whose feedback gain matrix is parameterized by
the use of the Lyapunov equation based low gain feedback design. For an output
feedback problem, it is no longer without loss of generality to assume that all the
eigenvalues of A are located on the unit circle. To see this, assume that (A, B) is in
the form of (3.77) and let

T
x (0 =[x 0. W]
then system (3.1) becomes

xs(k+1) = Agxs (k) + Bsu (k —r)
Xo(k+1) = Aoxo (k) + Bou (k — r), (3.92)
vy =C[xT k) 1T k)],

which indicates that the stable substate xg (k) will appear in the output signal y (k),
and the output signal related to the unstable substate x, (k) cannot be separated from
the whole output signal y. Therefore, the stable open loop poles of the system cannot
be ignored when we carry out an output feedback design and the corresponding
closed-loop stability analysis.

We construct the following observer-based output feedback law for system (3.1):

{)?(k+ )= /Ef(k)+Bu(k—r) — L(y(k) — Cx(k)), (3.93)
u(k) = F(y)A"x(k), '
where
- - -1 - -
F(y)=-— (I + BTP()/)B) B'P(y)A, P(y)= |:8 P (2)/):| , (3.94)

and P,(y) is the unique positive definite solution to the discrete-time parametric
algebraic Riccati equation
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A—CF)PO(V)AO - PO(V) - AgPO(V)Bo (I + B(T,Po(V)Bo)_l B(T,Po(V)Ao = _VPO(V),
(3.95)

and L is such that A 4+ LC is Schur stable. The detectability of the pair (A, C)
implies that such an L exists. Define an error between the state of the system of the
system and the state of the observer as e(k) = x(k) — x(k). Then, the dynamic of
this error signal is computed as

e(k+1)=(A+ LC)e(k). (3.96)

Consequently, the closed-loop system consisting of the open loop system (3.1) and
the output feedback law (3.93) can be written as,

{x(k +1) = Ax(k) + BF (1) A" (x(k — r) — e(k — ), (3.97)

e(k+1) = (A+ LC)e(k).

Recalling the structure of the pair (A, B) as given in (3.77) and }3()/) as in (3.94),
we see that the parameterized feedback gain matrix of the output feedback law has
the following form:

F(y) == (I + BIP,(y)Bo) " [0 BIPy(»)A] (3.98)

from which the closed-loop system can be decomposed into the following three
subsystems:

xs(k +1) = Agxg (k) + BSFO(V)Ag(xo(k —r) —es(k —r)),
Xo(k + 1) = Aoxo(k) + BoFo(y)Ag(xo(k — 1) — eo(k — 1)), (3.99)
e(k+1)=(A+ LC)e(k),

where Fo(y) = —(I + BgPo(y)Bo)_lB(T)PO()/)AO is defined for notational sim-

plicity. It is clear from A, in the first subsystem of the closed-loop system that the

asymptotic stability of the system

Xo(k + 1) = Aoxo(k) + BoFo(y)Ag(xo(k — r) — eo(k — 1)), (3.100)
e(k+1) = (A+ LC)e(k) '

implies that of the whole closed-loop system. Therefore, stabilization of system
(3.1) by the output feedback TPF law (3.93) is achieved if the stability of system
(3.100) is established.

Theorem 3.4 Assume that As does not have eigenvalues at the origin and A, has
all its eigenvalues on the unit circle. Then, there exists a sufficiently small positive
constant y* such that for each y € (0, y*], the closed-loop system (3.100) is
asymptotically stable.
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Proof Define a Lyapunov function
V(xo(k), e(k)) = xo(k) Poxo(k) + €' (k) Qe(k), (3.10D)

where Q is the positive definite solution to the following discrete-time Lyapunov
equation,

(A+LC)'Q(A+LC)— Q = —1I. (3.102)

The existence and uniqueness of such Q are due to the fact that A + LC is Schur
stable. Then, we define the forward difference of the Lyapunov function as

AV (xo(k), e(k)) = V(xo(k + 1), e(k + 1)) — V(x,(k), e(k)). (3.103)

To facilitate our stability analysis, we rewrite the dynamic of system (3.100) as
follows:

{xo(k + 1) = Aoc(¥)xo(k) + BoFo(y)A(k) — BoFo(y)Ageo(k — 1), (3.104)

e(k+1) = (A+ LC)e(k),

where Aoc(y) = Ao + BoFo(y) and A(k) = Alxo,(k — r) — x,(k). By the first
equation of (3.100), we obtain

Mk) == AS B FoALRo(k — s — 1),

s=1
from which and the first equation of (3.1), the forward difference AV (x,(k), e(k))
along the trajectory of the closed-loop system can be computed as
AV (xo(k), e(k))
= xg(k)AZcPvocxo(k) + Ao(k)FJBgPoBOFo)VO(k)
+ el tk —r)(AL) F By PoBoFoALeo(k — 1) + 2x (k) Al PoBo Foho (k)
— 2x (k)AL PoBoFoAleo(k — r) — 25 (k) Fy BS PoBo FoAleo(k — 1)
— e'(k)e(k) — x} (k) Poxo (k). (3.105)
By using Young’s Inequality and Eq. (3.95), the forward difference can be evaluated
as follows:
AV (xo(k), e(k))
< —yx Poxo + 20 FY(I + By PoBo) F Ao
+2el(k —r)(A))Fo (I + By PoBo) FoALeo(k —r) — e (k)e(k). (3.106)
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The use of the discrete-time Jensen’s Inequality given by Lemmas 3.6 and 3.5
yields

ALEY (I + BLPoBo) Foho

Lo-a-p) .
<r Z = y)(n_l)(r+s+l)xo(k —s—r) Pk —s—r). (3.107)
s=1

Moreover, a combined use of Lemmas 3.4 and 3.5 gives

1—(1—yp)"
(AD)'F] (I + BYP,B,) FoAl < d =y

o = (1= yahen o (3.108)

which, along with inequality (3.108), implies
AV (xo(k), e(k))

T ~_(1-a-p) :
< — yxoPoxo + 2r Z a1 y)(nfl)(r+s+])x0(k — 5 —r)PoXxo(k —5 —7)
s=1
I—ad-y"
(1 — ) e=DG+D

+2 (k —r)Poeo(k —r) —e"(k)e(k). (3.109)

By the assumptions that the pair (A, C) is detectable and that Ag does not have
any eigenvalues at the origin, there exists matrix L such that A 4+ LC is Schur stable
and does not have eigenvalues at the origin neither. Therefore, A + LC is invertible.
Based on the invertibility of A + LC and the dynamics of the error e(k), we obtain

etk —r)=(A+ LC) "e(k). (3.110)
Then, the forward difference can be further evaluated as,
AV (xo(k), e(k))

, S (-a-p)
< - yaxgPoro+2r ) (1— y)(n—l)(r+s+l)x0(k —s =N Poxolk =5 —r)
s=1

o= =y e
e (4’" 2 <1(_ y>(<n_1>fr)+s)+n ((A+LO)) ™ B(a+LC) "0+
s=1

1—(1=p)"

+2 (1 — )=DC+D

(A+LO)") " P(A+LC)™ — I)e(k). (3.111)

By the properties of ﬁ(y) as given in Lemma 3.4, there exists a sufficiently small
¥, such that for each y € (0, /'], the following inequality holds:
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4 Z (1= =)’ (A+LO)) ™ BA+LC) 6+
r Lo (1 = )= D0+

—1_(1_7/)” N~ p —r
+ 2(1 — =D+ (A+LO)) PAA+LO) —1<-yQ, (3.112)

which implies that
AV (xo(k), e(k))

L (—a-py)
<—yVk) +4r) 0= y)(n_l)(rH_H)xo(k — 5 — ) Poxolk —s — r).
s=1

Under the assumption that V(xq,(k + s),e)(k + s) < nV(x,(k), e(k)), s €
[—2r, 0], where n > 1, we have

Lo(1-a—y))
AV (xo(k). k) < | =y +4r ), T aTenn

s=1

)V(xo(k), e(k)).

(3.113)
Note that there exists y* € (0, y;"] such that, for each y € (0, y*],
Lo (—a-py’ %
—y Z} (1 — y)(r=Dl+s+D = A (3.114)
S=
Then,
AV (xo(k), e(k)) < —%V(xo(k), e(k)). (3.115)

The asymptotic stability of system (3.100) follows from the Razumikhin Stability
Theorem for discrete-time systems (Theorem 1.4). O

3.3.4 A Numerical Example

We first consider the state feedback of a discrete-time linear system under the
TPF law (3.79) when its feedback gain matrix is parameterized by the use of the
Lyapunov equation based low gain feedback design. Consider system (3.1) with
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0 1 0 0 0
0 0 0 1 0
o 0o o 1| ol € [1000] (3.116)
—122 —422 1

It can be verified that A has all its eigenvalues on the unit circle, (A, B) is
controllable and (A, C) is observable. Take r = 3 and the initial condition of the
system as

x()=[10-12]", sel[0,r] (3.117)

We tune the low gain parameter of the TPF law (3.79) to small values until the
stabilization of the closed-loop system is achieved. Such a process results in y =
0.02. The system performance is illustrated in Fig. 3.5.

We next examine the counterpart of the first simulation in the output feedback

setting. Let L assign the eigenvalues of A + LC at {% + %j, —% + %_]} The initial
condition of the state and the observed state are given by

x(s)=%(s)=[10-12]", se1[0,r] (3.118)

As in the state feedback case, we tune the low gain parameter to a sufficiently small
value y = 0.01. The stabilization of the system by the output feedback law (3.93)
can be readily seen from Fig. 3.6.

3.4 Conclusions

By truncating the finite summation term of the predictor feedback law for discrete-
time systems, a TPF law that simplifies the implementation of the predictor feedback
law was formulated. Such a design involves the parameterization of the feedback
gain matrix of the TPF law, whether by the eigenstructure assignment based low
gain feedback design or the Lyapunov equation based design. The low gain nature
of the TPF law is the key to the stabilization of discrete-time linear systems with
input delay whose open loop poles are inside or on the unit circle. Both state and
output feedback TPF laws were explicitly constructed.

3.5 Notes and References

Parallel to Chap. 2, this chapter introduces the formulation, expression, and con-
struction of the predictor feedback law in the discrete-time setting. The presentation
of Sect. 3.2 mostly follows that of [64], except that we provide a different analysis
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Fig. 3.5 State response and control input under the state feedback TPF law (3.79): r = 3 and
y =0.02
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Fig. 3.6 State response and control input under the output feedback TPF law (3.93): r = 3 and
y =0.01
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of the conservativeness of the result of Theorem 3.1. The original analysis in [64]
resorts to the method of root locus in order to determine the positions of the
closed-loop poles. The analysis provided in this chapter scrutinizes the characteristic
equation of the closed-loop system to reach the same conclusion. Also, the state
feedback results of Sect. 3.3.2 were drawn from [125].



Chapter 4 ®
Truncated Predictor Feedback for Chock or
General Linear Systems

4.1 Introduction

Low gain feedback designs, such as the eigenstructure assignment based design
and the Lyapunov equation based design, are essential elements of TPF designs.
TPF laws whose feedback gain matrices are parameterized in a feedback parameter
compensate an arbitrarily large delay in linear systems that are not exponentially
unstable. Given any amount of delay, stabilization is achieved as long as the
feedback parameter is sufficiently small. As manifested in Chaps. 2 and 3, such a
low gain nature of the TPF laws, of both state feedback and output feedback types,
is the core of their stabilizing ability.

The low gain feedback designs that have been introduced so far in this book
actually do not restrict values of the feedback parameter to be small. A small value of
the feedback parameter is required to achieve stabilization for linear systems that are
not exponentially unstable and are subject to arbitrarily large bounded input delay.
Take for example the Lyapunov equation based feedback design for continuous-
time systems (see Sect. 2.3). Such a design is valid as long as a positive definite
solution to the parametric algebraic Riccati equation (2.32) exists and is unique, that
is, y > —2min{Re(A(A))}. It turns out that, given any feedback parameter within
a range, the TPF law stabilizes a general, possibly exponentially unstable, linear
system, as long as the delay is not too large. Stability of the closed-loop system can
be seen as follows.

Because the stable open loop poles of a linear system typically do not affect the
stabilizability of the system, we assume, without loss of generality, that all the open
loop poles of the system are in the closed right-half plane. Let y € R™ in order to
satisfy y > —2min{Re(A(A))}. Recall that the truncated predictor state feedback
law is given as follows:

u(t) = F(y)e'Tx(®), 4.1)
© Springer Nature Switzerland AG 2021 117
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where F(y) results from the parameterized Lyapunov equation based low gain
feedback design. Given any y € R, the Lyapunov equation based design assigns
the eigenvalues of A + BF(y) at those positions in the complex plane that are
symmetric to the eigenvalues of A with respect to Re{s} = —% < 0 (see [121)]).
Since the eigenvalues of A are all in the closed right-half plane, the eigenvalues
of A + BF(y) are all in the open left-half plane, which implies that the system
is stabilized if the amount of delay is zero. If the amount of delay is nonzero, the
overall feedback gain of the TPF law F = F(y)e”T satisfies

F— F(y) as T — 0F. 4.2)

Thus, such an F still assigns the eigenvalues of A + BF in the open left-half plane
when the amount of delay is small. Recall from [67] the fact that the system

%(t) = Ax(t) + BFx(t — 1) 4.3)

with A + BF Hurwitz is asymptotically stable as long as the amount of the delay 7
is sufficiently small. It then follows that the closed-loop system under the TPF law
is asymptotically stable as long as the delay is sufficiently small.

The above examination is based on the robustness of the stability of a stable
linear system to a small amount of state delay. This implies that the TPF law is
robust to a certain amount of input delay, even though the feedback law itself is
delay dependent due to its exponential factor e4”. In this chapter, we fully examine
such a robustness property of the TPF law in the stabilization of a general linear
system that is possibly exponentially unstable. Both state and output feedbacks are
considered. All the feedback designs in this chapter adopt the Lyapunov equation
based method.

We will deal with continuous-time and discrete-time systems separately, in
Sects. 4.2 and 4.3.

4.2 Continuous-Time Systems

Recall the linear system with a time-varying input delay (2.28) from Sect. 2.3,

{x(t) = Ax(t) + Bu(¢ (1)), 4.4)

y(t) = Cx(1),

where x € R" and u € R™ are respectively the state and input, the pair (A, B) and
the pair (A, C) are stabilizable and detectable, respectively, and ¢ () : ]Ra' —- R
denotes the delay function. Here, ¢ (¢) can be defined in a more standard form

p@)=1—d@), 4.5)
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where d (1) : Rt — RT is the time-varying delay that is continuously differen-
tiable. The function ¢ : R(‘)" — R is a continuously differentiable, invertible, and
exactly known function such that %(l) (t) > 0,¢ > 0, and the delay d (¢) is bounded,
namely, there exists a finite, yet arbitrarily large, number D > 0 such that

0<d() <D, tel0,o00). (4.6)

Section 2.3 considers stabilization of system (4.4) by TPF when the system has all
its open loop poles on the closed left-half plane. In this section, we remove such a
restriction on the open loop poles and solve the stabilization problem for a general
linear system that may have exponentially unstable poles. The section is divided into
two parts, containing state and output feedback results, respectively.

4.2.1 Truncated Predictor State Feedback Design

As explained in Sect. 2.3, the stable open loop poles of system (4.4) do not affect
the stabilizability of the system under the truncated predictor state feedback. Thus,
it is without loss of generality to assume that all the open loop poles of the system
are in the closed right-half plane.

Recall the Lyapunov equation based truncated predictor state feedback law, also
referred to as the state feedback TPF law, from Sect. 2.3,

u(t) = —BTP () AT 01y 1y, (4.7)

where P(y) is the unique positive definite solution to the parametric algebraic
Riccati equation

A"P(y)+ P(y)A— P(y)BB'P(y) = —yP(y), v > —2min{Re(A(A))}.
(4.8)

In the case where all eigenvalues of A are in the closed left-half plane, the delay
can be arbitrarily large but bounded, and the value of the parameter is required
to approach zero as the bound on the delay increases to infinity. As a result, the
parametric algebraic Riccati equation (4.8) is a low gain feedback design and the
feedback parameter is referred to as the low gain parameter.

The following theorem establishes stabilizability of system (4.4) by the state
feedback TPF law (4.7).

Theorem 4.1 Consider the system (4.4). Assume that all the eigenvalues of A are
on the closed right-half plane. Then, if, for each y > 0,

D < D*, (4.9)

where D* is the unique positive solution to the following equation:
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prerer -V (4.10)
3 :
(2tr(A) + ny)

and w is defined as in Lemma 2.4, then the state feedback TPF law (4.7)
asymptotically stabilizes the system.

Proof Applying the state feedback TPF law (4.7) to system (4.4) results in the
closed-loop system,

%(t) = Acx(t) + BFA(1), 4.11)
where Ac = A+ BF, F = F(y) = —B"P(y), and A(¢) is defined as
A(t) = e Dx(p (1) — x(1) (4.12)

and A(¢) can be obtained by solving the closed-loop system as
t
At = — / A=) Bu (¢ (s))ds
@)
t
=— / A=) BFeAt=96) x (4 (s))ds. (4.13)
(@)

Define a Lyapunov function for the closed-loop system,
Vx() =x")P(y)x(), (4.14)
and compute its time derivative along the trajectory of the closed-loop system as
V(x(t) = x"(t) (~y P — PBB"P)x(t) + 2x"(1)PBFA(1), (4.15)
where we have used the parametric Lyapunov based equation (2.32), that is,
A"P(y)+ P(y)A— P(y)BB'P(y) = —yP(y), v > —2min{Re(A(A))}.
) (4.16)
An estimate of V(x(¢)) is obtained by the use of Young’s Inequality and
Lemma 2.4,

V(x(®) < —y X" Px(t) + (2tr(A) + ny)A"() PA(1). 4.17)

A further estimate of V (x (7)) relies on the following estimate of A" (¢) PA(¢):

t
A PA(E) < d(t) / X"(¢(s))e 1) FTBTeA (=5) peAl—=5) g peAd(s) y (4 (5))ds
)
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t
< De?"*P(2tr(A) +ny)2/ DxT(¢>(S))Px(¢>(S))ds, (4.18)
t_

where we have used Lemma 2.5, Lemma 2.4, and the fact that d(¢) < D.
Using (4.18) and (4.17), we have

V(x(0) < — yx" (1) Px(t)
t
+ (2tr(A) + ny)3De2V‘“D / x"(¢(s)) Px(¢(s))ds. (4.19)
t—D

When V(x(t + 0)) < nV(x(t)),0 € [-2D, 0], for some constant n > 1, we
have

Vx(r) < (—y +nD%*? P (2tr(A) + ny)3) V(x(1)), (4.20)

which implies, by the Razumikhin Stability Theorem (Theorem 1.3), that the closed-
loop system is asymptotically stable if

Dl « — Y 421)
(2tr(A) + n)/)

holds. The left-hand side of inequality (4.21) is strictly increasing with respect to y
and its right-hand side is a positive constant independent of D. Moreover, the left-
hand side goes to zero as D goes to zero and goes to infinity as D goes to infinity.
Thus, Eq. (4.10) has a unique positive solution. This completes the proof. O

Theorem 4.1 states that, given any feedback parameter y > 0, the state feedback
TPF law (4.7) stabilizes a general linear system, possibly exponentially unstable, as
long as the delay is small enough. An explicit bound on the delay is provided that
guarantees stability. From this point of view, the theorem establishes a robustness
property of the TPF law to a certain amount of delay. An intuitive explanation of
such a property is already given in Sect. 4.1.

Corollary 4.1 Consider system (4.4). Assume that all the open loop poles are on
the imaginary axis. Then, given a time-varying delay with an arbitrarily large upper
bound D, the state feedback TPF law (4.7) stabilizes the system as long as y €
(0, y*), where y* is the unique positive solution to the following nonlinear equation:

1
2 2ywD __
y el = s (4.22)

Proof As all the eigenvalues of A are on the imaginary axis, tr(A) = 0 in (4.21).

After a simple manipulation on the inequality (4.21), we obtain

1
2 2ywD
ye < a3p7 y > 0. (4.23)
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Note that the left-hand side of inequality (4.23) is strictly increasing with respect to
¥, goes to zero as ¥ — 07, and goes to infinity as y — oo, whereas its right-hand
side is a positive constant. Thus, the nonlinear equation (4.23) has a unique positive
solution y*. This completes the proof. O

Corollary 4.1 includes as a special case the low gain feedback result of the state
feedback TPF law (2.41) in the stabilization of a linear system with all its open
loop poles on the closed left-half plane. Similar recoveries of the low gain feedback
results in Chaps. 2 and 3 will frequently appear throughout the rest of this chapter.

4.2.2 Truncated Predictor Output Feedback Design

Consider system (4.4), recalled as follows:

{x(t) = Ax(t) + Bu(@(1)). “424)
y(t) = Cx(1).

It is assumed, without loss of generality, that the stabilizable pair (A, B) has the
following block structure:

A 0 _[B
A= [o AJ , B= [BJ : (4.25)

where A, € R"™*" is Hurwitz, all eigenvalues of Ay € R"®*"® gre in the closed
right-half plane, n, 4+ n; = n, and the dimensions of B, and B, correspond to those
of A, and A, respectively. Based on this structure, the pair (Ag, By) is controllable.

We recall from Sect. 2.3 the observer based truncated predictor output feedback
law (output feedback TPF law) whose feedback gain matrix is parameterized
through a parametric Lyapunov equation,

:f(t) = AT (1) + Bu (¢ (1)) — L(y (1) = CT (1)), 426

u(t) = —BTP (y)eA® O3 (p),

where the pair (A, B) is in the form of (4.25), $(y) has the form of (2.102), that is,

0 0
Py) = , 4.27
) [0 p (y)} (4.27)

and L is such that A + LC is Hurwitz. As discussed in Sect. 2.3, it is no longer
without loss of generality to assume in the output feedback setting that all the open
loop poles of system (4.7) are in the closed right-half plane.
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As pointed out in Sect. 2.3, output feedback stabilization of system (4.24) by
the output feedback TPF law (4.26) is equivalent to the asymptotic stability of the
following closed-loop system:

{xm) = Awxe(t) = BB Pe !0 (i (9(1)) — ex($ (1)), 428)

é(t) = (A+ LO)e(?).

The following theorem establishes the stability of system (4.28) and relaxes the
restriction on the eigenvalues of A, that they must locate on the imaginary axis, as
imposed in Theorem 2.4.

Theorem 4.2 For each y > 0, there exists D* > 0 such that, if
D < D*,

system (4.28) is asymptotically stable.

Proof Define a Lyapunov function that consists of two terms corresponding to the
two subsystems of system (4.28), respectively,

V(xe(1), (1)) = x ()P (y)xe(t) + €' (1) Re (1), (4.29)

where R is the unique positive definite solution to the following Lyapunov equation
(A+LC)'R+R(A+LC)=-8I, (4.30)

and B is a positive constant whose value is to be determined later. Such R exists
because A + LC is Hurwitz. Then, the time derivative of the Lyapunov function

along the trajectory of the closed-loop system (4.28) is given by

V(xx(t), e(t)) = — xi(t) (¥ P + P BBy P) xu(t) + 2x1(t) P By By PAg(t)
+ 2x"(t) P BB Pe* D¢, (¢ (1)) — Be" (1)e(r), 4.31)

where A (¢) is defined by (2.107), that is,

t
Me(t) = — / eAR=9) g BT PRI (x (¢ (5)) — ex((5)))ds. (4.32)
t—d(t)

Using Young’s Inequality and Lemma 2.4, we obtain

V(xe(t), e(1) < — yxg(t) Pxe(t) + 2(2tr(Ay) + ngy ) Ap(6) Py (1)

+2(2tr(Ap) + gy ) e 1D el (@ (1)) Pey (¢ (1) — Be"(Det).
4.33)
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Note that
é(1) = (A + LC)e(r), (4.34)
which yields
e(@(t)) = (A+ LC)?De(r). (4.35)
This implies that
V(i (0), e(t)) < — yxf(t) P () + 2(2tr(Ay) + ngy )AL P (1)
+ 2(2tr(Ap) + nxy)
x 27401 1) (4 + LCPOT) P(A + LOPOe(r)
— Be'(De(?). (4.36)
By Lemmas 2.4 and 2.5, we have

M) Pae(t) < 2D P (2tr(Ag) + npy)’

t
% / L@ PRG6) +¢ GNP )) ds, (437)
.

based on which x; (t)', e(t)(t) can be further estimated as
V(x(0), e(t) < —yxp(t) Pxi(t) + 4De** P 2ur(Ay) + niy)’
t
x / (1B () P (5))
t—D

+ (B (5)Pe(d(s)))ds + 2(2tr(Ag) + ngy)e®r 4@

x €' (1) ((A n LC)"’(f)—f)TP(A FLOY O o(r) — Be™(1)e(t).

(4.38)
For any y > 0, there exists a sufficiently large 8 > 0 such that
Py) <R, (4.39)
v +2(2tr(Ay) + ney)P(y) < B, (4.40)
I < Amax(R). (4.41)

Fix the value of 8. Then, inequality (4.39) implies that

V(xe(1), e(t)) < — yxi(t) Pxe(t) + 4De™ " P (2tr(Ay)
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t
+ ey’ / V(@ (5))ds + 2C1r(Ay) + ny)e 4O
t—D
X eT([) ((A =+ LC)¢(I)—[)TP(A + Lc)¢(l)—le(t) _ ﬂ@T(t)e(Z).

The inequality in (4.40) further implies that there exists a sufficiently small D; > 0
such that, for any D < Dy,

y1+2e772 2u(4) +ny) (A +LOPO) PO (A +LOPO < B,
(4.42)

Here, we have used the boundedness of ¢ (¢) — ¢. Then, by a simple manipulation of
inequality (4.42), we obtain

—BI + 2" P (2tr(A) + ney) ((A + Lc)w)j)Tp(y)(A L LOPO <yl
which implies that
V(i (0), e(t)) < — y (xIPxy + e"e) + 4De? P 2tr(A,)

t
ey / V@), e (5)ds
5

<—y|xPxx+ ! e'Re
- : : )\'de(R)

t
40P (a0 +my)’ [ V0, e@0)ds
.

7
Amax (R)

V(xe (1), e(1))

t
4D (A + i) [ V@), @)
-

where we have used inequality (4.41).
When V (xx(t46), e(t+60)) < nV (xx(t), e(t)), 0 € [—2D, 0], for some constant
n > 1, we have

14
Amax(R)

V(e (1), e(1)) < (—

+4D% e D (21r(Ay) + nRy)3> V (1), e(2)).

It then follows from the Razumikhin Stability Theorem (Theorem 1.3) that the
closed-loop system is asymptotically stable if
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DRe2wryD 14 o (4.43)
Hhmax (R) (2tr(Ay) + ngy)

The left-hand side of inequality (4.43) is strictly increasing with respect to D and its
right-hand side is a positive constant independent of D. Moreover, its left-hand side
goes to zero as D goes to zero and goes to infinity as D goes to infinity. Thus, the
equality (4.43) has a unique positive solution on D, which is denoted as D,. Letting
D* = min{D1, Dy} completes the proof. m]

Theorem 4.2 shows that the output feedback TPF law (4.26) is robust to a certain
amount of delay in the input of a general linear system that is possibly exponentially
unstable. This theorem extends such a robustness property of the state feedback TPF
law, which is implied by Theorem 4.1, to the output feedback TPF law.

Theorem 4.3 Consider system (4.28). Assume that all the eigenvalues of Ay are on
the imaginary axis. Given an arbitrarily large delay bound D, there exists y* > 0
such that, for each y € (0, y*), the system is asymptotically stable.

Proof The same Lyapunov function as in (4.29), along with the estimate (4.38)
on its time derivative along the trajectory of system (4.28), are adopted for our
stability analysis. In view of the assumption that all the eigenvalues of A, are on
the imaginary axis, we rewrite (4.38) as

V(o). ) = = 70 Px(n) + 4D Pn(y)? / [D (%2 (#() Pxu($(s))
+ C@EIPe@E)) ds + 2mye? 1O (1) (A + LOPOT)
X P(A+ LCY? D e(r) — Be"(1)e(t). (4.44)
Pick a 8 such that
1 < Amax(R). (4.45)
For this f, there exists y > 0 such that, for each y € (0, 711,

P(y) < R,

yI 42" Ppy ((A + LC)¢<’>*’)TP<y><A + LYY < Bl (4.46)
Then, the estimate on the time derivative of V can be continued as
t
V(xe(1), e(t)) < = yxp(t) Pxe(t) + 4De** P ()’ / V (xe((5)). e(¢(s)))ds
—D

+ 2y 10T (r) (4 + LC)"’(’)—’)T P(A+ LC)P D e (1)
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— Be'(t)e(t)
t
<~y (iPx+ ) 4Dy [ VA
t—D

<_ Y
Amax(R)

t
V440 ) [ V@ e@ s
1—D
(4.47)
where we have employed (4.45).

When V (xz(t+0), e(t+0)) < nV (x(t), e(t)),0 € [—2D, 0], for some constant
n > 1, we have

14
Amax(R)

V (xe(2), e(t)) < (— +4D2ne2‘”RVD<nRy>3) V(xe(t), e(r)).  (4.48)

It then follows from the Razumikhin Stability Theorem (Theorem 1.3) that the
closed-loop system is stable if

|
2200y -~ 449
ve = Drman(R)n3D2 (4.49)

There exists y» > 0 such that, for each y € (0, y»], inequality (4.49) holds. Taking
y* = min{y, y»} completes the proof. O

Theorem 4.3 manifests the low gain nature of the output feedback TPF law (4.26)
in its compensation of an arbitrarily large bounded delay in a linear system with all
its open loop poles in the closed left-half plane.

4.2.3 A Numerical Example

Consider an exponentially unstable linear system (4.4) with

01000 0
00100 0

A=|000 10|, B=|0|, C=[00011]. (4.50)
-10-200 1
00001 1

This system is both controllable and observable with all its open loop poles at A =
{£Jj, £J, 1}. We choose the feedback parameter of the TPF laws (4.7) and (4.26) as
y = 0.2. Given such a y, the time-varying delay is allowed to have an upper bound
D =0.5. Let
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r+1
d)=0.5 . 4.51
@ 2t + 1 D)

Based on the expression of d(¢), we compute

t+1
V412 4+ 6t +4.25+2t 4+ 0.5

which appears in the expression of the TPF laws (4.7) and (4.26). Simulation is run
in both the state feedback setting and the output feedback setting. In the case of state
feedback, the initial condition of the system is given by

o) —t =

(4.52)

x@=[10-120]". (4.53)

In the case of output feedback, the initial condition of the open loop system is taken
to be

x@ =[10-120]", 2 =[00000], (4.54)

and the eigenvalues of A 4+ LC are assigned at A = {—1, =2, =3, —4, —5}. The
performance of the system and the control input under the state feedback and output
feedback TPF laws are given in Figs. 4.1 and 4.2, respectively.

4.3 Discrete-Time Systems

We consider the following discrete-time linear system with a time-varying input

delay:

{x<k+1) = Ax(k) + Bu(¢ (K)), s
y(k) = Cx(k),

where x € R, u € R" and y € RY are the state, input and output, respectively,
(A, B) is stabilizable and (A, C) is detectable. The time-varying delay function
¢ (k) : N — Z is assumed to have the standard form of

¢ (k) =k —r(k), (4.56)

whose inverse function d)_l(k) : Z — N exists and is known. Also, r(k) : N - N
denotes the time-varying delay that satisfies r(k) € I[0, R], where R € N is an
upper bound of the delay.

Note that system (4.55) contains a time-varying input delay. To formulate state
and output feedback laws that adapt to a time-varying delay, we introduce the



4.3 Discrete-Time Systems 129

4 T T T T T T T
—_—I
T2l
_____ x3
.......... x4 7
_1-5 i
_4 1 1 1 1 1 Il 1
0 10 20 30 40 50 60 70 80
t
1 T T T T T T
0.8 h
0.6 N
0.4 :
= 9o ]
5 0.2 H
0 H
0.2 J N
04 F i
_0.6 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
t

Fig. 4.1 State response and control input under the state feedback TPF law (4.7): d(¢t) = 0.5 %
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predictor feedback laws and the TPF laws in the time-varying delay setting in the
following subsections.

4.3.1 Truncated Predictor State Feedback Design

Consider the following feedback law for system (4.55),
u(¢p(k)) = Fx(k), (4.57)

where F is the feedback gain matrix such that A + BF is Schur stable. Under the
feedback law (4.57), the closed-loop system

x(k+1)=(A+ BF)x(k) (4.58)

is asymptotically stable because A 4+ B F is Schur stable.
Since ¢_1 (k) exists and is known, we obtain from (4.57) that

u(k) = Fx <¢—1(k)) . (4.59)

Recall that ¢ (k) = k — r(k) and r (k) > 0. We have

k=g (¢p7' ) =97 0 —r (7' 0) =97 K. (4.60)

Thus, the right-hand side of (4.59) may contain the state at a future time instant,
namely, x (¢! (k)). This state can be obtained as the solution of system (4.55),

k—1
x@ 'Ry = A2 Oy + S AR Bus). (4.61)
s=2k—¢~1 (k)

Substitution of (4.61) in (4.59) yields the predictor state feedback law,

k—1
u(k) = FAY" O—ky () + F S ATIBus). (4.62)
s=2k—¢~L(k)

The predictor feedback law consists of two terms, corresponding to the zero input
solution and the zero state solution of the system, respectively. The zero state
solution only involves past input u(s), s < k — 1. This can be readily verified by
observing the fact that

2%k — ¢~ (k) <k. (4.63)
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Note that the equality sign in (4.63) holds if and only if (k) = 0. In this case,
no delay exists in the input and the summation term in (4.62) disappears. Thus, the
predictor feedback law reduces to a static state feedback law

uk) = Fxk).

Discarding the summation term of the predictor feedback law results in the TPF
law,

u(k) = FA? Ok (), (4.64)

which simplifies the implementation of the predictor feedback law.

If the time-varying delay in system (4.55) is constant, that is, ¢ (k) = k — r,
where r € N is a constant, then the predictor feedback law (4.62) and the TPF law
(4.64) simplify to (1.86) and (3.3), respectively.

Following the Lyapunov equation based feedback design, we construct the
truncated predictor state feedback law whose feedback gain matrix is parameterized
in a feedback parameter y,

u(k) = F(y)A?" O~k x (k)

—(In+ B'P(y)B) ' B'P(y)A? ®~kH1x(ky, (4.65)

where P(y) is the unique positive definite solution to the discrete-time Riccati
equation (3.69), that is

AP(y)A—P(y) — A"P(y)B (I, + B'P(y)B) ' B'P(y)A = —y P(y),

y € (1 —min{|,\(A)|2} , 1).
(4.66)

In the case where all eigenvalues of A are inside or on the unit circle, the delay
is allowed to be arbitrarily large but bounded, and the value of the parameter y is
required to approach zero as the bound on the delay increases to infinity. As a result,
the parametric algebraic Riccati equation (4.66) is a low gain feedback design and
the feedback parameter is referred to as the low gain parameter.

As discussed in Sect. 3.3.2, in asymptotic stabilization of system (4.55) by state
feedback, it is without loss of generality to assume that there is no asymptotically
stable open loop poles. Thus, in the following theorem on the stabilization of
a general discrete-time linear system that is possibly exponentially unstable, we
assume, without loss of generality, that the system has all its open loop poles on or
outside the unit circle.

Theorem 4.4 Consider system (4.55). Assume that all the eigenvalues of A are on
or outside the unit circle. If, for each y € (0, 1),
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R < R™, (4.67)
where R* is the unique positive solution to the following equation:

R2(det(A))*R—4 y
(L =)= DERED (e (A) — (1 = yyr)

(4.68)

then the system is asymptotically stabilized by the state feedback TPF law (4.65).
Proof Under the state feedback TPF law (4.65), the closed-loop system can be
written as follows:
x(k 4+ 1) = Ax(k) + Bu(¢(k))
= Ax(k) + BF () A" Ox (¢ (k)
— Acx(k) + BF () (k)

where
Ac= A+ BF(y) (4.69)
and
(k) = A" O x (g (k) — x (k). (4.70)
From
x(k+1) = Ax(k) + BF () A"Ox( (k)), 4.71)
we can recursively obtain
r(k)

x(k) = A" Ox@k) + Y AT BF()A*xlk — s = r(k — 5)),

s=1
which implies that

r(k)
wlk) = — Z ATIBFOA™ Dk — s — r(k — 5)). (4.72)

s=1
We adopt the Lyapunov function

V(x(k)) = x" (k) P(y)x(k), (4.73)
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where P(y) is the unique positive definite solution to the discrete-time Riccati
equation (4.66). Let y € (0, 1) be such that y € (1 — min{|A(A)|?}, 1). Then the
forward difference of V (x(k)) along the trajectory of the closed-loop system can be
evaluated as,

AV(x(k)) = V(x(k + 1)) — V(x(k))
= x"(k)(ALPAc—P)x (k) + 2x" (k) ALPBF (k) + 11" (k) F* B" P BF (k)
=x"(k) (~yP—F"F) x(k)+2x"(k)ALPBF (k) + n" (k) F" B"PBF (k)
< —yx"(k)Px(k)+u"(k)F" (I+B"PB) Fu(k),

where ATPA.— P = —y P —F"F and F = —B"P A.. Also, for notational brevity,
we have suppressed the dependence on y of P and F and will continue to do so in

the rest of the proof.
In view of the fact that F* (I + B"PB) F is positive semi-definite, (4.72) and
Lemmas 3.5 and 3.6, we compute

u'(k)F" (I + B"PB) F (k)
I‘(k) T T
<r()Y x"k —s —rk —)) (A’UH)) F'B" (AH) F'(I + B'"PB)F
s=1
x ASTIBFA™ 5k — s — r(k — 5))

r(k) 2 (1 — )3
<0y ((det (A —1-=p)) (det(A)2r&k=9F2—4 T _ o p(k — g))P
=1

1— y)(”—l)(r(k—S)+S+I)
x x(k —s —r(k—ys)). (4.74)
By (4.74), AV (x(k)) can be further evaluated as

r(k)

AV (x(k)) < — yx"(k) Px(k) + r(k) Z(det(A))Zr(k—s)-i-Zs—él
s=1

(de?(a) — (1 = ")’

(1 — y)(r=DCk=s)+s+1)

x"k—s—rk—s)P
X x(tk—s —rk—ys)). 4.75)
Notice that s < K for any s € I[1,r(k)], and r(k — s) < K. It follows that

k—s—r(k —s) e Ik — 2K, k]. Thus, when V(x(k + z)) < nV(x(k)) for any
z € I[-2K, 0], where n > 1 is some constant, we have
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r(k)
AV (x(k) < —yV(x(k) + nr()V(x (k) D (det(A))>k=+2-4
s=1
(de?(A) — (1 — p)")’
(1 — y)@=DEk=s)+s+1)

r(k)

=- (y —r(k) ) (det(A))>r A

s=1

(det?(A) — (1 — y)1)°
0= y)(”1)("(ks)+s+l))v(x(k))

<- (y — nR*(det(A))**

(der’(4) — (1 - V>”)3
x (1 — y)—DCR+D >V(X(k))- (4.76)

If

R?(det(A))*R—4 - %
(1= )= DCRED " (Ge2(a) — (1 — yyr)*

4.77)

then the asymptotic stability of the closed-loop system follows from the Razumikhin
Stability Theorem for discrete-time systems (Theorem 1.4). Given y € (0, 1), the
left-hand side of inequality (4.77) is a strictly increasing function of R and its right-
hand side is a positive constant independent of R. Moreover, its left-hand side goes
to zero as R goes to zero and goes to infinity as R goes to infinity. Thus, Eq. (4.68)
has a unique positive solution D*. This completes the proof. O

Like the state feedback TPF law in the continuous-time setting, the state feedback
TPF law in the discrete-time setting is also robust to a certain amount of input
delay. Theorem 4.4 establishes an admissible bound on the delay in terms of the
feedback parameter and parameters of the open loop system that guarantees closed-
loop stability.

Corollary 4.2 Consider the system (4.55). Assume that all the eigenvalues of A are
on the unit circle. Given an arbitrarily large delay, there exists y* € (0, 1) such that,
for each y € (0, y*), the system is asymptotically stabilized by the state feedback
TPF law (4.65).

Proof When all the eigenvalues of A are on the unit circle, det(A) = 1, which
implies that the stability condition (4.77) simplifies to



136 4 Truncated Predictor Feedback for General Linear Systems

(1—(1—p)n) 1

R < R (4.78)

Given any R, the left-hand side of inequality (4.78) is strictly increasing as y, and
goes to zero as y goes to zero because

3
i 2=
y—>0T 14
= lim 3(1—(1—p)")’n—y)""
y—0t
_0 (4.79)

and goes to infinity as y goes to 1. Thus, there exists a unique y* € (0, 1) such that,
for each y € (0, y*), the simplified stability condition (4.78) holds. This completes
the proof. O

This corollary recovers the low gain nature of the state feedback TPF law (3.79)
in its compensation of an arbitrarily large delay in a discrete-time linear system with
all its open loop poles on or inside the unit circle.

4.3.2 Truncated Predictor Output Feedback Design

Without loss of generality, we assume that the pair (A.B) in system (4.55) are in the

form of
A O B
A= s , B= S, 4.80
[0 AJ [3} (50

where Ay € R"*"s contains all eigenvalues of A that are strictly inside the unit
circle, A, € R contains all eigenvalues of A that are on or outside the unit
circle, and ng + n, = n. The stabilizability of (A, B) then implies that (A,, B,) is
controllable.

Unlike the truncated predictor output feedback law (3.93), as given in Sect. 3.3.3,
for a discrete-time linear system with a constant delay, a truncated predictor output
feedback law that copes with a time-varying delay is to be constructed to achieve
asymptotic stabilization of system (4.55). Referring to the state feedback case where
the time-varying prediction time ¢~ 1 (k) — k of the state feedback TPF law (4.64)
replaces the constant prediction time r to cope with the time-varying input delay,
we construct the following observed based truncated predictor output feedback law
that handles the time-varying delay ¢ (k) in system (4.55),
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Rk +1) = AZ(k) + Bu(p(k)) — L (y(k) — CZ(k)), “81)
u(k) = F(y)A®" Oz k), '
where
- - -1 - -
F(y)=- (I + BTP(y)B) BTP()/)A, P(y) = |:8 P ?V)i| , (4.82)

with P,(y) being the unique positive definite solution to the discrete-time paramet-
ric algebraic Riccati equation

A;PO()/)AO - PO(V) - A;PO()/)BO (I + B;PO(V)Bo)il B;PO(J/)AO = _VPO(V)v
(4.83)

and L is such that A + LC is Schur stable. The detectability of the pair (A, C)
implies that such L exists.

The two truncated predictor output feedback laws (3.93) and (4.81) are highly
similar. Basically, the latter can be considered an extension of the former to cope
with a time-varying delay.

Define the estimation error as

e(k) = x(k) — x(k), (4.84)
then the error dynamics can be written as
e(k+1)=(A+ LC)e(k). (4.85)

In terms of the state x (k) and the estimation error e(k), the closed-loop system under
the output feedback TPF law (4.81) can be rewritten as

x4+ 1) = Ax(k) + BF () A O~ (x(g (k) — e(d (1)), 4.86)
e(k+1) = (A4 LC)e(k), '

which, in view of the special structure of the pair (A, B) in (4.80), can be expanded
as

—1 _
xs(k 4+ 1) = Agx, (k) + ByFo(y) AL ©7F

Xolk 4+ 1) = Aoxo(k) + BoFo(y)AS
e(k+1) = (A+ LC)e(k),

1 (x0(p (k) — eo(@(K))),
O, (@) — eopk))), @87

where Fo(y) = — (I + B;PO()/)BO)_1 B! P,(y)A,. Notice that the dynamics of the
first subsystem is governed by the Schur matrix A, which implies that the stability
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of the second and the third subsystems determines the stability of the whole closed-
loop system. Thus, in the following theorem, we establish the stability of the system
comprising of the second and the third subsystems,

xolk+ 1) = Aoxo(0) + BoFo) A D7 (@) — @), 4 g5
e(k+1) = (A+ LC)e(k).

Theorem 4.5 Consider system (4.88). Assume that Ag is nonsingular. For each
y € (0, 1), there exists R* > 0 such that, for each R € 1[0, R*), the system is
asymptotically stable.

Proof Construct a Lyapunov function as
V(xo(k), e(k)) = x4 (k) Po(y)xo (k) + €' (k) Qe(k), (4.89)
where Q is the unique positive definite solution to the Lyapunov equation
(A+LCY'QA+LC)—0=-8I, (4.90)

and B is some positive constant whose values are to be determined. Note that the
existence and uniqueness of such Q are guaranteed by the Schur stability of A+LC.
We rewrite the first subsystem of (4.88) as

Xolk 4+ 1) = Aocxo(k) + BoFo(¥)ho(k) — BoFo(y) AL eq (¢ (K)), 4.91)
where
Ao = Ao+ BoFo(¥), Ao(k) = AL x, (¢ (k) — x0(k). (4.92)

Then, A,(k) can be computed by the use of the solution of the first subsystem of
(4.88) as follows:

r (k)
holk) == AS B Fo () AL VR (k — s — r(k — 5)), (4.93)

s=1

where x,(k) = x, (k) — e (k).
The forward difference of V (x,(k), e(k)) along the trajectory of the closed-loop
system (4.88) can be evaluated as follows:
AV (xo(k), e(k)) = V(xolk + 1), ek + 1)) — V(xo(k), e(k))
= x(T)(k)A;cPOAocxo(k) + ng(k)AZ)CPoBoFo)\o(k)
— 2x}(k) A} PoBo Fo AL eo(¢p (K))
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+ h (k) Fy By Py Bo Foho ()

— 2T (k) FT B P, By Fo AT W ey (¢ (k)

+ el (@) (AL ® FI B PoBo Fo ALP eo (¢ (K))
—Be" (ke (k) — x} (k) Poxo (k)

—yx3(k) Poxo(k) + 205 (k) F] (I + BYPoBo) Foho(k)

IA

+ 26l (¢ (k) (AN ® FL (I + BIPoB,) FoAL®P eo(¢ (k)
— Be' (ke (k),

where
Al PoAoc — Po = —y P, — F)F,, F, = —B,PyAxc 4.94)

and Young’s Inequality have been used.
In view of Lemmas 3.4 and 3.6, we have
Ay (k)F) (I + B} PyBo) Foho(k)

O (420 (] )
<y (4eC(o) = (L= 1)) oy pyrbmsmi2e—tire s — ik — )
s=1

(1- y)(n—l)(r(k—s)+s+1)
X PoXo(k —s —r(k — ). 4.95)

On the other hand, by Lemma 3.5, we have

2 rk)+1
® ® (=) [ _det(4o)
wrrs o+ mpm) o < (1 (GE0) (F55)

(4.96)
Then, the evaluation of AV (x,(k), e(k)) can be continued as

AV (xo(k), e(k)) < — yxo(k) Poxo(k)

B (de(Ao) — (1 = p)1)’
0 Y) ) 25 (k—s)+25—4
+2r(k) Z (1— y)(n—l)(r(k—s)+s+1)det(AO) neme
s=1

X Xk — s —r(k — ) PoXok —s —r(k —s))

A=\ dea) \O7
+2Q— ) ¢ (k) Poco (@ (K))

det?(Ao) / \ (1 — )=t
— Be'(k)e(k), (4.97)
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which, in view of X,(k) = x,(k) — eo(k) and the special structure of 15, can be
further continued as

AV (xo(k), e(k)) < — yxg(k) Poxo(k)
r (k)

3

(det?(Ag) — A =p)")"

(k—s)+s—2

+4r (k) ) (1— y)(n—l)(r(k—s)+s+1)det (4o)
s=1

X <x$(k — s —r(k —5)Poxok —s —rk —s))

+e'k—s—r(k—s)Petk—s —r(k — s)))

(- y)”)( det?(A,) )’("”1
det?(Ao) ) \ (1 —y)r~!

x €' (¢ (k) Pe(¢ (k). (4.98)

— Be'(k)e(k) + 2(1 -

Since Ag is nonsingular, there exists L that assigns the eigenvalues of A + LC
inside the unit circle but not at the origin. Thus, A + LC is also nonsingular. Then,
based on the error dynamics, we obtain

e(p(k) = (A+ LC) " Pe(k),
from which it follows that

AV (xo(k), e(k)) < — yxg(k) Poxo(k)

r(k)

de?(Ao) — (1 — )")° o
) ((1 —y)((;l)(r<ks)+x+)1> (det(Ag))> 7
s=1

X (xg(k — 5 —r(k —85)Poxok —s —rk —s))

+e"k—s—rk—s)Petk—s —r(k— s)))

L (z <1 (- y)") de?(4) \ "
e —
det?(Ay) ) \ (1 — y)n!

—r(k)
X ((A + LC)T> P(A+LC)™™W — ,BI)e(k). (4.99)

For each y € (0, 1), there exists a sufficiently large 8 > 0 such that
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P(y) <0, (4.100)

1—-y) det?(A,) \ =
! +2<1 - ((ietz(j;))) ((16_t )(,)nL) P(y) < BI, (4.101)

1 < Amax(Q). (4.102)

Fix this 8. Inequality (4.100) indicates that f’(y) in (4.99) can be replaced by R.
Inequality (4.101) implies that there exists D; > 0 such that, for each D € (0, Dy),

r(k)+1 —r(k)
(L=p)"\ [ det?(Ao) .
? (1 - detZ(A())) ((1 - y)"‘> ((A O )

xP(A+LC)"® — g
< —yl. (4.103)

The use of (4.100), (4.103), and (4.102) in (4.99) then suggests that

4

AV (xo(k), e(k)) S( T 0

det2(Ay) — (1 — y)1)°
+4R277( le (_ y))(n(])(2RZ3)) (det(Ao))4R_4>
X V(xo(k), e(k)), (4.104)

when V(k +s) < nV(k),s € I[—2R, 0] holds for some constant > 1. Then, if
the condition

5, (det(Ap))*R—4 - %
(1 =)= DERED gy (0 (det(40) — (1 — y)n)’

(4.105)

holds, system (4.88) is asymptotically stable according to the Razumikhin Stability
Theorem (Theorem 1.4). The left-hand side of inequality (4.105) is a strictly
increasing function of R. Moreover, it goes to zero as R goes to zero and goes to
infinity as R goes to infinity. On the other hand, the right-hand side of the inequality
is a positive constant independent of R. Thus, the nonlinear equation

o (det(A)*R= 14
(1 — y)(n—l)(2R+l) 4)Lmax(Q) (detz(Ao) _ (1 _ J/)I’l)3

(4.106)

has a unique positive solution R;. Taking R* = min{R;, R} competes the proof.
0

Theorem 4.5 suggests that our truncated predictor output feedback law for a
general discrete-time linear system stabilizes the system as long as the delay of
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the system is small enough. An admissible delay bound in terms of open loop
parameters and the feedback parameter is established to guarantee the closed-loop
stability.

Theorem 4.6 Consider system (4.88). Assume that A is nonsingular and all the
eigenvalues of A, are on the unit circle. Then, given an arbitrarily large R, there
exists y* such that, for each y € (0, y*), the system is asymptotically stable.

Proof The same Lyapunov function as in (4.89), along with the estimate (4.99) of
the forward difference along the trajectory of system (4.88), are adopted for our
stability analysis. We rewrite (4.99) as

AV (xo(k), e(k)) < — yxq(k) Poxo(k)

r(k) 3
Z Ad-0a-=y"

+4r k) i (1 — y)(=D@k=s)+s+1)
§=

X (xg(k —s—rk—5)Poxok —s —rk —s))

+e"k—s—rk—s)Petk—s —r(k— s)))

1 r(k)+1
+eT(k)<2(1 —(1=p)") (W)

—r(k)
x ((A + LC)T) P(A+LC)™"™ 0 — ,31>e(k).

(4.107)
There exists 8 > 0 such that
1 < hmax (O). (4.108)
Fix this 8. Then, there exists y; > 0 such that, for each y € (0, y1),
P(y) <0, (4.109)
| r(k)+1
I+2(1 -1 -)")| ———
142000 ()
(A+LO)) " Py (A+LO)™® < BI. (4.110)

Inequalities (4.109) and (4.110) imply that

(1= =y
(1 — y)r=D@R+1)

_r
Amax(Q)

AV (xo(k), e(k)) 5( - + 4R )V(xo(k), e(k)),

(4.111)
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when V(k +s) < nV(k),s € I[-2R, 0], holds for some constant n > 1. Then, if
the condition

(1= -y 1
(I — )@= DERED = 43 (O)R?

(4.112)

holds, system (4.88) is asymptotically stable according to the Razumikhin Stability
Theorem (Theorem 1.4). In view of the fact that

3
1= (1—y)"
lim —( ( 2 )
y—>0% 14
= 1lim 3(1—(1—p)")’n1—y)""
y—0t
-0, (4.113)

there exists y» > 0 such that, for each y € (0, y»), the inequality (4.112) holds.
Taking y* = min{y;, y»} completes the proof. O

Again, our analysis on the stabilization of a general discrete-time linear system
by truncated predictor output feedback reconstructs the low gain nature of the
feedback law when it comes to the stabilization of a discrete-time linear system
with all its open loop poles on or inside the unit circle.

4.3.3 A Numerical Example

Consider the discrete-time linear system (4.55) with

S O O

1
0
0

0
0
1

—122-42V2

0 0 0 0 1.1

S~ O

A= , C=[10001]. (4.114)

S O O O
oo}
Il
—_——_= 0 O O

It can be readily verified that the triple (A, B, C) is both controllable and observable.
Also, the eigenvalues of A are at

V2 V2 V2 V2
XA 7],1-1},

four on the unit circle and one outside the unit circle. Thus, we pick a y = 0.05.
Then, based on such a y, the time-varying delay of the system is chosen as follows
to have a sufficiently small upper bound of R = 2,
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0, if mod (k,3) =0,
, if mod (k,3) =1,
2, if mod (k,3) =2,

rk) =

—_—

where mod(p, g) denotes the remainder after division of p by ¢g. Set the initial
condition of the system as

x(k)y=[10-120]", keI[0,R] (4.115)

The state response and the input evolution under the truncated predictor state
feedback law are shown in Fig. 4.3.

The truncated predictor output feedback law (4.81) involves the eigenvalue
assignment of A 4+ LC inside the unit circle. For this purpose, we design an L
such that the eigenvalues of A + LC are assigned at

A ! + 11 + y 0.9
_{2 272 }
We pick y = 0.03 for illustration. Given the same time-varying delay as in the state
feedback simulation, the stabilization is achieved. The state response and the input
evolution of the system are shown in Fig. 4.4. In the simulation, we have chosen the
initial condition of the system and that of the observer as

x(k)=[10-120]", 2k)=[00000]", k€ I[0, RI. (4.116)

4.4 Conclusions

A TPF law, simplified from a predictor feedback law, is able to stabilize a
general, possibly exponentially unstable, linear system as long as the input delay
of the system is small enough. We consider this property of the TPF law its
robustness to a certain amount of delay. Such a robustness holds in various control
settings as manifested throughout this chapter. One of the many implications of the
robustness property is the low gain nature of the TPF law in the stabilization of a
linear system that is not exponentially unstable, namely, given an arbitrarily large
delay, the feedback law stabilizes the system as long as its feedback parameter is
tuned to be sufficiently small. Another noteworthy implication of the robustness
property concerns the tuning of the feedback parameter of the feedback law in the
stabilization of an exponentially unstable system. There exists an admissible bound
on the delay such that, for each delay below this bound, the TPF law would stabilize
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Fig. 4.3 State response and control input under the state feedback TPF law (4.65): y = 0.05



146 4 Truncated Predictor Feedback for General Linear Systems

- - | |

—---3’,‘3

—
5|

-60 1 L L L ] 1 1
0 50 100 150 200 250 300 350 400

k

_4 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

k

Fig. 4.4 State response and control input under the output feedback TPF law (4.26): y = 0.03
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the system with any feedback parameter belonging to a certain range. Such a bound
on the delay and the range of the feedback parameter will be further elaborated in
the following section.

4.5 Notes and References

The stability conditions given in this chapter address the stabilization problem from
the perspective that given a feedback parameter, a general, possibly exponentially
unstable, linear system is stabilized as long as the delay is small enough. However,
in practice, the problem is typically formulated from an opposite perspective. Given
a certain amount of delay, is a TPF law able to stabilize a general linear system?
The answer to this problem is clear for a linear system that is not exponentially
unstable. It lies in the low gain nature of the TPF law. For a linear system that is
exponentially unstable, the answer is also clear from a simple examination of the
stability conditions established in this chapter. For illustration, we consider the case
of the truncated predictor state feedback law in the continuous-time setting. The
established delay bound implied by (4.10) is a function of y and tr(A). For a given
exponentially unstable system, the function of the delay bound solely depends on
y > 0. Sweeping the value of y over positive numbers, we note that the delay bound
has a maximum that is positive. This observation can be readily made by noting that
the delay bound goes to zero as y goes to zero and as y goes to infinity. Thus, given
any delay that is below this maximum, there exists at least one continuous interval
of y within which stabilization is achieved.

The above discussion on the maximum delay bound of an exponentially unstable
system is inspired by [116], in which the method of tuning the feedback parameter of
the state feedback TPF law in the stabilization of an exponentially unstable system
is also presented. Moreover, the presentation of Sect. 4.3 roughly follows that of
[100].



Chapter 5 )
Delay Independent Truncated Predictor Qs
Feedback for Continuous-Time Linear

Systems

5.1 Introduction

The truncated predictor feedback design simplifies the predictor feedback design
by discarding the distributed delay term. The implementation of the remaining
static feedback term of the predictor feedback law requires the exact knowledge
of the input delay. The truncated predictor state feedback law for continuous-time
linear systems with a constant delay is such an example. The exact value of the
delay appears in the exponential factor eA” of the truncated predictor feedback
law. Moreover, the determination of the value of the feedback parameter of the
truncated predictor feedback law requires, although not the exact value of the delay,
an upper bound of the delay to be known. This requirement of the information of
the delay, which explicitly or implicitly appears in the truncated predictor feedback
law, suggests that the truncated predictor feedback law is delay-dependent. The
delay-dependency of the truncated predictor feedback law also manifests itself
in the observer based feedback design. To construct an observer whose state
asymptotically approaches the state of the open loop system, the dynamics of the
observer generally contains the delayed input. This implies that the exact value of
the delay is also required in the construction of the observer used in the observer
based truncated predictor feedback law.

The truncated predictor feedback design compensates a constant delay by
requiring the exact value of the delay. Such compensation becomes trickier when
the delay is time-varying. The compensation of a bounded time-varying delay via
a truncated predictor feedback design relies on the prediction of the future state of
the system at the future time instant ¢>’1 (t), where ¢(¢) represents the past time
instant at which the input is injected into the system. Clearly, the implementation of
a truncated predictor feedback law in the face of a time-varying delay fails if ¢ (¢)
does not admit an inverse. Consider a standard form of

¢(t) =1 —d(),
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where d(¢) is the time-varying delay. The inverse of ¢ (#) does not exist whenever
d(t) =1t —1,

on some time interval ¢ € [f1, 2]. It is noteworthy that such a time-varying delay
is physically meaningful. The requirement on the existence of ¢! () restricts the
application of truncated predictor feedback in compensating time-varying delays.
Therefore, the exact knowledge of time-varying delays is only necessary, but not
necessarily sufficient, for the success in the implementation of a truncated predictor
feedback law.

Compared to feedback laws whose realization relies heavily on the knowledge
of the delay, those that require less such knowledge are preferable. The craving
for feedback laws that are delay independent, at least partially if not completely, is
driven by the lack of the information of the delay in practice. In practice, the delay
is hardly precisely known. Oftentimes, only its upper bound and/or lower bound is
known. In the worst case, no knowledge of the delay can be assumed. Basically, the
overall objective of the rest of this book is to relax the assumption on the availability
of the knowledge of the delay for control design.

In this chapter, we introduce delay independent truncated predictor feedback
laws that discard the exponential factor of the truncated predictor feedback laws.
The remaining feedback gain of the delay independent truncated predictor feedback
laws is parameterized in a feedback parameter, whose value is determined based on
the knowledge of an upper bound of the delay. The delay independent truncated
predictor feedback laws are less delay dependent than the truncated predictor
feedback laws because their implementation no longer requires the exact knowledge
of the delay to be known. Besides the basic stabilization problem, we further
consider the problem of improving the performance of a closed-loop system under
a delay independent truncated predictor feedback law. Such a problem originates
from the low gain nature of the delay independent truncated predictor feedback law
in the stabilization of a linear system with all its open loop poles at the origin or
in the open left-half plane. It has been observed that an excessively small value of
the feedback parameter results in a large overshoot and a slow convergence rate of
the closed-loop system. The poor closed-loop performance inspires the design of
a time-varying feedback parameter whose value is chosen large at the beginning
phase of the system evolution and is decreased as needed to facilitate the proof
of stability. The large value of the parameter at the starting phase of the system
evolution reduces the overshoot and increases the convergence rate. Benefits of the
time-varying parameter design in the closed-loop performance are demonstrated in
the convergence rate analysis and the numerical studies.
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5.2 Delay Independent Truncated Predictor State Feedback
Design

In a predictor feedback law for a linear system with input delay, the future state is
predicted by the solution of the linear system. The zero input solution contains the
transition matrix. The zero state solution gives rise to the distributed nature of the
feedback law. In Chap. 2, it is established that when the system is not exponentially
unstable, low gain feedback can be designed such that the predictor feedback law,
with the distributed delay term truncated, still achieves stabilization in the presence
of an arbitrarily large delay. Furthermore, in the absence of purely imaginary poles,
the transition matrix in the truncated predictor feedback can be safely dropped,
resulting in a delay independent truncated predictor feedback law , which is simply
a delay independent linear state feedback. In this section, we first construct an
example to show that, in the presence of purely imaginary poles, the linear delay
independent truncated predictor feedback in general cannot stabilize the system
for an arbitrarily large delay. By using the extended Krasovskii Stability Theorem
(Theorem 1.2), we derive a bound on the delay under which a delay independent
truncated predictor feedback law achieves stabilization for a general system that
may be exponentially unstable.
We consider the asymptotic stabilization problem for the following linear system
with time-varying delay in the input:
{ X(t) = Ax(t) + Bu(o(1)), 5.1)
x@®) =¢@®), 0 €[-D,0], '

where x € R" and u € R™ are state and input, respectively. The time-varying delay
function ¢ (¢) : Rt — R is assumed to take the standard form of

¢(t) =1 —d(), (5.2)

where d(¢) : RT — R* denotes time-varying delay which is bounded by a finite
positive constant D, i.e.,

0<d@)y<D, t>0. (5.3)

Only the information on the bound D, but not the delay d(¢) itself, will be required
in our feedback design and stability analysis. We also assume that the pair (A, B) is
stabilizable.

In [63], it is shown that when the open loop system is not exponentially unstable,
a parametrized feedback gain matrix F () can be designed by the low gain feedback
design technique [61] such that the finite-dimensional truncated predictor feedback
law

u(t) = F(y)etx(r) (5.4)
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would still asymptotically stabilize system (5.1) for an arbitrarily large constant
delay d as long as the low gain parameter y is tuned small enough. In the absence of
purely imaginary poles, the transition matrix in the truncated predictor feedback law
(5.4) can be dropped and the feedback law further simplifies to a delay independent
truncated predictor state feedback law (also referred to as the delay independent
state feedback TPF law),

u(t) = F(y)x(). (5.5)

Such a feedback law, parameterized in the low gain parameter y, is referred to as
the delay independent truncated predictor feedback law. The truncated predictor
feedback design originally proposed in [63] uses the eigenstructure assignment
based low gain feedback design method. The design was simplified in [122], where
a parametric Lyapunov equation based low gain feedback design was adopted.

In this section, we will examine the properties of the delay independent truncated
predictor feedback for general systems, which may have purely imaginary (nonzero
poles on the imaginary axis) or exponentially unstable poles. In particular, we will
first construct an example to show that, in the presence of purely imaginary poles,
the delay independent state feedback TPF law in general does not have the ability
to stabilize the system for an arbitrarily large delay. We then derive, by applying the
extended Krasovskii Stability Theorem (Theorem 1.2), a bound on the delay under
which a delay independent truncated predictor feedback law achieves stabilization
for the system. The expression of this bound indicates that when all the closed right-
half plane poles are at the origin, stabilization of the system would be achieved for an
arbitrarily large delay as long as the low gain parameter is chosen to be sufficiently
small. This observation coincides with the results in both [63] and [122]. Moreover,
it will be shown that, for a given delay with an arbitrarily large upper bound, the
upper bound of the low gain parameter derived in this chapter that guarantees
stability is less conservative than the one given in [122].

5.2.1 Preliminaries

It is shown in [63] that a linear system with all its open loop poles at the origin or
in the open left-half plane can be stabilized for an arbitrarily large delay by a delay
independent truncated predictor feedback law,

u(t) = F(y)x(@), y > 0. (5.6)
The construction of F(y) was given in [124] by utilizing the Lyapunov equation
based low gain design technique [121]. That is, for a controllable pair (A, B), the

parametrized feedback gain matrix F(y) in (5.6) is constructed as,

F(y)=—-B"P(y), (5.7
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where the positive definite matrix P(y) is the solution to the parametric algebraic
Riccati equation

A"P(y) + P(y)A— P(y)BB'"P(y) = —yP(y) (5.8)
with
y > —2min{Re(A(A))}. 5.9)

In the case where all eigenvalues of A are at the origin or in the open left-half
plane, the delay is allowed to be arbitrarily large but bounded, and the value of
the parameter y is required to approach zero as the bound on the delay increases
to infinity. As a result, the parametric algebraic Riccati equation (5.8) is a low gain
feedback design and the feedback parameter is referred to as the low gain parameter.

In this section, we will first show that when system (5.1) is not exponentially
unstable but has purely imaginary poles, the delay independent truncated predictor
feedback law (5.6) is in general not able to achieve asymptotic stabilization for
a large enough delay. We will then derive bound on the delay under which the
delay independent truncated predictor feedback law would achieve stabilization for
a general system that may be exponentially unstable.

To achieve our objectives, we need some technical preliminaries. We first recall
some properties of the solution P(y) of the algebraic Riccati equation (5.8) from
[124].

Lemma 5.1 Assume that (A, B) is controllable and y satisfies (5.9). Then,
AlWMPA(Y) =@ ()P (),
where
A.(y)=A—BB"P(y) (5.10)

and

w(y) = %(ny + 2tr(A)) ((n Dy + 2tr(A)) — ytr(A) — tr (Az) (5.1

We next establish the following simple fact and its two corollaries.

Lemma 5.2 If all eigenvalues of A € R*™*" are on the closed right-half plane, then
t2(A) > tr (AZ) . (5.12)

Moreover, the equality sign holds if and only if all the eigenvalues of A are real and
at most one of them is positive.
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Proof Letthe eigenvaluesof Abe A1, Ao, -+, Ap, a1 E£jB1, 00 jBo, -+, agEjBy,
where

p+2g=n (5.13)
and
Ai>0,i=1,2,---,p,
o >0,i=1,2,---,q, (5.14)
Bi>0i=12---,q.
It then follows that
)4 q

tr(A) = ZA,- +2Za,» (5.15)

and

w(42) = Xp:/\% +2)° (aF - 7). (5.16)

Then, the difference between tr2(A) and tr (A2) can be expressed as
2 q 2 P q
tr2(A) — tr (A2) <ZA ) +4 (Z a,-) +4 (Z A,-) (Zal)
i=1 i=1 i=1
p q
—Y a2y (- A7)
i=1 i=1
=2 Y Ak +4Z,\ Zal +2Z(x

I<i<j<p i=1 i=1
+8 Z a,otj—i-ZZ,B
1<i<j<gq
>0, (5.17)

from which we can readily conclude by invoking (5.14) that if A has at least one
pair of imaginary eigenvalues, then

12 (A) > tr (Az) . (5.18)
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Therefore, a necessary condition for the equality sign to hold is that all the
eigenvalues of A are real. Under this condition, (5.17) can be simplified as

2 (A) — tr (Az) = (Z:’ZI )\,-)2 -3 (5.19)

where p > 1. Now, we consider two separate cases, p = l and p > 2. If p = 1,
tr’(A) —tr (A%) = 0 forany A; > 0.1f p > 2,

2 2\ _ ).
t2(A) — tr (A ) = 221§i<j§p Aikj, (5.20)

from which it readily follows that the necessary and sufficient condition for the
equality sign to hold is that at most one of the eigenvalues of A is positive.
Combining the two separate cases, we can conclude that the equality sign in (5.12)
holds if and only if all eigenvalues of A are real and at most one of them is positive.

O

Corollary 5.1 If all eigenvalues of A € R"™ " are on the closed right-half plane,
then the following inequality holds for any real y > 0:

y
2<2tr(A) + ny) ((Ztr(A) + ny) (tr(A) + #;/) — Jtr(A) —tr (A2)>

1
- fz(ztr(A) + n;/)'

(5.21)

Proof First we denote the left-hand side and the right-hand side of inequality (5.21)
as D1 (y) and D;y(y), respectively. The functions D;(y) and D> (y) are well defined
because of the assumption that all eigenvalues of A are in the closed right-half plane,
Lemma 5.2 and y > 0. We notice that D (y) can be written as follows:

r(A2)\\ "~
n+3 tr(A) y
2 y 2tr(A) + ny

D=

tr(A) +

Di(y) = | 2(2tr(A) + ny)’

In order to show that inequality (5.21) holds, it suffices to show that

tr (A?)
n+3 tr(A) y
2 y 2tr(A) +ny

tr(A) +
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which is equivalent to

nn+1) ,
4

2nytr(A) + >

202 (A) — tr (Az) >0,
which can be easily verified by using the facts that tr(A) > 0 and y > 0, along with
Lemma 5.2. O

Corollary 5.2 If A € R™" is exponentially unstable with all eigenvalues on the
closed right-half plane, then D1(y) as defined in the proof of Corollary 5.1, where
y > 0, has a unique maximal value D1(y*) achieved at y = y*, where

n(202(4) = (A2) + (1 + D)) + VA
Y= ) (5.22)
n(n + 3)tr(A)

and
A= n2<2tr2(A) —tr <A2> F o+ 1)tr(A))2
2n(n + 3)tr2(A)(2tr2(A) —tr (Az) ) (5.23)

Proof We determine the monotonicity of Di(y), which is equivalent to the
monotonicity of D%(y). The derivative of D%(y) with respect to y is derived as
follows:

dh(y)
a3 "y,

dy h2(y)

’

where

3
h(y) = 2(2tr(A) + ny)((Ztr(A) + ny)(tr(A) + %y) — ytr(A) —tr <A2> )

(5.24)
: : . dh(y) .
Then, it suffices to determine the sign of A(y) — y 3 whose expression can be
Y
obtained as,
da(y) . ) 2 2
h(y) =y =5 = = =20+ 3)iw(A)y* +2n (424 —2tr (42) + @0 +2)1r() )y
14

F4tr(A) <2tr2(A) —r (A2)) . (5.25)
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It can be observed that the right-hand side of (5.25) is a quadratic function of y. By
Lemma 5.2, it has a unique positive root y* as long as A is exponentially unstable
with all its eigenvalues in the closed right-half plane, where y* is defined as in
(5.22). Moreover, for each y € (0, y*),

dh(y)

h(y) —y > 0, (5.26)
dy
and for each y € [y*, 00),
dn
h(y) — 7/& <0. 5.27)
dy

Therefore, the continuity of D;(y) with respect to y implies that D1 (y) reaches its
unique maximal value D (y*) at y*. O

5.2.2 Stability Analysis

We first provide an example to show that for a system that is not exponentially
unstable but has purely imaginary poles, delay independent truncated predictor
feedback in general is not able to achieve stabilization for a sufficiently large delay.

Example 5.1 Consider system (5.1) with a constant delay
dit)=r

and

01 0
A= |:_1 0] , B= |:1:| . (5.28)

The system is controllable with A(A) = {£j}. Consider the delay independent state
feedback TPF law (5.6) with

F(y)=—[y*2y]. (5.29)

where y > 0 by the inequality in (5.9). The characteristic equation of the closed-
loop system is given by

det(s/ — A+ BB"P(y)e ™) = s+ 2yse ™ 492 41 =0.

We first define two real sequences as
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1 w?—1 21
-1 R . .
i1 = — —— ) +i—, i €N,
Ti 1 o cos (4(93 I yz) I o i

(5.30)

1 21 2w
Tip = —cos~! (%) +i—, ieN,
W, 47 +y W,

where 7; 1 is defined on y € (0, +00), 7; 2 is defined on y € (0, 1),

1
2
W = <1 + 2y 4y /592 + 4) (5.31)

and

1
2
o, = (1 +2y% — /52 + 4) : (5.32)

We consider two cases with respect to the value of y.

(D Fixay > 1. Then, according to [24], the closed-loop system is unstable if

T >71,1-
Note from (5.30) that
b4
70,1 < —F=,
276
because
Wy > \/6
and

1 ( w—1 ) b
cos — | < =
4w} + y? 2
This implies that the closed-loop system is unstable if
b4
T>—.
2V6
(II) Fix a y € (0, 1). According to [24], because the closed-loop system in the

absence of delay is stable and

wr > w, > 0,
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there exists k € N\ {0} such that the sequences in (5.30) satisfy

0<701<702<T11<T12<...<Th-11<Thk=12 < Tk,1

< Th+1,1 < T2 < ..oy
and the closed-loop system is unstable if
T € Uierok—1117i,1, Ti,21 U [1%,1, 00).

Note from (5.30) that

T .
T < ) + 2mi

and
T
Tip > > +2mi, i €N,
because
wg > 1,
|
4w + y? 2
w, <1,
and

N

i @1
cos ——— =5
4o +y 2
Therefore, if

r:%+2nl, €N,

the closed-loop system is unstable.

Combining the two cases, we see that, for any of the delays,

r=%+27tl, leN,
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the closed-loop system is unstable for each y > 0. This implies that the delay
independent truncated predictor feedback law (5.6) fails to stabilize the system with

r=%+2nl, l€N.

O

Unlike the class of linear systems with open loop poles at the origin, linear
systems with purely imaginary open loop poles cannot be stabilized by tuning the
feedback parameter of the delay independent state feedback law if the delay is
too large. However, the stabilization of a general linear system can be achieved
by tuning the feedback parameter as long as the delay value is small enough. We
now present a theorem on this fact. Before presenting the theorem, we make the
following assumption on system (5.1).

For a general system (5.1), the eigenvalues of A can be anywhere on the complex
plane. Without loss of generality, let the pair (A, B) be given in the following form:

A= A 0O B= B, ’
0 Ag By
where all eigenvalues of A, are in the open left-half plane and all eigenvalues of A,
are in the closed right-half plane. Correspondingly, system (5.1) can be written as

{ X(t) = Ax (1) + Buu(o (1)),
Xp (1) = Apxe (1) + Bru( (1)),

where
x(t) = [x[(®) xi(0)]".

It is clear that any linear state feedback law that stabilizes x; subsystem would
stabilize the entire system. Thus, we will assume, without loss of generality, that all
eigenvalues of A are on the closed right-half plane.

Theorem 5.1 Consider system (5.1). Let (A, B) be controllable and all eigenvalues
of A be on the closed right-half plane. If, for each y > 0,

4

D <
2(2tr(A) + ny) ((Ztr(A) +ny) (tr(A) —+ #)/) — ptr(A) —tr (AZ))

(5.33)
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then the delay independent state feedback TPF law (5.6) asymptotically stabilizes
the system.

Proof Under the assumption that all eigenvalues of A are on the closed right-half
plane, we let y > 0 satisfy (5.9). The closed-loop system consisting of system (5.1)
and the delay independent truncated predictor feedback law (5.6) is expressed as

X(1) = Ax(t) + B (—=B"P) x(¢(1)))
= (A= BB"P)x(t) + BB"P(x(t) — x(¢(1)))
= Acx(t) + BB"PA(1), (5.34)

where

Ac = A+ BF(y)
— A—BB"P(y) (5.35)

is defined in Lemma 5.1 and
At) = x(1) — x(o(1)).
Consider a Lyapunov functional
V(x:) = Vix) + Valxy), (5.36)
where

Viix) = x"(1)Px(1), (5.37)

0 ot
Vo(xy) = 6/ / x"(s)Px(s)dsdd,
—D Jt+6

and € is some real positive constant whose value is to be determined later. Then the
derivative of V (x;) along the trajectory of the closed-loop system is

V) = Vi(x) + Va(x).
On one hand, V1 (x) can be evaluated as

Vi(x) = ") Px(t) + x" (1) Px (1)
= x"(t) (ALP + PAc) x(t) + 23" (t)PBB" Px(t)
=x"(t) (~yP — PBB"P)x(t) +2."(t) PBB" Px(1)
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IA

—yx"(t) Px(t) + A"(t) PBB"PA(t)
—yx"(0) Px (1) + (2u(A) + ny)A (1) PA(t), (5.38)

A

where we have used Young’s Inequality and the properties of P(y) as established
in Lemma 5.1. Considering that

t
A1) =/ x(s)ds,
(1)

we can continue (5.38) by using Lemma 2.2 as follows:

t T t
Vi(x) < —yx"(t)Px(t) + (Ztr(A) + n)/) (/ )'c(s)ds) P (/ )'c(s)ds>
o) 10

t

—yx"(1)Px(t) + (2tr(A) + ny)d(r) xT(s) Px(s)ds
t—d(t)

IA

IA

t
—yx"(t)Px(t) + (Ztr(A) + ny)D/ x"(s)Px(s)ds. (5.39)
t—D
On the other hand, we have
. 0
Va(x,) = € / (xT(t)P;c(r) — ¥+ O PR+ 9))d9
-D
t
=c (D)'cT(t)P)'c(t) — / )'cT(s)P)'c(s)ds> . (5.40)
t—D
Combining (5.39) and (5.40), we have
t
V(x) < —yx"(0)Px(t) + (2te(A) +ny)D / x7(s) Px(s)ds
t—D
t
+eDx"(t) Px (1) —e/ X"(s)Px(s)ds. (5.41)
t—D

By (5.34), Young’s Inequality, Lemma 5.1, and Lemma 2.2, x"(t) Px(t) can be
evaluated as

TP = (Acx(t) n BBTPA(t)>TP<ACx(t) 4 BBTPA(t))
< 2xT(1)ATP Acx(1) + 207(t) PBBT P BBTPA(1)

< 2w X" (1) Px (1) + 2(2tr(A) + ny )22 (1) PA(t)

' g t
< 2wx" (1) Px(t) + 2(2tr(A) + ny)2 (/t—d(t) J'c(s)ds) P (/t.—d(t) X(s)ds)
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t
< 2wx" (1) Px(1) + 2(2tr(A) +ny)2D/ xT(s)Px(s)ds, (5.42)
t—D

where @ is as defined in Lemma 5.1.
Substitution of (5.42) into (5.41) results in

V(x;) < (—y +2eDw)x"(t) Px(t)

+((2tr(A) +ny)D +2¢D*(2tr(A) + ny)” — e)

t
X f XT(s)Px(s)ds. (5.43)
t—D

Let

B (2tr(A) + ny)D
" 1-2D2(2tr(A) + ny)?

(5.44)

be such that the second term in (5.43) is zero. Notice that € is positive if and only if

1
D —uuo (5.45)

\/E(Ztr(A) + ny) .
Hence, under condition (5.45),
V(x;) < (—y +2eDw)x"(t) Px(1).
Furthermore, if
—y +2Dw <0, (5.46)
then there exists some positive constant p(y), depending on y, such that

V(xr)

IA

—p()x (1) Px(1)
— (W Amin(P) x5 < 0, x(t) # 0,

IA

where Amin(P) denotes the minimal eigenvalue of P and ||x(¢)]|2 is the Euclidean
norm of x(¢). Recalling the structure of V (x;), we have

Amin(P)Ix ()13 < V(xr)

0
< max(P) max_ [x:(5)13 + € Dhmax(P) / I (5) 13ds.
se[—D,0] —D
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where Apmax (P) is the maximum eigenvalue of P. By Theorem 1.1, stabilization of
system (5.1) is achieved under the delay independent truncated predictor feedback
law (5.6) as long as (5.45) and (5.46) hold.

Substitution of the expressions of € and @ into (5.46) gives

2tr(A) +ny 1
2
y > 2D )2

~(ny +2t:(A))((n + Dy + 2tr(A)
1 —2D2(2tr(A) + ny (ny ) ’ )

2
—ptr(A) — tr (Az) )
which is equivalent to (5.33). In view of (5.45), if the delay bound D satisfies
D < min{D;, D},

where D1 and D are as defined in the proof of Corollary 5.1, then the closed-loop
system is asymptotically stable. Noting that 0 < D; < D, for any y > 0 by
Corollary 5.1, we have

min{D, D} = D;.

This completes the proof. O

Remark 5.1 To examine the conservativeness of Theorem 5.1, we now compare
(5.33) with the existing results in the literature. Considering the case where all
eigenvalues of the open loop system are at the origin, we have

tr(A) = tr (A2> =0.

Inequality (5.33) then simplifies to
1

D<——, y>0,
n«/n+ 3y Y
which is equivalent to
! D>0 (5.47)
< —, > 0. .
Y n«/n+3D

This implies that for any time-varying delay that is bounded by an arbitrarily large
D, the system would be stabilized under the delay independent truncated predictor
feedback law as long as y is chosen sufficiently small. Moreover, the upper bound
on y is given by (5.47). Recall the result of Theorem 2 from [122], which establishes
an upper bound of y as

1

<———— D=>0. (5.48)
SﬁnﬁD

Y
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Comparing (5.47) with (5.48), we can easily observe that, for any system whose
eigenvalues are all at the origin, our result on the upper bound of y is less
conservative than that of [122]. Note that the Razumikhin Stability Theorem was
adopted to obtain (5.48). We consider the Krasovskii stability analysis an advantage
over the Razumikhin stability analysis. ]

Remark 5.2 'We consider a system whose open loop poles are all on the imaginary
axis and there exist at least one pair of nonzero poles. In this case, tr(A) = 0 and
tr (Az) < 0. Consequently, (5.33) reduces to

1
D < .y >0. (5.49)

n(n(n +3)y2 —2tr (Az))

Moreover, the right-hand side of (5.49) is strictly decreasing with respect to y.
Hence, any

NN

is a valid bound for some y > 0.
In addition, recall that the system in Example 5.1 is unstable under any feedback
parameter if

T
T=—
2

On the other hand, by (5.50), the delay bound of the system can be arbitrarily close

1 14
to Z_ﬁ < 7 which requires y to approach zero. This implies that Theorem 5.1
does not conflict with Example 5.1. O

Remark 5.3 We now consider exponentially unstable systems whose open loop
poles are all on the closed right-half plane. By Corollary 5.2, we observe that the
delay bound given in (5.33) has the unique maximal value D (y*) at y = y*, where
p* is the unique positive solution to (5.22), D (y) is as defined in Corollary 5.1 and
D (y™*) is independent of y. Furthermore, we note that

lim Di(y) = lim Di(y)
y—0t y—>+00

=0. (5.51)
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Therefore, any delay bound that satisfies 0 < D < D;(y*) is valid for some y > 0.
O

Remark 5.4 We note that only the information of the delay bound, not even the
information on the derivative of the delay, is involved in (5.33), which guarantees
the stabilization of system (5.1) under the delay independent truncated predictor
feedback law (5.6). Therefore, Theorem 5.1 can be applied to systems whose input
delays are fast-varying, which will be shown in the simulation to be presented
in Sect. 5.2.3. It is worth mentioning here that, for the practical application of
Theorem 5.1, the delay bound D of the time-varying delay d(¢) needs to be known
in order to determine an appropriate value of y for the stability of the closed-loop
system. However, no knowledge of the delay itself is needed in the construction of
the delay independent state feedback TPF law (5.6). This illustrates the robustness
of the feedback law (5.6) with respect to uncertainty in the delay. U

5.2.3 Numerical Examples

In this section, we provide simulation results to demonstrate the theoretical conclu-
sion of Theorem 5.1. We consider three different cases of system (5.1): a system
whose open loop poles are all at the origin, a system whose open loop poles are all
on the imaginary axis with at least one pair of nonzero poles, and an exponentially
unstable system whose open loop poles are all on the closed right-half plane.

Example 5.2 (A System with All Poles at the Origin) Consider system (5.1) with

0100
A 0010  B=
0001

0000

- o O O

Clearly, the system is controllable with all its open loop poles at the origin. For a
linear system with all its open loop poles at the origin, the delay independent state
feedback TPF law stabilizes the system in the presence of any bounded input delay
as long as the value of the low gain feedback parameter in the feedback law is chosen
sufficiently small. Consider a fast-varying time delay

d(t) =05 (1 n sin2(100t)) , (5.52)

with an upper bound D = 1. We pick a feedback parameter y = 0.3. Let the initial
condition of the system be

x@=[10-12]", 6[-D,0] (5.53)
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Fig. 5.1 Example 5.2: State response and control input under the delay independent state feedback
TPF law (5.6): y = 0.3
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The state response and control evolution under the delay independent state feedback
TPF law are shown in Fig. 5.1. To examine the low gain nature of the feedback law
(5.6), we pick a smaller value for y as 0.1 and observe its effects on the closed-
loop performance of the system. Figure 5.2 illustrates the state response and input
evolution of the closed-loop system with the same initial condition as given by
(5.53). A comparison of the two figures clearly shows that although the stabilization
of the system in the presence of a large input delay requires the feedback parameter
to be sufficiently small, an excessively small feedback parameter typically leads
to poor closed-loop performance in the form of a large overshoot and a small
convergence rate. Thus, we need to avoid choosing an unnecessarily small value
of the low gain parameter. (]

Example 5.3 (A System with All Poles on the Imaginary Axis) Consider system
(5.1) with

,B=

S = O
- O O O

0
0
1
-20

S O O

Clearly, (A, B) is controllable with A(A) = {£j, £j}. Also, tr(A) = 0 and
tr (A2) = —4. Let y = 0.5 be the feedback parameter, and the corresponding delay
bound in (5.49) is given as D < 0.1291. For the simulation purpose, let D = 0.12.
In order to show that the delay independent truncated predictor feedback law (5.6)
is applicable to systems with a fast-varying input delay, we choose the time-varying
delay as follows:

d(r) = 0.06(1 + sin2(100t)),

from which it can be easily verified that d(t) € [0.06, 0.12] and |d(t)] <6, t>0.
Simulation is run for 20 s with the initial condition

") =[-2102], 6 €[-0.12,0].

Shown in Fig. 5.3 are the state response x (¢) and the control input u(¢), for y = 0.5.
The stability of the closed-loop system is clear. To examine the conservativeness of
delay bound in Theorem 5.1, we determine through simulation the tight bound on
the constant delay for y = 0.5 to be D = 0.50. (]

Example 5.4 (An Exponentially Unstable System) Consider system (5.1) with a
controllable pair
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Fig. 5.2 Example 5.2: State response and control input under the delay independent state feedback
TPF law (5.6): y = 0.1
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Fig. 5.3 Example 5.3: State response and control input under the delay independent state feedback
TPF law (5.6): y = 0.5
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01000 0
—-10 100 0
A=100010|, B=]0
00-100 1
0000O01 1

It can be verified that A(A) = {£j, £, 1}. Also, tr(A) = 1 and tr (Az) = —3. Let
y = 0.1. The corresponding delay bound in (5.33) is given as D < 0.1768. For the
simulation purpose, we choose D = 0.17, and a fast-varying delay

dt) = 0.085<1 n sin2(100t)).

Clearly, d(¢) € [0.085,0.17] and |d(t)| < 8.5,¢ > 0. With the initial condition
given by

x"@)=[-2102~1], 6 €[-0.17,0],

simulation is run for 100 s. Shown in Fig. 5.4 are the state response and the control
input, which show that the system is asymptotically stable. As in Example 1, we
determine through simulation the tight bound on the constant delay for y = 0.1 to
be D = 0.45. O

5.3 Improvement on the Closed-Loop Performance

Example 5.2 in Sect. 5.2 numerically verifies that a small value of the feedback
parameter increases the ability of the delay independent truncated predictor feed-
back law to stabilize a linear system with all its open loop poles at the origin
or in the open left-half plane. However, too small a feedback parameter degrades
the closed-loop performance in terms of the overshoot and the convergence rate.
Generally speaking, poor closed-loop performance with a large overshoot and a
slow convergence rate is the consequence of the application of low gain feedback
designs. We will examine the side effects of small values of the feedback parameter
on the closed-loop performance in the stabilization of a linear system with all
its open loop poles at the origin or in the open left-half plane. Furthermore, we
will propose an approach to improving the closed-loop performance under a delay
independent truncated predictor feedback law. Specifically, the traditional low gain
feedback design with a constant feedback parameter is generalized to a time-
varying parameter design. For an unknown delay with a known upper bound, a
delay independent truncated predictor feedback law with a time-varying feedback
parameter, constructed by using the parametric Lyapunov equation based approach,
globally regulates the system to zero as long as the time-varying low gain parameter
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Fig. 5.4 Example 5.4: State response and control input under the delay independent state feedback
TPF law (5.6): y = 0.1
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has a continuous second derivative and approaches a sufficiently small constant with
its derivative approaching zero as time goes to infinity. Improvement on the closed-
loop performance over the traditional constant parameter design is demonstrated
through a convergence rate analysis and then observed in simulation.

The value of the low gain parameter embedded in the feedback gain matrix
of the delay independent truncated predictor feedback law is determined by an
upper bound of the delay (see [63] and [122]). The upper bound of the feedback
parameter derived based on a Lyapunov analysis is conservative due to numerous
estimations made throughout the derivation. Inspired by the spirit of the traditional
low gain feedback design [61], we propose the concept of time-varying low gain
feedback, where the low gain parameter is time-dependent. To improve the closed-
loop performance, we design the parameter that starts from a relatively large value,
and approaches a sufficiently small positive constant dependent on the known bound
on the delay as time goes to infinity. Intuitively, such a time-varying parameter
reduces the overshoot and increases the convergence rate in the early stage of the
state evolution. As the closed-loop system reaches a state around zero, the value of
the parameter is decreased to a sufficiently small constant that would not affect the
closed-loop performance while guaranteeing stability.

A fundamental difficulty in stability analysis that involves a feedback law
with a time-varying feedback parameter lies in the Lyapunov analysis. Typically,
Lyapunov analysis requires V(x(1)) < —w(|x(@)]), where V(x(1)) is a Lyapunov
function, w(-) is a positive scalar function, and |x(¢)| is the Euclidean norm of the
current state of system. In the case of time-varying feedback laws, taking the time
derivative of a typical Lyapunov function V (x(¢), t) = x"(¢) P(t)x(¢), where P (t)
is a time-varying positive definite matrix, results in terms involving different time
instants such as x"(s) P(0)x(s) with s # 6. Majorization of the time derivative
by —w(|x(#)]) poses challenges. However, the partial differential equation (PDE)
representation of the closed-loop system, which has been extensively explored
in [59], provides us with more freedom to construct a Lyapunov functional that
facilitates such majorization. Indeed, this PDE representation has been exploited
in [14] and [15] to carry out design and stability analysis of adaptive predictor
feedback laws. Furthermore, as seen in these references, the Lyapunov analysis
is direct, without resorting to the Krasovskii or Razumikhin Stability Theorem.
Recent advancements in designing predictor-based feedback laws have been made
by employing the PDE method and various backstepping transformations for linear
time-invariant systems with distinct input delays [94] and nonlinear systems with
multiple input delays [11] or even distributed input delays [10]. In this section, we
will also adopt the PDE representation of the closed-loop system and direct stability
analysis to obtain design specifications for the feedback parameter that guarantee
closed-loop stability.
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5.3.1 Time-Varying Low Gain Feedback Design

We consider the regulation of a linear system with delayed input,
X(t)=AXt)+BU({t—1), t >0, (5.54)

where X € R" and U € R™ are the state and the input, respectively, and T € R™
is an unknown constant delay with a known upper bound T > 7. In this section, we
adopt capital letters X and U to denote the state and the input of the system because
their lower cases are reserved for other purposes. The initial condition is given by

X(0) = ¢(0), (5.55)

where ¢(0) € C[—rt,0]. It is assumed that (A, B) is controllable with all
eigenvalues of A at the origin.
Remark 5.5 Alternatively, we can define the initial condition of the delayed system
(5.54) as

U®) =v(©) e Cl-t,0] (5.56)
and

X(0) =X e R". (5.57)

Because we are considering the closed-loop system under a state feedback law, it is
more convenient to define the initial condition solely in terms of the state X (t). [

It was pointed out in Theorem 1 of [122] that the delay independent truncated
predictor state feedback law (also referred to as the delay independent state feedback
TPF law)

U)

F(y)X ()
—B'P(y)X (1),

with a constant feedback parameter y, asymptotically stabilizes system (5.54) for
an arbitrarily large delay 7 if

1
0, —— |, 5.58
ve ( 3x/§nﬁ?:| 629

where P(y) is the unique positive definite solution to the parametric algebraic
Riccati equation,

A'P(y)+ P(y)A— P(y)BB'P(y)=—yP(y), v >0. (5.59)
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Notice that the feedback gain matrix F(y) in the delay independent state feedback
TPF law is constant when y is fixed. Also, the theoretical bound of y given by (5.58)
is considerably smaller compared with the bound observed from simulation.

To overcome this conservativeness in determining the value of y, we design a
time-varying low gain feedback law whose feedback parameter is time-dependent,

Ut)

F(y®)X(@)
—B"P(y(t))X(t), t > —1. (5.60)

Considering the inverse proportionality relationship between the upper bound of y
and T as shown in (5.58), we design the time-varying feedback parameter as

1) = . 5.61
y () 70 (5.61)
Here h is a positive constant and 7 (¢) satisfies the following conditions:
2(t) € C*[—1,00), T(t) >0, lim (1) =7, lim 7(r) = 0. (5.62)
t—00 —>00

5.3.2 PDE-ODE Cascade Representation

As pointed out in [59], the delayed input U (f — ) in system (5.54) can be considered
as the boundary value of

ux,t)=U@+t(x—1)), x €l[0,1] (5.63)
at x = 0, where u(x, t) is the solution of a transport PDE
Tup(x, 1) = uyx(x,t), (5.64)
with the boundary condition
u(l,t) =U(@). (5.65)

Thus, system (5.54) is equivalent to the cascade of an ordinary differential equation
(ODE) with a transport PDE,

X(t) = AX(1) + Bu(0, 1), (5.66)

‘Cul(-xvt) = Mx(-xvt)s (567)

u(l,r) = U@). (5.68)
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Following the idea in analyzing an adaptive predictor feedback law for linear
systems with unknown input delay [15], we define a signal associated with 7 (z),

ax, ) =U@+7@)(x — 1)), (5.69)
which can be verified to satisfy the PDE,

2O, 1) = (14 2(0)(x — D)y (x, 1), (5.70)
a(l, 1) = U(). (5.71)

In view of the expression for the time-varying low gain feedback law (5.60), we
have the difference between i (x, t) and U (¢) as

wx, 1) =u(x, 1) —U®)
=0(x, 1)+ B"P(y(1)X (). (5.72)

To measure the distance between 7 (z) and the actual delay 7, we define
W) =1 —1(), (5.73)
and correspondingly,
a(x,t) =u(x,t) —u(x, 1), (5.74)

from which, along with (5.60), (5.66), (5.70), (5.71), and (5.72), we obtain the PDE
for w(x, 1) as

A N ; " aP .
20yl (x, 1) = o, (x. 1) (1 +30)x — 1)) i r(r)BTWy(t)X(z)

+ 2B P 1) ((A - BEP((1))X (1)
+ Bii(0, 1) + B0, 1)), (5.75)
w(l, 1) =0. (5.76)

By (5.66), (5.72) and (5.74), the closed-loop system under the time-varying low
gain feedback law (5.60) takes the form,

X(t) = (A= BB"P(y(1))X (1) + Bii(0, 1) + B (0, 1). (5.77)

By (5.67), (5.70), (5.71), (5.72), (5.73), and (5.74), the PDE for u(x,t) is
obtained as



5.3 Improvement on the Closed-Loop Performance 177

wl@x(& 1), (5.78)
(1)

u(l,t) =0. (5.79)

Tﬁ[(x, t) = ﬁx(x9 t) -

The constructed Lyapunov functional used in the stability analysis to be carried
out in the next subsection also contains w, (x, t) besides & (x, t) and Ww(x, t). Thus,
in view of (5.70), (5.72), (5.75), and (5.76), we derive the governing PDE for
Wy (x, 1) as

2 ()l (X, 1) = ox (x. 1) (1 +i0)x — 1)) ()i (x. 1), (5.80)
aP

wy(l,t) = — f(t)BTW))(t)X(t) - f(l)BTP(J/(l))((A — BB"P(y (1)) X (1)

+ Bii(0, 1) + B(0, t)). (5.81)

The following lemma establishes estimates of cross terms between i(x, 1),
w(x, 1), We(x, 1), Wex(x, 1),, and X (7).

Lemma 5.3 The following properties hold for system (5.54):
1 .
_ / (1+x) (f TR (x — 1)) AT (x, )y (x, )dx
0

5 1
< —
< (Itl + 21

for any positive constant €,

: 1
f(r)D (e @I+~ [ (o) |\2> , (5.82)

1
/ (1+x) (1 F 30 (x — 1)) B (x. )i, (x, £)dx
0
1
=5 (

! AT A TaP'
/ (I +x)w"(x,)T()B"'—y ()X (t)dx
0 %

. : 1
f(t)‘ — 1) B0, n|* + ( f(t)‘ - 5) o7, (5.83)

£(1)
T(t)

2

‘ 9P 9P

R XT() BB X (1), (5.84)
oy ay

< il

1
/0 1+ 00" (x, NT@OB"P(y () ((A— BB"P(y (1)) X (t) + Bii(0, 1) + Bi(0, 1)) dx
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3
< 20ny @) D] + FEOn(+ Dy2O)X Py )X (1)

+3¢ny @ ([0, 0 + 0. D). (5.85)

1 .
/ (1 +x) (1 A - 1)) BT (e, 1)l (x, £)dx
0

. 1 2
< liba (1P + 5 ( (5.86)

A A A 1 A
20| = 1) 10,0, 0P + ( i) - 5) s 0]
and
(1, O < 2820720 X 0 L BB 2L X (1) + 682(n22(0)
oy oy
ntl T - 2 s 2
x (S OXTOPGOX O + 30,0 + |0, 0 ).
(5.87)

Proof Equation (5.82): By using Young’s Inequality, we obtain
1 .
—/ (14 x) (f F TR (x — 1)) AT, D)y (x, )dx
0
~ 1 A ! ~ 2 I . 2
= (11457 r(l)‘ el 0 + = [ (e[ ) dx
0

ISP 1
= <|f| +37 f(z)\) (e la@I? + - ||«bx<t)|}2),
€

where € is any positive constant.
Equation (5.83): Noting that w(1, r) = 0 and using integration by parts, we have

1
/ A+ x)w"(x, HWy(x, Hdx = (1 +x)W"(x, Hw(x, t)|(1)
0

1 1
—/ zi)T(x,t)ﬁ)(x,t)dx—f (1+x)D" (x, 1)y (x, £)dx,
0 0

which implies that

1
/ (1 + )" (x, 1)y (x, )dx = —% (|w(0, n* + ﬁ)(t)||2) : (5.88)
0

On the other hand,
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1 1
/ (¥ = 1) ", Db x, Ddx = Db, n)? —/ x | (x, )] d
0 2 0
implies that

. 1
f(t)/ (x2 — 1) D (e, )iy (x, )dx <
0

- 1
0] <§|ﬁ}(0, nI> + ||w<r)|\2>
(5.89)

Thus, (5.83) readily follows from adding (5.88) and (5.89).
Equation (5.84): By (5.61) and Young’s Inequality, we have

! AT A 1OP .
/ (14 00 (5. DO B 57 (O X (s

(1)

f(1+x>”( s X
(1) ady
< 2/ hiD(x, t)r(t)h4BT X(1)| dx
~—Jo (1) dy
T\, 3, P 3P
< h? ) +(f(t)) MX07 BB X (),

Equation (5.85): By Lemma 2.1 and Young’s Inequality, we derive
1
/ 1+ x0)d"(x, z)f(t)BTP(y(t))((A — BB P(y(1))) X (t) + Bii(0, 1) + B0, t))dx
0

= f(l)/ol(1 +X)11)T(X,t)BTP%(J/(f))P%(V(I))((A — BB P(y(1)))X (1)
+Bi(0, 1) + Bib(0, 1))dx
< () /01 @7 (x, )BT P (y (1) Bib(x, n)dx + (1) /01 ((4-BB"PG@)X®)
+Bii(0, 1) + B (0, t))TP(y(t))((A — BB'P(y (1)) X (1) + Bi(0, 1) + Bib(0, ))dx

1
(XA - BEP(r )" P(y))(4

—BB"P(y())X(t) +u" (0, ) B"P(y(t))But(0, 1) +w" (0, 1) B"P(y (t)) Bw(0, t))dx

(O Py ()X (1)

138(0)ny (1) (m(o, D12 + |, t)}z) .
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Equation (5.86): It can be verified that

1
0, (0, )]” — 5 RG]

1
) ) . 1
/ (1 4+ 0] (x, D (e, 0kx = [ (1,0 = 3
0
On the other hand,
1 ) 1 5 1 5
/ (% = 1) L (e Db (r. 1) = 3 [ie(0.1) —/ x|y (e, ) dx
0 0

implies that

. 1 .
f(t)/ (xz— 1) BT (x, )l (x, )dx < f(t)‘ (% |, (0, 1)|* + ||ﬁ)x(t)“2>.
0

Thus, (5.86) holds.
Equation (5.87): We evaluate w,(1,7) by using (5.81), Young’s Inequality and
Lemma 2.1 as follows:

iy (1, 1))

< Zfz(t)yz(t)XT(t)%BBT%X(I) +22%(1) (A= BB"P(y (1)) X (1)

+Bii(0,1) + Bd(0,1) P(y()BB"P(y(t)) (A— BB"P(y(1))) X(1)
+Bi(0, 1) + Bw(0,1))

< 2%2(r>y'2(r)XT<r>2—53#2—1:)((:) +2ny (1)22(t) (A — BB"P(y (1)) X (1)

+Bii(0,1) + Bb(0,1))" P(y(1) ((A — BB"P(y (1)) X (1)
+Bi(0,1) + Bw(0,1))
~2 02 T ap TaP ~2 T T T
<28%(Oy* ()X (I)WBB EX(” + 6ny (1)T°(1) (X"(t) (A — BB"P(y(1)))
xP(y(1)) (A— BB"P(y(1))) X(1) + " (0, 1) B"P(y (1)) Bii (0, 1)

070, 1)BTP(y (1)) B (0, z))

JP oP
<2t3(t)p* ()X (1) — BB — X (1)
ay ay

+622(1)n*y (1) (%y(r)xw)my(t»xm +1i(0, 1) |2 + |0, r)|2> :
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5.3.3 Direct Stability Analysis

Based on the fact that 7 (¢) has a continuous second derivative, we can establish the
second-order differentiability of the feedback gain matrix F(y(¢)), the state X (¢)
and the input U (¢). The differentiability of these signals is extensively involved in
the construction of the Lyapunov functional and stability analysis to be carried out
next.

Lemma 5.4 The time-varying feedback gain matrix F(y(t)) in (5.60) is bounded
and has a continuous second derivative ont € [—t, 00).

Proof By the time-varying low gain feedback design (5.62), T(¢) € C[—t, 00) is
positive and has a finite limit T, and hence 7 () is bounded on t € [—t, 00). Suppose
that

inf T(t) = Tmin, (5.90)
t>—1
and
sup T() = Tmax, (5.91)
t>—1

where 0 < Tpin < Tmax. BY the inverse proportionality relationship between y (¢)
and 7(t), y () is also bounded, with

inf y(¢t) = h/Tmax (5.92)
1>—T
and
sup y(t) = h/Tmin. (5.93)
t>—1

The increasing monotonicity of P (y) with respect to y by Lemma 2.1 implies that
P(y (1)) is bounded with

P(h/tmax) = P(y (1)) = P(h/Tmin). (5.94)
Therefore, the boundedness of F(y (¢)) follows readily from the construction of
F(y(@®)=—B"P(y ().
On the other hand, as noted in [121], P(y) is a rational matrix function of y,
which implies that P(y) is infinitely differentiable with respect to the feedback

parameter. The first and second derivatives of F(y (¢)) with respect to ¢ are given as
follows:



182 5 Delay Independent Truncated Predictor Feedback for Continuous-Time Linear. . .

aP h
F(y() = BT

=t (5.95)
. o h PP h 1, 5P 22(1)
Fly@) =B f2(¢)(_ IEnt 02 50 +— ‘0).  (5.96)

from which it follows that F (y(¢)) has a continuous second derivative with respect
to ¢ since 7(r) € C[—t, 00). O

Lemma 5.5 With the initial condition X(0) = (@) € C[—t, 0], system (5.54)
under the time-varying low gain feedback law (5.60) has a unique solution X (t) €
C[—1, 00). Moreover, U(t) € C[—t, 00) and X (1), U(t) € C'(0, 00) N Cz(r, 00),
where the notation C'(0, c0) N C2(z, 00) denotes the set of functions defined on
(0, 00) that has continuous first-order derivative on (0, 00) and has continuous
second-order derivative on (T, 00).

Proof The proof follows the general idea of the proof of Theorem 3.1 in [12]. Under
the time-varying low gain feedback law (5.60), system (5.54) becomes

X(t) = AX(t) + BF(y(t — )Xt — 1), t>0. (5.97)

Considering the continuity of both F(y(0)) and ¥/ () on 8 € [—1, 0], there exists a
unique solution

1
X (1) = ey (0) +/ e IBF(y(s — )Y (s — T)ds,
0

ont € [0, t], which implies that X (t) € C[—t, t]. Furthermore, the solution X (¢)
ont € [t,2t] is obtained as follows:

t
X)) =eAIX(1r) + / AU BF(y(s — 1) X(s — 7)ds, 1 € [1,27],

T
which implies that X () € C[—t, 2t] due to the continuity of X (¢) and F(y (¢))
on [0, t]. Similarly, the existence and uniqueness of X (¢) can be established along
the time axis toward positive infinity. The continuity and uniqueness of X (¢) on
t € [—1, 00) follow readily.
From the right-hand side of (5.97), we obtain X(t) € C(0, o0) in view of the fact

that X (f — 7) is continuous on ¢ € (0, co). Taking the time derivative of both sides
of (5.97) yields

X(t)=A’X(t)+ ABF(y(t —t)X(t — 1)+ BFE(y(t — 1))X (1 — 7)
+BF(y(t —1)AX(t —1)+ BF(y(t —1))BF(y(t —27))X (1 — 27),

which implies that X () € C%(z, 00) since X(1) € C[—t,00) and F(y@)) is
continuously differentiable on t € [—1, 00), as established in Lemma 5.4.
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Considering the time-varying low gain feedback law
U@t) = F(y )X (), (5.98)

we know that U (t) € C[—t, 00) because both X (¢) and F (y (¢)) are continuous on
t € [—1,00). Also, the first and second derivatives of U (¢) take the following form:
U@ =Fy@)X®) + Fy )X @), (5.99)
Ut) = F(y)X (@) + 2F (y )X (1) + F(y )X (), (5.100)
which, in view of X (t) € C[—1, 00) N C1(0, 00) N C3(z, 0o) and the continuity of
the second derivative of F(y (¢)), imply that U (¢) € C'(0, o0) N C%(t, 0). m|

With the time-varying low gain feedback law and the PDE representation of the
closed-loop system in hand, we can now establish global regulation of the system
by a direct Lyapunov stability analysis.

Theorem 5.2 There exists a sufficiently small positive constant h* such that, for
each h € (0, h*], the time-varying low gain feedback law (5.60) globally regulates
X (t) and U (t) of system (5.54) to zero, that is,

lim X)) =0, lim U®) =0,
t—00 t—00

for any given X (0) € C[—1,0] and U (9) € C[—rt, 0].

Proof Inspired by the Lyapunov functional in the stability analysis of linear systems
under an adaptive predictor feedback law [15], where a term involving 72(¢) is
introduced to bound 7 (¢), we consider

1
V(xe, y (1)) =XT(t)P(y(t))X(t)+b1r/O (1 +x) Ji(x, 1)[* dx
1
+b2f(t)/ (1+x)<|ﬁ)(x,t)|2+ |li)x(x,t)|2> dx, (5.101)
0

by discarding the term associated with #2(r) because 7(¢) in our case is not an
estimate of t but only provides information of an upper bound of delay to the time-
varying low gain feedback law in order to achieve regulation. Here, b and b, are
two positive constants whose values are to be determined later. Taking the time
derivative of V along the closed-loop trajectory gives,

VX, y (1)
=2X"(OP(y)X() + X" Py )X ()
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1
+2b1/ (1 +x)ﬁT(x,t)<ﬁx(x, 1)
0

ﬁ)x(xat)

7(1)

. 1
- (f T+ (x — 1)) )dx + 2b2/ (1 + )" (x, 1)
0

x (ﬁ)x (x.1) (1 F R0 (x — 1)) n f(t)BTg—i))(t)X(t) + 2B P 1))
x ((A — B'P(y (1)) X (t) + B&(0, 1) + B (0, t)))dx
1 . .
+2b2/ (1 + )0 (x, t)(li)xx(x, ) (1 A0 — 1)) + 3O, t))dx
0

. 1
+b2f(t)/ (1+x) (|12;(x, O + |y (x, t)|2) dx, (5.102)
0

where (5.70), (5.75), (5.78), and (5.80) are used.

To determine a time domain where V (X, y (t)) is well defined, we first observe
from the right-hand side of (5.102) that the highest order derivative is Wy, (x, t),
which can be computed as,

Wiy (X, 1) = lyx(x, 1)
U .,
= —7°(t 5.103
952 @) s=t+E(0)x—1) ( )
by virtue of (5.72) and (5.69). Recall from Lemma 5.5 that U () has a continuous
second derivative on ¢ € (7, 00). Then, Wy, (x, t) is well defined if
t > T+ Tmax, (5.104)

where Ty is defined in the proof of Lemma 5.4 as the supremum of 7(¢) on ¢t €
[—t, 00). This guarantees that

s=t+t(Hx—-1)>71 (5.105)
for any x € [0, 1]. It then follows from X(¢) € C1(0, 00), the continuous
differentiability of P (y (¢)) with respect to ¢, which is equivalent to that of F(y(t))
as indicated in Lemma 5.4, and 7(¢), y(¢) € Cl-1, 00), Which is implied by the
time-varying low gain feedback design (5.61) and (5.62), that V € C[t + Tmax +
1, 00) is well defined. Let

ts =T+ Tmax + 1 (5.106)

denote the starting point of the consideration of V (X;, y(¢)) as a function of 7.
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With the help of the parametric algebraic Riccati equation (5.59) and the closed-
loop representation (5.77), we obtain from (5.102) that

VX, y(@) = XT(t)( —y@®OPy@®) — P(y(t))BBTP(y(t)))X(t)

+2X"()P(y(#))Bu(0,1) +2X"(t) P(y (1)) Bw(0, 1)

. P,
+X (t)a—y(t)X(t)
Y

1
+ 2b; f (A +x)a"(x, )iy (x, t)dx
0

2b
(1)

l .
/ (14 x) (f F i) — 1)) AT Cx, ), (x, 1)dx
0
1
+ 2b2/ 1+ x)w"(x, )Wy (x, 1) (1 + 1) (x — 1)) dx
0
1
+2b2f (1 4+ 00 (x, HT ) B P(y (1))
0
x (A= BB"P(y(0) X () + Bi(0, 1) + Bid(©0, 1) dx
1 . . P .
+2b2f (14 )@ (x, 1)2(t) B — y (1) X (t)dx
0 ay
1
+2b2/ (1 + x)B" (x, Dby (x, 1) (1 + () (x — l))dx
0
1 .
+2b2/ (1+x)|zf)x(x,t)|2f(t)dx
0
X ! 2 2
+bzf(t)/ (1+x)(\zb(x,z)} + |y (x, 1) )dx.
0
Next, we use
1 1
/ (I +x)i" (x, ity (x, 1)dx = —E(Iﬁ(O, D> + a1,
0

Young’s Inequality and the properties (5.82)—(5.86) in Lemma 5.3 to estimate
V(X;, y (1)) as,

V(X1 y () < =y OX O P )X (@) +21i(0, 1)

. 2 0 OP .
+2]00, 0"+ X (z)@y(z)xo)
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7+ 1 r’r(t)‘

2 2
= b1 (1800, 0P + 170 I7) + 251 —— ¢

1, . 2 1
o Ol ) +2b) (E (
: 1
+([to] - 3) e )

. . 3. T
+2by <r(z)n)/(t) |}w(z)”2 + Er(t)n(n + DyY2OX (P @)X (1)

(enawi?

to)=1) w00

+3¢@ny o) (170,01 + 00,0 [*))
. 2
1y 2 [(tTO\ 3., 9P 9P
+2by (hz||w(z)|| +<f(t)> h2X(t)$BB B)/X(l))

. 1
o) - 5) ||u>x(t>||2)

+4by (1) i () |* + 26212 ()] (||ﬁ;(r)\|2 + () “2) . (5.107)

1 /1.
+2by (|u3x(1, 0 +3 ([to]=1) liw©.0f + (

Substitution of |ﬁ)x (1,1) }2 in (5.107) by its estimate (5.87) and arranging the terms
in (5.107) give

VXe v ) = XTOPGO)IX0) (= () + 602 0On? (0 + Dy (1)

+3byt(Dn(n + 1))/2()?)) +1i(0, )% (2 = by + 6byt ()ny (1)
2@+@(

1+ 37|20
+ 126282 Ony2 (1)) + (o)1 (—m + 2b16H)

+ 12b2f2(t)n2y2(t)) + i é(z)‘ — 1) 4 6bat(D)ny (1)

(1)

X 2
+XT(r)(8 y(z)+2b2h2<T(t)) 0P pprdf

() ) oy ay
+4by 22 (1)p? (z) z;’)xm
2b + (t 2
+ i ]2 ( 1”'2(:)”)'—192+8b2|r<r>|>

+ @) |* (=b2 + 26220y () + 2y + 4bylE ()

+ iy (0, t)|2b2(

é(r)‘ — 1) : (5.108)
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Recall that

h
y(t) = 0 (5.109)
We have
h=y@®)t(t).

Substitution of ¥ (#)T(¢) in (5.108) by & simplifies the estimate of V(X;, y (1)) as
follows:

V(Xe 7 (1) =y OX P )X @) (=1 +6bon’(n + Dh®
+3ban(n + Dh) + (0, 1)[? (2 — by + 6banh + 12b2n2h2)

+ i, ) (b2 (

é(z)‘ — 1) 42+ 6bonh + 12b2n2h2)

. HER110]
a1 by | =1 + 26—
(1)
22
X7 2l fap, (TD) 2P P 3
20 ay Nt ] a7 By
2(t) 9P op
taby [ 22 ZLpp lin? | xa
T(t) ] oy ay
A w |f|+%r‘é(t)( .
+ )] ——+8b2‘r(t)‘—b2

€ (1)

+ [ bz (=1 + 21k + 203 + 4

fo)

+ i, 0 b2 ([0 = 1) (5.110)

To group terms that involve % in (5.110), we consider

1 1 1 1
aP P dP\Z (aP\2 ___ (dP\2 (3P
BB — = — — ) BB"(— —
dy ay ay ay % dy

LOP \ AP
<tr|B"—B | —
ay dy

9 . P
=3 (tr (B"P(y)B)) P
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where Lemma 2.1 is used. It then follows that

. 2
h . 9P 2\ 9P 9P
- A(t)—+2b2(t()) — BB"— (h%+2h2)

20 % ? 9 9
T2(1) 1 (1) 14 Y
< poF ‘fm‘ (1 +2b, ‘é(r)‘h%n + 4by ?(t)‘hn)
= 20
TmaxAmax (maxye[h/rmax,h/rmin] {3—5]) 7 (t)‘
=y®Py®) 7 5
)Vmin(P(ﬁ)) Tmin
x (1 +2by (%(t)‘ hn + 4by é(z)’hn), (5.111)

where Amin(-) and Amax(-) denote respectively the minimum and the maximum
eigenvalue of a real symmetric matrix, Tmip and Tyax are respectively the infimum
and the supremum of 7 (¢) over [—1, 00), and we have used the boundedness of 7 (¢),
y(¢) and P (y(t)) as shown in the proof of Lemma 5.4. By denoting

aP
TmaxAmax (maXye[h/rmx,h/rmm] {W })
o= ,

2 h
wawtoin (P (255))

and recalling from the design of 7 (¢) that

lim 7(t) =7 (5.112)
11— 00

and
lim (t) = 0, (5.113)
11— o0

we see that there exists a sufficiently large time constant #y > £, such that, for each
t = 1o,

: 1 h
|7()] <min{ ————, — 1.
2boh2n + 4byhn ©

Thus, (5.111) can be continued as follows:

. 2
T(t)\ 9P __ 0P
oy ay

h . 0P 3 )
“20t05, t 250 ) 3,555, (hz 1 2h ) <2y (P (1))
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The estimate of V (X, y (t)) then takes the form,
V(Xe, y(1) < yOX"(OPy @)X (1) (—1 + 2h + 6byn*(n + 1)h? + 3bon(n + 1>h)
10, 2 (2 — by + 6bonh + 12b2n2h2)

+

(0,0 (b2 (

17| + 17 [ ()
+ @)1 by (—1 +263)H)

%(r)‘ _ 1) 42 4 6bynh + 12b2n2h2)

T(t

b 1El+ |2 .

+ e o] (lfH+8b2]f(r>\ — by
€ (1)

+ | ]* b2 (=1 + 20k + 20% + 412001

+ é(r)‘ - 1). (5.114)

iy (0, 1) b (

We next simplify those terms in (5.114) that contain |1é(t)|. In view of
Iim7(t) =7
11— 00
and
lim 7(1) =0,
—>00

both of which are required by the time-varying parameter design, as given in (5.62),
there exists a sufficiently large positive constant #; > #y such that, for each r > 11,

0<-—— <2 (or Jisl),
(1) (1)

17(1)] < =2,

which together guarantee that

7+ 4o [t o) i

~ <1 -
T(t) - 27(1)

(5.115)

IA
| W

Lete = j—r Then,

1] +%r)é(z)‘

— < 0.
(1)

—1+2¢
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Then, the term associated with ||L7(t)||2

in (5.114) becomes negative. Also, there
exists a sufficiently large positive constant f, > #; such that

t t>n. 5.116
JOIEE S (5.116)
Thus, with the help of (5.115), we obtain
op, 51+ 37 |20 .
—A—+8b2‘f(t)‘—b2§ 12b) — (5.117)
€ T(t)

To make the right-hand side of (5.117) non-positive, we let b; and b, satisfy

24by < by. (5.118)
It then follows that the term corresponding to ” Wy (1) H2 in (5.114) is non-positive.
Choose b > 4. Then, there exists a sufficiently large constant #3 > #, such that
foreach t > 13,

. 1 2
(| <5 - —. (5.119)
2
which is equivalent to
1
1— r(t)‘ 5z (5.120)
Then,
by (‘é(t)( - 1) 42 4 6bonh + 12byn*h* < 0 (5.121)
which is implied by
6nh + 12n*h* < (5.122)

leads to the negativeness of the coefficient associated with |w(0 t)| in (5.114)

N 2.
Note that the definition of 73 naturally gives rise to the negativeness of the coefficient
associated with [t (0, )| in (5.114), and

é(z)‘ <0

(5.123)
if
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1
dnh+2h7 < -. (5.124)

\S}

In view of (5.114), we see that there exists a sufficiently large constant 73 such
that, for each ¢t > 13, the coefficients associated with [|iZ(¢)|%, H Wy (1) 2, w(t) 2,
|W(0, £)|% and |y (0, £)|? in (5.114) are all non-positive as long as

by > 4,

24by < by,

nh(l +2nh) < 35,
nh —i—h% < le‘

It is then clear that V(X,, y()) <Oont > 3 if

2h + 6bn%(n + Dh2 4+ 3ban(n + Dh < 1,

6bonh(1 4 2nh) < by — 2,

nh(1+ 2nh) < 35,

nh+h <1, (5.125)
24b1 < bz,

b1 > 2,

by > 4

holds. We first choose b; and b, according to the last row of (5.125). Then,
substitution of b1 and b, in the rest of (5.125) shows that there exists a sufficiently
small A* such that, for each & € (0, h*],

V(X:,y(@®) <0, t>13. (5.126)

It is worth mentioning here that 4* is independent of any information of the delay,
including T, but only depends on the dimension of the system 7.

To complete the proof, it remains to establish global regulation of both X (#) and

U (t). We first demonstrate the square integrability of X (¢) over + > 0. By denoting

1 — 2h — 6ban’(n + 1)h> = 3ban(n + Hh = 7,

which is a positive constant as long as & is chosen small enough, we have from
(5.114) that

VX, y(@) < —nyOX"OPy )X @), =13,

Then, in view of the boundedness of y (¢) and P(y(t)), as established in the proof
of Lemma 5.4, we have,
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h\\ h ,
Wamin( P J—IXOP ==V, 125,
Tmax Tmax

which leads to

/ > Xy < TV X 7(13) =V (Xoo, y (09))
3

winin(P (25 )1

TV (X, 7 (3))
(P (i) )

Recalling that V is continuously differentiable on ¢ € [f;, 00), we see that V is
bounded for ¢ € [tq, 13], where #3 > t,; according to the definition of #3. Then,

o0
/ |X (1)]>dt < o0,
13

which, together with the fact that X (r) € C[0, #3], as indicated in Lemma 5.4, imply

that
o0 13 o0
/ |X<t>|2dr=/ |X(r>|2dr+/ X ()P
0 0 3

o
< max {|X(z)|2}+/ X (1) 2ds
rel0.13] tn

< 00,

that is, X (¢) is square integrable on ¢ € [0, 00).

On the other hand, from the definition of V(X;, y(¢t)) in (5.101) and the
boundedness of V(X;, y(t)) for t € [t, 00), which can be seen by noting the
boundedness of V(X;, y(t)) ont € [ts,t3] and V(X,, y()) < Oont > tz3, we
establish the boundedness of X (t) ont € [t;, o0). Then, X (t) < cofort € [—1, 00)
readily follows from the continuity of X (¢) ont € [—t, £s]. Thus, (5.97) implies the
boundedness of X (t) ont > O since F(y(t)) is bounded, as indicated in Lemma 5.4.
With the square integrability of X (1) and the boundedness of X (1), global regulation
of X (t), which further implies that

lim U@t) =0 (5.127)
11— 00

by (5.60) and the boundedness of F (y(t)), follows from the Barbalat’s lemma. O

Remark 5.6 The requirement for 7 (¢) to have a continuous second derivative comes
from the requirement for the well definedness of the partial derivatives in the
PDE:s (5.70), (5.75), (5.78), and (5.80), where w,; and Wy, are the highest order
derivatives. From the definition of w(x, ¢) in (5.72) and the time-varying low gain
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feedback law (5.60) it follows that both the second-order partial derivatives contain
the same term 7(s)|s—;47(x—1)- Take Wy (x, t) for example,

AP t2(s) 9P

a0 = (8505 (- T te-2 F0)x ()
Pt =P 5o UT5m e 20" Y e e are )
ZBTB_PL-E(S)X(S) — B"P( (s))X(s))fz(t)
8y () 2(5) Y s+ E 1)
where we have used (5.95), (5.96), (5.100), (5.103), and the fact that
F(y(t) = —B"P(y(1)). (5.128)

Thus, the existence of 'f'(t) is necessary for that of Wy (x, ). Without loss of
generality, we assume that 7(f) € C>[—1, 00) as in the design of the time-varying
low gain feedback laws in Sect. 5.3.1. This requirement on 7 (¢), which is necessary
in our design, facilitates all our derivations in Sects. 5.3.2 and 5.3.3, and in general,
cannot be relaxed unless a new Lyapunov analysis on the closed-loop system is
established involving at most the first derivative of 7 (¢). O

Theorem 5.2 reveals a group of time-varying low gain feedback laws which
achieve global regulation of the closed-loop system. By the structure of the time-
varying feedback parameter in (5.61) and Theorem 5.2, i and 7(¢) need to be
designed first in order to construct y (¢). Thus, for the sake of simplicity, we consider
directly designing y (¢) without involving & and T (¢).

Corollary 5.3 There exists a sufficiently small positive constant y*, which is
inversely proportional to the delay bound T, such that the time-varying low gain
feedback law (5.60) globally regulates X (t) and U (t) of system (5.54) as long as

y(t) € C*[—1,00), y(t) >0, Jim y () € (0,y*], lim y(1) =0.(5.129)

Proof Given a y (¢) satisfying (5.129), we write y (¢) in the form of (5.61), where h
and 7 (¢) are selected as

h=7 lim y() >0 (5.130)
11— 00
and
T(t) = —. (5.131)

It can be readily verified that

lim #(7) = 7. (5.132)
—o0
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Also, y(1) € C*[—1,00), y(t) > 0, and lim; . y(t) = O imply that T(¢) €
C?[—1,00), T(r) > 0 and lim,_, o T(r) = 0, respectively, because

A —hy(1)
s h (2970 >
o= y%)( yo T0)
Note from the selection of
h = ?tirgo y (1) (5.133)

that lim,—, - Y (t) € (0, y*] is equivalent to 2 € (0, Ty*]. Theorem 5.2 concludes
that there exists a sufficiently small positive constant z*, which is independent of
any information of the delay, such that, for any 4 € (0, A*], the time-varying low
gain feedback law

U(@t) =—B"P(y()X @) (5.134)

globally regulates the system. Thus, there exists a sufficiently small positive constant

, (5.135)

which is inversely proportional to T, such that the regulation of the closed-loop
system is guaranteed if lim;_ o ¥ (t) € (0, y*]. m|

Remark 5.7 The traditional constant low gain feedback law is a special case of the
time-varying low gain feedback law. In particular, Corollary 5.2 concludes that there
exists a sufficiently small positive constant y*, which is inversely proportional to the
upper bound of delay T such that, for each y € (0, y*], the low gain feedback law

U(t) = —B"P(»)X (1) (5.136)

globally regulates system (5.54). This observation is consistent with the observation
in Remark 5.1. U

Remark 5.8 Dealing with the conservativeness incurred in the Lyapunov stability
analysis on the upper bound of feedback parameter y under the constant parameter
low gain feedback design, as given by (5.58), the time-varying parameter design
proposed in this section takes a proactive selection of y at a relatively large
value, which corresponds to a fast convergence rate, during the starting phase of
the system evolution. After the system reaches a state near the equilibrium point
zero, reducing y to a sufficiently small constant, as required by Corollary 5.3,
would not affect the closed-loop transient performance, while guaranteeing stability.
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Therefore, such a time-varying parameter design would manifest its merits in the
closed-loop performance compared with that of the constant parameter design. [

Remark 5.9 Remark 5.8 provides a guideline for the construction of a time-varying
y(t) that outperforms a constant y in terms of the closed-loop performance,
as demonstrated by simulation. A theoretical proof of such an improvement is
challenging due to the time-varying design of y (¢) and remains to be carried out. []

5.3.4 Convergence Rate Analysis

To illustrate the merits of the time-varying low gain feedback design in comparison
with the constant parameter design in terms of the closed-loop performance, we
compare the convergence rates of the closed-loop system under a constant parameter
feedback with different values of the feedback parameter within the range where
exponential stability of the closed-loop system is ensured.

Theorem 5.3 The delay independent state feedback TPF law with a constant
parameter,

Ut) = —B"P(»)X (1), (5.137)

for a sufficiently small y > 0, exponentially stabilizes system (5.54) with

IXOP < AL (Pr)e € V(Xo, 0), 120, (5.138)

min

where

1 1
B = min {y(l —120n2(n + DT2y% — 60n(n + 1)?;/), 20(1 —onTy — 2?7;/7), 1},

¢ = max{l, 407},
and V (X;, t) is as given in (5.101) with y(t) =y and T(t) = 7.

Proof The proof follows an analysis similar to that in the proof of Theorem 5.2,
except the distinction between a constant feedback parameter and a time-varying
parameter. With a Lyapunov functional V (X;, y (¢)) given by (5.101), its estimated
time derivative along the trajectory of the closed-loop system (5.97), (5.108), for the
special case of the constant parameter design takes the form of

VX, y (1)

< yXTPX( — 1+ 6ban’(n + 1)?2)/2 + 3byn(n + 1)?)/)

+1@(0, t)|2<2 — by + 6boanTy + 12b2n2?2y2)
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+5(0, z)|2( by +2 + 6bonTy + 126072 2)

L)+ ol (P20 - )

+ o] bz( — 14207y + 2?7;/7) — 0.0, )by, (5.139)

+ a1 by~

where we have replaced & with yT and all the terms involving y or 10 disappear
because of the constant parameter design. Noting that

|T| T—1

- = <1
(1) T

and taking € = % in (5.139), we arrive at a further estimate of V(X,, y (1)),
V(X., y(1) < yX'PX (—1 + 6bon2(n + 1)T22 + 3ban(n + 1)?)/)
100, ) (2 by + 6bynTy + 12byn’T> 2)
+ |0, 0 (=b2 +2 + 6bonTy + 126072y ?)
S 1E@I br -+ i) @1~ bo)

+ |0 b2 (=1 + 207y + 272y 7)) = [0, 0 2.
(5.140)

With the selection of by > 2 and b > 6b1, the terms involving ||z (0, t)||2, |w(0, t)|2
or ||12)x 1) ||2 in (5.140) are negative if

6bnTy + 12b2n21 y < by —2.

For illustration, we choose by = 3 and by = 20. Then, a sufficiently small y
satisfying

max {12001 + DTy + 60n(n + D7y, 207y +278 3] < 1
results in

. ) o

VX y @) == B(XPX + 17012 + )] + 0] )

< ?V(X,, Y (1),
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where we have used

V(X,, y(t)) < max{l,2b1, 2b2f(t)}<XTPX F a1 + Do |+ i) Hz)
= (X Px + 1012+ [0 + i o)]*).

Consequently, an estimate of V (X, y(¢)) readily follows from the comparison
lemma,

B
V(X:,y() <e ¢'V(X0,0), t>0,

which, by the definition of V (X;, y(¢)) in (5.101), further implies the exponential
convergence of X (¢), as expressed in (5.138). |

Remark 5.10 Theorem 5.3 establishes a guaranteed convergence rate of zﬁ for
the state of the closed-loop system under the constant parameter design of the
delay independent truncated predictor feedback law. Examination of the guaranteed
convergence rate indicates that y only appears in the expression of 8 and

lim 8 = lim 8
y—0 Y=V
= 0’
where
y = min{yy, y2} (5.141)

with y and y» being the unique positive solutions to the nonlinear equations,
120n%(n + DT?y? + 60n(n + DTy = 1,
WmTy + 2Ty =1,

respectively. Thus, there exists a maximum S on the interval y € (0,y), corre-
sponding to the fastest convergence rate. (]

5.3.5 A Numerical Example

To compare the closed-loop performance of system (5.54) under the traditional
constant parameter low gain feedback and the time-varying parameter low gain
feedback, we consider system (5.54) with

b

Il
1
S O
[e>R
| I—

>

Il
1
— O
| IS

ﬂ

I

T=1, ¢ = [_IJ 0 €[~1,0],
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as an example. The values of y(¢) is designed to decrease slowly from 0.3. On the
other hand, lim;_, », ¥ (t) is computed as 7.6 x 10~* by employing (5.125), where
by = 3 and b, = 72, Corollary 5.3 and the fact that 7 = 1.

Simulation shows that, regardless of how conservative the bound on lim;_, o, ¥ ()
is, it does not prevent us from designing a time-varying low gain feedback law with
better closed-loop performance than a traditional constant parameter design. This
can be demonstrated by selecting

y(t) = —0.0953 arctan(r — 20) + 0.1504, ¢ > —1, (5.142)

which satisfies all the design requirements in (5.129). Evolution of the time-varying
low gain parameter, the system state, and the control input under the time-varying
parameter design is illustrated in Figs. 5.5 and 5.6. The system evolution under the
constant parameter design with y = 0.068, which is the theoretical upper bound
given by (5.58), is also given for comparison. Obviously, this choice of y () achieves
better closed-loop performance than the choice of a constant y .

5.4 Delay Independent Truncated Predictor Output
Feedback Design

A delay-dependent or delay independent truncated predictor state feedback law
stabilizes a general linear system in the presence of a certain amount of input
delay. Results in Chap. 4 and Sect. 5.2 provide estimates of the maximum delay
bound under which the closed-loop stability can be achieved. In the face of time-
varying or unknown delay, delay independent feedback laws are preferable over
delay-dependent feedback laws as the former provide robustness to uncertainties
in the delay. We present in this section a delay independent observer based output
feedback law that stabilizes the system. Our design is of the delay independence
nature. We establish an estimate of the maximum allowable delay bound through a
Razumikhin-type stability analysis. This delay bound result reveals the capability
of the proposed output feedback law in handling an arbitrarily large input delay in
linear systems with all open loop poles at the origin or in the open left-half plane.
Compared with that of the delay-dependent output feedback laws in the literature,
this same level of stabilization result is not sacrificed by the absence of the prior
knowledge of the delay.

More specifically, we consider stabilization of a general linear system with time-
varying input delay by delay independent output feedback. A state observer is
constructed, without resorting to any knowledge of the delay, not even its upper
bound. The design of such an observer based output feedback law, seemingly
straightforward at the first glance, turns out to be a meticulous one because of the
feed of the current input signal rather than the delayed version into the dynamic of
the state observer to guarantee the delay independence of the observer dynamics.
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An estimated maximum delay bound for the stability of a general linear system
under the influence of the proposed observer-based output feedback law is derived.
The expression of the delay bound indicates that, for a class of systems whose
open loop poles are at the origin or in the open left-half plane, the proposed delay
independent output feedback law would handle an arbitrarily large delay, just as the
delay-dependent truncated predictor output feedback laws constructed in [63].

5.4.1 Feedback Design

We consider a linear system with a time-varying delay in the input,

x(t) = Ax(t) + Bu(¢(t)), t >0,
Y1) = Cx(@), (5.143)
x(0) = xo,

where x € R", u € R™, y € RY, and xo € R" are the state, the input, the output,
and the initial state, respectively. The time-varying delay function ¢ (¢) : Rt — R
is assumed to be expressed by

¢@) =1t —d@),
where the time-varying delay d(¢) is continuous and satisfies
0<d@®)=<D, t=0, (5.144)

and D € R represents an upper bound of the delay. We also assume that the pair
(A, B) is stabilizable and the pair (A, C) is detectable.
Without loss of generality, it is assumed that the pair (A, B) are in the form of

=fva)e=a]
0 A By
where all eigenvalues of A, € R"™>™ are on the open left-half plane and all
eigenvalues of A, € R"®*"® are on the closed right-half plane. The block diagonal
form of matrix A indicates that the stabilizability of the pair (A, B) implies the
controllability of the pair (A, By).

It was established in [63] that an output feedback law built upon a delay-
dependent state observer,
{)%(r) = AR() + Bu(¢(1) — L(y(r) — CX(1)). (5.145)
u(t) = F(y)e*Ox(), '
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stabilizes the system with all open loop poles on the closed left-half plane for an

arbitrarily large delay as long as the feedback gain matrix F(y) is designed by the

use of the eigenstructure assignment based low gain feedback technique [61] and the

value of the low gain parameter y is sufficiently small. Moreover, a slightly simpler

observer-based output feedback law,

{f(r) = AZ(0) + Bu(@(1) ~ L (y(1) = C£(1), (5.146)
u(t) = F(y)x(),

is shown to stabilize a system with all open loop poles at the origin or in the open
left-half plane for an arbitrarily large delay if F(y) is constructed by using the
low gain technique (see [61]). However, in (5.146), the complete knowledge of
the time-varying delay, d(¢), is still required in the observer. Thus, to achieve the
objective of a delay independent observer-based output feedback law, we propose
the following observer-based delay independent truncated predictor output feedback
law, also referred to as the delay independent output feedback TPF law,

X(t) = AX(t) + Bu(t) — L (y(1) — Ci(n)), 1 >0,
u(t) = F(y)x(1), (5.147)
@) =vy(@®), 6 €[-D,0]

where x is the state of the observer, v/ (6) is the initial condition of X(¢) and is
assumed to be piecewise continuous on 8 € [—D, 0], L € R"*? is such that all
eigenvalues of A + LC have a negative real part,

F(y)=—B P(y),

and

0 0
P(y) = [o PR(y)} , (5.148)

with P.(y) € R"™*"® being the unique positive definite solution to the parametric
algebraic Riccati equation

APe(y) + Pi(¥)Ax — Pu(y) Be By Pu(y) = —y Pu(y), (5.149)

for y > —2min{Re(A(Ar))}. Note that the controllability of the pair (Ag, By)
guarantees the existence and uniqueness of such P; [122], and the detectability of
the pair (A, C) ensures the existence of such L.

By defining an error signal as

e(t) =x(t) — x(1), (5.150)
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we obtain the derivative of e(¢) from (5.143) and (5.147),

é(t) = x(t) — (1)
= Ae(t) + Bu(¢(t)) — Bu(t) + LCe(t)
= (A+ LC)e(t) — BB"P (2(¢ (1)) — £(1))
= (A+ LC)e(t) + BB'P(a(t) — B(1)),

where
a(t) = x(1) —x(p (1)) (5.151)
and
B(t) = e(t) —e(p(1)). (5.152)

Then, the closed-loop system consisting of system (5.143) and the output feedback
law (5.147) can be written as

{)'C(t) = Ax(t) — BB'P(x(¢(1)) — e(@(1))), (5.153)

é(t) =(A+ LC)e(t)+ BB"P(a(t) — B(1)).

Decompose the state x(¢) as

o=

we rewrite the closed-loop system as

Xe(t) = Acxe(t) + By By Pe(ar (1) + ex(9 (1)), (5.154)
e(t) = (A+ LC)e(t) + BB P (1) — Br(1)),

[ X (t) = Aux (1) — BLBg Pr(xr(@ (1)) — ex(9(2))),
where

Ac = A, — BB P, (5.155)

and signals e () € R"™, e;(t) € R™, o () € R™, a(t) € R"™®, B,(t) € R™ and
Br(t) € R correspond to the following partitions:

=[] eo=[zo] =[]

respectively.
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Clearly, the asymptotic stability of

{-)‘CR(I) = Acxz (1) + BRB;ZPR(OlR(t) + ex (¢ (1)), (5.156)

e(t) = (A+ LC)e(t) + BB Pe(ax(t) — Br(1))

guarantees that of system (5.154) because A, is Hurwitz. Hence, without loss of
generality, we only need to consider the asymptotic stability of system (5.156) for
simplicity.

As pointed out throughout Chaps. 2—4, it is no longer without loss of generality
to make the assumption on system (5.143) that all the eigenvalues of A are on the
closed right-half plane, as is the case for stabilization analysis of truncated predictor
based state feedback laws (see [124] or [122]).

5.4.2 Stability Analysis

Theorem 5.4 For each y > 0, there exists D* > 0 such that, for each D < D¥,
system (5.156) is asymptotically stable.

Proof We adopt the following Lyapunov function for the closed-loop system
(5.156):

V(xe(0), e(t)) = x (1) Pu(y)xe(t) + €' (1) Re (1),
where P;(y) is the unique positive definite solution to (5.149) with
y > —2min{Re(A(Ay))}, (5.157)
R is the unique positive definite solution to the Lyapunov equation
(A+LC)Y'R+R(A+LC)=—¢1, (5.158)

and £ is some positive constant whose value is to be determined later. By using
Young’s Inequality and Lemma 2.1, and defining

o=t (BTRQB>, (5.159)

the derivative of V(x(¢),e(¢)) along the trajectory of system (5.156) can be
evaluated as follows:

V(xx(1), e(t))

= (Acxe(t) + Bu By Palatg (1) + ex(@ (1)) Pexe(t) + x5 (t) Pe(Acxe(t) + Be By Py
X (o (1) + ex(@(1)) + (A + LCO)e(t) + BBy Pu(o(t) — Bu(1))) " Re(t)
+e"(OR((A + LO)e(t) + BB Pu(ow(t) — Bi(1)))
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= x;(t)(AZPR + PrA)x () + za;(z)PRBRB]{PRxR(I) + Ze;(qb([))PRBRB]IPRxR(I)
+e"()((A+ LC)'R+ R(A + LO))e(t) + 2(ax(t) — B (1)) PBiB" Re (1)
=< _x;(t) (VPR + PRBRB;PR) xp(t) + 2ag(t)PRBRB;PRaR(t)

1
+ 2e5 (¢ (1)) Py By By Prer (¢ (1)) + x5 (1) Pa By By Pexe (1) — Ee”(t)e(t) + EeT(t)e(t)

+ 2(ax (1) — Be(t))" PuBy B'"R* BB Py (i (1) — Bi(1))
< =y () Pexe (1) + 2(2tr(Ap) + ngy ) o (1) Prote (1) + 4(2tr(Ag) + ngy ) eq (1) Pe (1)

+ 4(2tr(Ar) + iy ) By (1) P (1) — (E - %) e'(e(r) +4(2u(Ay) + nyy)

X U(a;(t)PRaR(t) + ,B;{(I)PR:BR(t))
= —yxp (1) Pexg () 4 2(2tr(Ag) + ngy ) (1 + 20)ag (1) Pea (1) + 4(2tr(Ag) + ngy)

x (14 0)B"(t)PB(t) + " (t) (— (g - %) I +4(2tr(Ay) + nRy)P> e(r).
(5.160)

For each y > —2min{Re(A(Ay))}, there exists a sufficiently large £ such that

y1 +4(2tr(Ap) + nyy) P(y) < (s — %) I, (5.161)
P(y) <R, (5.162)
1 < Amax(R), (5.163)

4(A+ LOYP()(A +LO) = 3R () +2(2u(A) + 1)) . (5.164)

where @ (y) is given by

Dely) = %(nky + 2t (A) ) (1 + 1) y 421 (A) ) — yir (Ay) — tr (AR2> .

Fix this £&. Based on inequality (5.161), which is equivalent to
1
—~ (g — 5) I +4(2t(Ap) + ney) P(y) < =71, (5.165)

we estimate V as

V(xe(), e()) < —yx, Poxy — ye'e + 2(2tr(AR) + nRy)(l + 20) o (t) Pro (1)
F4(2tr(Ag) + 1oy ) (1 + )BT (1) PB(1). (5.166)
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It follows from the definition of «,(¢) and (5.156) that
t
oR(t) = / (Acxk(t) + BRB]IPRO[R(Z) + BRB;PReR(¢(t)))dt'
(1)

By using Lemmas 2.1, 2.2, and Young’s Inequality, we evaluate

aE(Z)PRO{R(t)

t T
<S(@E—¢@) / ® (Acxk(l) + BRB;PRaR(t) + BRB;PReR(d)(t)))
bt
x Py (ACxR(t) + Br By Prog (1) + BRBgPReR(¢(l)))dt

t
< 30/ (x,f(t)AgPRAch(z) + ol () Py By BY Py By B Pro (1)
(1)

+€'§(¢(t))PRBRBIIPRBRB;{PRER(d’(t)))dt
t
< 30/ (ZUR(V)X;(I)PRXR(I) +2(2tr(Ag) + nRy)2x;(t)PRxR(t)
o)

F2(2tr(Ag) + 10y ) 2x0 (6 (1)) P (9(0)) + (2tr(Ag) + w)ze;(¢<r>)PReR<¢<t>>)dt

t
<3D ((wk(y) +2(2r(AR) + 1) ) 6a (1) Pae (1)
@)

+2(2r(40) + 1) (E@ ) Putn(@ (1) + " @ (1) Pe(@ <t))))dr. (5.167)

Similarly, by the definition of §(¢) and (5.156), we have

t
pO = [ (A + L0 + BB - pue))ar
¢ (1)

Then, by using Lemmas 2.1, 2.2, Young’s Inequality, and the fact that
B"PB = B; P; B,

we evaluate

t

B ()PB(t) < (1 — P (1)) /4) ((A + LC)e(t) + BBy Py(o(t) — ﬁR(t))>

(0

xP((A + LC)e(r) + BB! Py (o (1) — ﬂR(t)))dt
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t
< ZD/ (eT(t)(A + LC)"P(A + LC)e(t) + (o (t) — Bu(D)"
@)
x PyByB" P BB} Py (ot (1) — ,BR(t)))dt
! 2
< ZD/ (eT(t)(A 4+ LC)'P(A+ LC)e(t) + 2(2tr(AR) + nRy)
@)

Xai(t)PRaR(t) + 2(2tr(AR) + nRV)Z,B;(t)PRﬂR(f)>dl
t
< ZD/ (eT(t)(A + LC)'P(A+ LC)e(t) + 4(2tr(AR) + nR)/)2
(1)
X <x;(t)PRxR(t) + x3 (¢ (1)) Pexp (@ (1)) + e (1) Preg (1)

+e;(¢(r))PReR<¢(t>)))dt

t
= 20/ (eT(t)(A + L) P(A + LC)e(t) + 4(2tr(Ay) + ey )’
0]

X (350 Puta (1) + X @) Puu(@(0) + €(0) Pe()
+e" (¢ (1) Pe(¢h (t))))dt. (5.168)

We employ (5.162) to simplify (5.167) and (5.168) as

t

ap (1) Prag (1) < 3D ((wk(y) +2(2tr(Ay) + nky)z)x;(mPRxR(r)
()

+2(2tr(Ap) + nRJ/)zV(xR(cb (1), e(¢ (ﬂ))dl,

and

t

BT (1)PB() < 2D /

(eT(t)(A +LC)'P(A + LO)e(t) + 4(2r(A) + ney)’
(1)

X (V0. e) + V (@), e<¢(t>)>)>dt,

respectively.
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It then follows from (5.166) that

V(D). e(0)
< =y (xg Pexe + €"e) + 6D (2tr(Ay) + ngy ) (1 + 20)

t

x / ((m(y) + 22040 + 1) )30 Pa 1)
o)

+2(20(AD) + 1y )V (e (@ (1), e( (t)))dt + 8D (2tr(Ap) + nyy)

t

x(1+0) (eT(t)(A + LC)'P(A+ LC)e(®) + 4(2tr(AR) + nRy)2

x(V 00, e) + V (@), e(¢<r)>)))dr. (5.169)
We simplify (5.169) by using (5.162) and (5.164) as follows:

V (e (1), (1))

< V(xx (1), e(t)) + 6D (2tr(Ay) + ngy ) (1 + 20)

4
T Amax(R)

t
<[ ((wk(y) +2(2tr(40) + my)’ )V (1), €))
¢(1)

F2(2tr(Ag) + 12y )V (5 (B (1)), e( (t)))dt
t
432D (24 +17) (1 +0) [ (Vo e0) + V@0, o) )ar
¢ (1)

When V (xx(t 4+ 0), e(t + 0)) < nV(xx(2),e(t)), 8 € [-2D, 0], for a constant
n > 1, we have
V(e (1), e(1))
V(x (1), e(1) + 6D*n(2tr(Ay) + ngy ) (1 + 20)

<__Y
Amax (R)

% () + 420 (A + 7))V (o), e)

64D (2tr(Ay) + ny ) (1 + 0)V (x(0), e(1))

= —V (x (1), e(t))(/\ V(R) - 6D2;7(2tr(AR) + ny) (14 20)

x (wR(y) +4(2tr(A) + nR)/)z) — 64D (2tr(A) + ney) (1 + a)>.
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It then follows that if

14
Amax (R)

> 6D2(21r(A) + ey ) (1 +20) (@ () + 4240 + mey)’)
64D (2tr(Ay) + ney ) (1 + 0), (5.170)

then V (xx(2), e(r)) < —p(Y)V (xx(2), e(t)) for some positive constant p(y), which
implies that system (5.156) is asymptotically stable by the Rzumikhin Stability
Theorem (Theorem 1.3). By ¥y > —2min{Re(A(AR))}, the definitions of o and
@r(y), and Lemma 2.3, the right-hand side of (5.170) is nonnegative. Thus, y > 0,
which naturally satisfies y > —2min{Re(A(Ay))}, is necessary for (5.170) to hold.
We further note that the right-hand side of (5.170) is a strictly increasing function
of D, and it goes to zero as D goes to zero and goes to infinity as D goes to infinity.
On the other hand, the left-hand side of (5.170) is a positive constant independent
of D. Therefore, for each D < D*, where D* is the unique positive solution to the
following nonlinear equation,

F s = 6D (2r(Aw) + ey )1+ 20) () + 4(2r(40) + )’
Amax (R)
+ 64D (2tr(Ay) + ney)’ (1 4 0), (5.171)
system (5.156) is asymptotically stable. This completes the proof. O

Theorem 5.5 Assume that all the eigenvalues of Ay are at the origin. For an
arbitrarily large delay bound D, there exists y*>0 such that, for each y € (0, y*),
system (5.156) is asymptotically stable.

Proof We adopt the same Lyapunov function (5.157) and the estimate (5.160) of its
time derivative along the trajectory of system (5.156) for our stability analysis. In
view of the assumption that all the eigenvalues of A, are at the origin, we rewrite
(5.160) as

V(x(1), (1)) < = yxp(t) Pexe (1) + 2y (1 + 20) oy (1) Pecte (£)

+4ngy(1+0)B () PB(t) + €' (1) <— (/3 - %) I+ 4nRyP) e(t).
(5.172)

By the low gain feedback design,
lim P(y) =0,
—00
and hence there exist v > 0 and y; > 0 such that

P(y)<yvl, y <n. (5.173)
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Pick & > max {%, v}. Then, there exists y» > 0 such that, for each y € (0, y»),

- (5 - %) I +4ny P(y) < —VR, (5.174)

which implies that

V(). e() < — yV(x(0), e(®)) + 2y (1 + 20)al (1) Pecta (1)
+4nzy (1 +0)B'(t) PB(). (5.175)
To further estimate the time derivative (5.175) of V, we follow (5.167) and (5.168)
to derive

t

&1(1) Py (1) < 3D /

((wR(w +2017)? )1 () Pt (1)
@)

201 (3@ (O) P (B(1)) + €7@ (1) Pe(@ (r))))dt

and
BT (1)PB(t) < 2D /;m <eT(t)(A + LO)"P(A + LC)e(t) + 4(ney)?
% (O P (0) + @) P (1) + €7 (1) Pe(r)
+eT<¢(r))Pe(¢<r>)))dr,
respectively.

There exists y3 > 0 such that, for each y € (0, y3),
P(y) <R, (5.176)

by which «; (¢) Pyae (¢) and " (¢) PB(2) can be respectively majorized further as

t

0t (1) Prae (1) < 3D/

((m(y) +2017)% 510 P
¢ (1)

+2(ney)?V (e (@ (1)), e(¢<r)>>dr,

and



5.4 Delay Independent Truncated Predictor Output Feedback Design 211

t

BT () PB(t) < ZD/

(eT(r)(A + LC)'P(A + LC)e(t) + 4(nyy)?
o (1)

X (V0. ) + V (@), e(¢(r)>))>dr.

Inequality (5.175) can then be continued as
t

V(xe (1), e(t)) < — yV(x(t), e(t)) + 6Dngy (1 + 20) ((wR(V)
o)

o+ 2017)? 10 P 1) + 2017V (xu($ (1), (@ (t)))dt

t
+8Dnyy (1 +0) (eT(t)(A + LC)'P(A+ LC)e(1)
(1)

+ 4 (Vo). e0) + V(@@ (), e(¢<r>))))dt.
(5.177)

When V (xx(t46), e(t+0)) < nV (xx(¢), e(t)),0 € [-2D, 0], for a constant n > 1,
we obtain

V(x(1), e(1)) < — yV (xe(t), e(t)) + 6D ngy (1 4 20) (@ (y)
+ 4(ngy)?)V (1), e(1)) + 8D*ny (1 + o)

X (eT(t)(A + LC)'P(A+ LC)e(t) + 8(ney)*V (xe (1), e(t))),
(5.178)

which, by (5.173), can be continued as,
V@), ) = =y V00, e) + 602y (1+20) (wu(y) +401)%) V(a(0), ()

+8D%nyy2(1 +0)< + S(nRy)2>V(xR(t),e(t))

v
Amax (R)

=—y (1 — 6D2nR(1 + 20) (wk(y) + 4(nky)2) — 8D2nRy(1 +o0)

x (Amaz(R) + 8(nRy)2)) V(x(0), e(r)). (5.179)

Then, there exists y4 > 0 such that, for each y € (0, y4),
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6D%n(1 + 20) (wR(y) + 4(nky)2> +8D%ney (1 + a)( + 8(nRy)2> <1

v
Amax (R)

Taking y* = min{yy, 2, y3, y4} completes the proof. o

5.4.3 Numerical Examples

We consider two examples. The first example illustrates the ability of the delay
independent output feedback law (5.147) in stabilizing a linear system with all open
loop poles at the origin and in the presence of a large fast-varying input delay. The
second example demonstrates the stabilization of an exponentially unstable system
with a fast-varying input delay under the delay independent observer based feedback
law (5.147).

Example 5.5 (A System with All Open Loop Poles at the Origin) Consider system
(5.143) with

0100
0010

A= B =
0001]|’

0000

, C=[1000] (5.180)

—_ O O O

and initial conditions
x@=[10-12]", 2@ =[0000]", 6€[-D,0]. (5181)

To study the nonsensitivity of the controller in handling a fast-varying delay, we
consider a delay function,

d(t) = 1+ sin(10¢). (5.182)

This delay function has an upper bound of 2 and its time derivative reaches a peak
value of 10.

For linear systems whose open loop poles are all at the origin, we note from
Theorem 5.5 that, in the face of an arbitrarily large bounded delay, the delay
independent observer-based feedback law asymptotically stabilizes the system as
long as y is chosen small enough. With the pole placement of A(A + LC) =
{—1, —2, —3, —4}, the selection of a small y = 0.3 completes the design elements
of the feedback law (5.147) for simulation of the closed-loop system. Figures 5.7
and 5.8 show the evolution of the system states, the error signal, and the control
input.
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_8 1 1 1 1
0 10 20 30 40 50

t

Fig. 5.7 Example 5.5: The evolution of x and x in system (5.180) under the delay independent
output feedback TPF law (5.147)
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t(s)

Fig. 5.8 Example 5.5: The evolution of e and u in system (5.180) under the delay independent
output feedback TPF law (5.147)



5.6 Notes and References 215

Example 5.6 (An Exponentially Unstable System) Consider system (5.143) with

010 1
A=|-101|, B=|0|, C=[101], (5.183)
001 1

and initial conditions
x=[10-1], 2@®=[000], 6 €[-D,0]. (5.184)
The time-varying delay is specified to be
d(t) = 0.5(1 4 sin(101)). (5.185)

Placing the eigenvalues of A + LC at A = {—1, —2, —3} and picking a small low
gain parameter y = 0.1, we run the simulation and obtain the closed-loop evolution
of system (5.183) under (5.147), which, as shown in Figs. 5.9 and 5.10, verifies the
stabilizing effect of controller (5.147).

5.5 Conclusions

To overcome the lack of the exact knowledge of the delay, we constructed truncated
predictor based feedback laws that do not involve the delay in their expression.
We formulated the stability conditions in terms of the robustness of the feedback
laws to a certain amount of input delay. Specifically, for each value of the
feedback parameter, a general linear system that is possibly exponentially unstable is
stabilized as long as the delay is below a certain bound. The proposed feedback laws
are not completely delay independent because the design of the feedback parameter
requires an upper bound of the delay to be known. Examination of the stability
conditions shows that as long as the delay is below some upper bound, there exist
some intervals of the feedback parameter such that any feedback parameter within
such intervals would stabilize the system.

5.6 Notes and References

We here provide an intuitive explanation to the robustness of the delay independent
TPF laws to a certain amount of input delay. Take the delay independent TPF law
(5.6) for a general linear system (5.1) for example. Following the reasoning in
Sect. 4.1, we assume that all open loop poles of the system are on the closed right-
half plane. Such an assumption can be made without loss of generality because the
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Fig. 5.9 Example 5.6: The evolution of x and x in system (5.183) under the delay independent
output feedback TPF law (5.147)
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_2 1 1 1 1
0 10 20 30 40 50

t

Fig. 5.10 Example 5.6: The evolution of e and u in system (5.183) under the delay independent
output feedback TPF law (5.147)
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stable open loop poles of the system do not affect the stabilizability of the system.
Then, we derive

x(t) = Ax(@) + Bu(t — 1)
= Ax(t) — BB"P(y)x(t — 1), (5.186)

where P (y) is parametrized by the use of the Lyapunov equation based feedback
design. Let y € R* be such that y > —2min{Re(A(A))}, which guarantees
the existence and uniqueness of a positive definite solution P(y). The Lyapunov
equation based design assigns the eigenvalues of A — BB"P(y) at locations on
the complex plane that are symmetric to the eigenvalues of A with respect to
s = —% < 0. Thus, the matrix A — BB"P(y) is Hurwitz. This implies that the
closed-loop system under the delay independent TPF law is asymptotically stable if
T = 0. According to [67], the following system

%(1) = Ax(t) + BFx(t — 1) (5.187)

with A+ B F being Hurwitz is asymptotically stable as long as the value of the delay
is small enough. It then follows directly from this fact that the closed-loop system
(5.186) is asymptotically stable as long as t is sufficiently small. The robustness of
the delay independent TPF law to a small input delay is thus established. However,
such a robustness property is merely an implication of Theorem 5.1, which further
establishes an explicit upper bound of the delay that guarantees stability. Similar
improvements by establishing explicit upper bounds on the delay in the theorems
throughout this chapter imply that our stability results are established quantitatively
rather than qualitatively.

Sections 5.2 and 5.3 are presented by following the presentation of [101] and
[105], respectively. The only difference lies in the stability analysis of the closed-
loop system in the constructed example at the beginning of Sect. 5.2.2. Section 5.4.1
contains stability results that are stronger than those in [104]. In particular, the
robustness of the delay independent output feedback law (5.147) is established in
Theorem 5.4 for all y > 0, whereas in [104], it is only established for y less than a
positive constant.



Chapter 6 )
Delay Independent Truncated Predictor Qs
Feedback for Discrete-Time Linear

Systems

6.1 Introduction

As with a continuous-time linear system, the predictor state feedback law for a
discrete-time linear system with input delay is the product of a feedback gain matrix
with the predicted state at a future time instant ahead of the current time instant by
the amount of the delay, which is the sum of the zero input solution and the zero
state solution of the system. The zero state solution for a discrete-time system is a
finite summation that involves past input. The zero input solution is the product of
the transition matrix and the initial state. The truncated predictor feedback (TPF),
which results from discarding the finite summation part of the predictor feedback
law, reduces implementation complexity. The delay independent TPF law further
discards the delay-dependent transition matrix in the TPF law and is thus robust to
unknown delays. It was pointed out in [64] and [125] that such a delay independent
TPF law stabilizes a discrete-time linear system with all its poles at z = 1 or inside
the unit circle no matter how large the delay is.

In this chapter, we first construct an example to show that the delay independent
truncated predictor state feedback law cannot compensate too large a delay if the
open loop system has poles on the unit circle at z # 1. Then, a delay bound
is provided for the stabilizability of a general, possibly exponentially unstable,
discrete-time linear system by the delay independent truncated predictor state
feedback. Parallel to the continuous-time setting, an observer based output feedback
law is also constructed for a general discrete-time linear system that manages to
require only an upper bound of the delay to be known. Such a relaxed requirement on
the knowledge of the delay is an improvement if we consider the existing truncated
predictor output feedback designs, which require the exact knowledge of the delay in
their observer dynamics because of the delayed input. Similar to the continuous-time
setting, we establish robustness of our proposed output feedback law to a certain
amount of time-varying delay. We further reveal the low gain nature of the delay
independent output feedback in the stabilization of a discrete-time linear system
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whose open loop poles are all at z = 1 or inside the unit circle. Specifically, the
output feedback law with a sufficiently small feedback parameter compensates a
time-varying input delay with an arbitrarily large upper bound.

6.2 Delay Independent Truncated Predictor State Feedback
Design

We consider asymptotic stabilization of a discrete-time linear system with time-
varying delay in the input,

{x(k+1) = Ax(k) + Bu(¢ (), k > 0, 6.1

-x(k) = w(k)v ke I[—R,O],

where x € R" and u € R™ are the state and the input, respectively, and the delay
function ¢ (k) takes the standard form of

¢ (k) =k —r(k).

The time-varying delay r(k) : N — N satisfies r(k) < R, where R € N is a delay
bound. It is assumed that (A, B) is stabilizable.
Recall the predictor feedback law (4.62) for system (6.1)

k—1
u) = FA” O~ fxgy + F Y AR Bus), (6.2)
s=2k—¢=1(k)

which involves the zero input solution and the zero state solution of the system, and
a feedback gain F that is designed such that A + BF is Schur stable. Then, the
closed-loop system

x(k+1)=(A+ BF)x(k), (6.3)

is exponentially stable. The following truncated predictor state feedback law, also
referred to as the state feedback TPF law,

u(k) = FA? ' ®Oky (). (6.4)

discards the finite summation part of the predictor state feedback law (6.2) and is
easy to implement. Furthermore, the delay independent state feedback TPF law

u(k) = Fx(k) (6.5)
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. . . -1 .
further discards the delay-dependent transition matrix A? ®=% in the truncated

predictor state feedback law (6.4). This simplification results in the robustness of
(6.5) with respect to time-varying delays and even unknown delays. It was shown in
[64] that the state feedback TPF law (6.4) stabilizes system (6.1) with all open loop
poles on or inside the unite circle no matter how large the delay r is. Furthermore,
the delay independent state feedback TPF law (6.5) stabilizes system (6.1) with all
open loop poles at z = 1 or inside the unit circle, again, no matter how large the
delay r is. The eigenstructure assignment low gain feedback design technique was
employed in [64] to construct the feedback gain matrix F, while in [123] and [125],
the Lyapunov equation based low gain feedback design was employed.

In this section, we first construct an example to show that the delay independent
state feedback TPF law (6.5) cannot compensate an arbitrarily large delay if the
open loop system has poles on the unit circle at z # 1. Then, an admissible delay
bound under the feedback law (6.5) is given for a general linear system that may
be exponentially unstable. The results extend their continuous-time counterparts in
Sect. 5.2.

6.2.1 Preliminaries

The feedback gain matrix of the delay independent state feedback TPF law (6.5) for
system (6.1) with a controllable pair (A, B) is constructed following the Lyapunov
equation based feedback design (see Sect. 4.3.1),

u(k) = F(y)x (k)
= —(I+B'P(y)B) " B'P(y)Ax(k), (6.6)

where P(y) is the unique positive definite solution to the discrete-time parametric
algebraic Riccati equation,

A"P(y)A—P(y)—A"P(y)B (I + B'P(y)B) ™ B'P(y)A=—yP(y), (67)

with
ye (1= 1@ 1). ©3)

Note that (6.8) is necessary and sufficient for the existence and uniqueness of P(y).

In the case where all eigenvalues of A are at the origin or in the open left-half

plane, the delay is allowed to be arbitrarily large but bounded, and the value of

the parameter y is required to approach zero as the bound on the delay increases

to infinity. As a result, the parametric algebraic Riccati equation (6.7) is a low gain

feedback design and the feedback parameter is referred to as the low gain parameter.
We recall the following lemma from [99].
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Lemma 6.1 Let (A, B) be controllable with A nonsingular. For each y € (1 —
[A(A)|?. | 1), the unique positive definite solution P(y) to the parametric algebraic

min’
Riccati equation (6.7) satisfies

F'B"PBF < oP, (6.9)
FT(I + BTPB)F <vP, (6.10)
(AC—I)TP(AC—I) <wP, (6.11)
where
F=—(I+B'PB) " B'PA,
Ac = A+ BF,
 (de(A) — (1 — )’
(1 _ J/)2n—1 ’
det?(A) — (1 — p)"
T = s
(1 -yl
de2(A) (det?(A) — (1 — y)")?
=— " _1- 2(n — tr(A .
T Ay T R A e o —

We next establish an inequality relating the determinant and the trace of a class
of matrices.

Lemma 6.2 If A € R™™" has all its eigenvalues on or outside the unit circle, then
4det*(A) — 6det®(A) + det™2(A) + 1 + 21 — 2tr(A) > 0.
Proof We use polar coordinates to denote the eigenvalues of A as
A= rieje" ,

where r; > 1 and 6; € (—m, ], fori € I[1, n]. The determinant and the trace of A
are respectively expressed as
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and

n

tr(A) = Zr,-ejg"

i=1
n
= Z r; cos0;,
i=1

where we have used the fact that eigenvalues appear in conjugate pairs. We then
have

4det*(A) — 6det>(A) + det 2(A) + 1 + 2n — 2tr(A)
n n n n
> 41_[”1‘4 —61_[ri2+l_[ri_2 +14+2n —ZZri.
i=1 i=1 i=1 i=1

Thus, it suffices to show that

4ﬁr?—6ﬁri2+ﬁri_2+l+2n—22n:ri > 0.
i=1 i=1 i=1 i=1

Define a multivariate function

n n n n
g(rl’rz,”.7rn):41_[}’}4—61_[7'['2—’-1_[}’[,72—’-1+2n—2zrl‘,
i=1 i=1 i=1 i=1

where r; > 1,i € I[1,n]. We observe that g(rq, 2, ..., r,) remains unchanged
under any permutation of ry,r2,...r,. We consider the partial derivative of
g(ry, ra, ..., ry) with respect to ry,,

dg(ri, v ) n—1 n—1 n—1
i Tr— =16<Hr,-4>r3—12<nrl-z>rn—2<nr,~_2)rn3
I'n . . ;
i=1 i=1 i=1

(6.12)

In addition,
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from which it follows that Py g(r1,ra, ..., ry) is strictly increasing with respect to
t,

r,,. Recalling the fact that r; 2 1,i € I[1, n], we get

n—1 n—1 n—1
m:1=4r]ﬁ<4rbf—3>—2[]qi—2
i=I 1

i=1 i=1

ag(r1,ra, ..., ry)
ary,

207

where the equality sign holds if and only if r; = 1 foralli € I[1, n — 1]. Therefore,

a
_g(r17r2,~~,rn)203

ory
and g(r1,72,...,r,) is nondecreasing with respect to r,. Since g(r1,72,...,7,)
remains unchanged under any permutation of r1, 2, ... and r,, we have

0
—g(ri,r,...,ry) >0, i €l[l,n].
Bri

It follows from (6.12) that
glri,ra, -+ ,rp) = g1, 1, 1)

=0.

This completes the proof. O

Without loss of generality, we assume that the stabilizable pair (A, B) in system
(6.1) takes the following decomposed form:

A A O B B,
0 Ao’ B, |’
where A, € R™*™ has all its eigenvalues inside the unit circle and A, € R"0*"° has
all its eigenvalues on or outside the unit circle. Then, system (6.1) can be written as,

xi(k+1) = Ax (k) + Bu(o(k)),
Xo(k + 1) = Aoxo(k) + Bou(¢(k)),
x(k)y =y (k), ke I[—R,0],

where

x(k) = [x7 (k) x2k)]'
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and

Yk) = [prk) pik)]"

The stabilizability of (A, B) implies that (A,, B,) is controllable. Note that the
asymptotic stabilizability of the second subsystem implies that of the whole system
because all eigenvalues of A, are inside the unit circle. Thus, without loss of
generality, we assume that the pair (A, B) is controllable with all eigenvalues of
A on or outside the unit circle.

6.2.2 An Admissible Delay Bound

We first construct an example to show that if system (6.1) has open loop poles on
the unit circle at z # 1, the delay independent state feedback TPF law (6.6) cannot
stabilize the system when the delay is large enough.

Consider system (6.1) with

=l e= 1]

and a constant delay r(k) = 2, k € N. It can be readily verified that (A, B) is
controllable with eigenvalues of A at z = % j. By solving the parametric algebraic
Riccati equation (6.7), we obtain the unique positive definite solution

1
P(y)=|:1—y 01+y 0 _1]
(1-y)?

where y € (0, 1) in view of (6.8). Hence, the delay independent state feedback TPF
law (6.6) is given by

u(k) = —[y* =2y 0] x(k),
under which the closed-loop system is given by

{mw+n:m®,
Xk +1) = —x1(k) + 2y — y?) x1(k — 2),

The characteristic equation of the closed-loop system is

A2 +yr-2y =0,
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whose four roots are

1
T+dy2—p)—1\2
Z1,z=i( )/(2 ¥) ’

mH)%
: :

Z3,4=ij(

Note that z3 and z4 both lie outside the unit circle for each y € (0, 1). Thus, the
delay independent TPF law (6.6) fails to stabilize the system.

We next establish a delay bound for a general linear system to be stabilizable by
the delay independent state feedback TPF law (6.6).

Theorem 6.1 Let all the eigenvalues of A in the system (6.1) be on or outside the
unit circle. If

R < . ¥ €1,

2 n 2 1 )2
2det (A)—(—y) - +4(det (A) = (1—p)")
1=yt (1 —y)y>t

(6.14)

where w is as defined in Lemma 6.1, then the delay independent state feedback TPF
law (6.6) asymptotically stabilizes system (6.1 ).

Proof The closed-loop system under the delay independent TPF law (6.6) is given
by

x(k+1) = Awx(k) — BFxq(k), (6.15)

where Ac and F are defined as in Lemma 6.1 and
xd(k) = x(k) — x(¢ (k).
Consider a Lyapunov function
V(x(k)) = x" (k) P(y)x (k).

In view of the assumption on system (6.1) that all the eigenvalues of A are on
or outside the unit circle, we let y € (0, 1) satisfy (6.8). By Young’s inequality,
Lemma 6.1 and (6.15), we evaluate the forward difference of V (x(k)) along the

trajectory of the closed-loop system (6.15) as follows:

AV (x(k)) = V(x(k)) = V(x(k — 1))
=x"(k) (~y P — F"F) x(k) — 2x"(k) AL P BF xq(k)
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+x3(k)F"B"PBFx4(k)
det?(A) — (1 —p)"

=y R +

By the fact that

k
xak)= > ((Ac—Dx( = 1) = BFxq(l - 1)),

I=¢(k)+1
and Lemmas 3.6 and 6.1, xj(k) Pxq(k) satisfies

k
xjkPxak) <2rk) Y (wx"—DHPxd—1)
I=¢(k)+1

(det®(4) — (1 — y)")’*
(1 —y)>!

k

<2rk) Y (wx"d—DPx(—1)

X3 — 1) Pxa(l — 1))

I=¢(k)+1
2 A) — (1 — ) 2
(det ((1)_],()2"-1)/) V(= e -1y

+x" U =1—=rd—=1)Px(I—-1—-r(- l)))) .
Then, we have

det?(A) — (1 — p)"

AV (x(k)) < —yx"(k)Px(k) +2 r(k)

(1 =yt
k ( (de?(A) — (1 — p)")?
x Z wx"(l — HPx( —1)+2 —
1= (k)+1 (=)

X (X"0 = DPx( = 1) +x"U =1 =r( = 1)Px( — 1 —r( - 1)))).

xj(k) Pxq(k).

227

For V(x(k + x)) < nV(x(k)), k € I[-2R, 0], with some positive constant

n > 1, we have

det?(A) — (1 —p)"
—2R?
v LT

AV(x(k) = — (

(det®(4) — (1 —)")°
(w A

)) V(x(k)). (6.16)
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In view of (6.14), it follows from (6.16) that
AV (x(k)) < —€V(x(k))

for some € > 0. The asymptotic stability of the closed-loop system then follows
from the Razumikhin Stability Theorem (Theorem 1.4). It remains to verify that the
denominator inside the square root on the right-hand side of (6.14) is positive. This
can be trivially verified by the use of Lemma 6.2 and the facts that det>(A) > 1 and
y € (0, 1). This completes the proof. O

Corollary 6.1 Let A in system (6.1) have all its eigenvalues at 7 = 1. Given an
arbitrarily large delay bound R, the delay independent state feedback TPF law (6.6)
with each y € (0, y*) asymptotically stabilizes the system, where y* is the smallest
positive solution to the following nonlinear equation,

1—(1—y>"<(1—(1—y>">2< 4 +1)
y(1—y)yn—l 1—=py=t \d—=y)y

1 1

Proof Since A has all its eigenvalues at z = 1, tr(A) = n and det*(A) = 1. Thus,
(6.14) is equivalent to (6.17) with the equality sign replaced by “ < ". Note that the
left-hand side of (6.17) approaches zero as y — 0 and goes to infinity as y — 1,
which implies that (6.17) has a smallest positive solution y*. This completes the
proof. O

Remark 6.1 The result of Corollary 6.1 is consistent with a result in [64] or [125],
where it is established that a discrete-time linear system with all its open loop poles
at z = 1 or inside the unit circle can be stabilized by the delay independent state
feedback TPF law (6.6) no matter how large the delay is.

6.2.3 Numerical Examples

Example 6.1 (A System with All Poles at z = 1) Consider system (6.1) with

1100 0
0110 0
A= 0011 , B= { (6.18)
0001 1
Clearly, the open loop system has all its poles at z = 1 and is controllable.

Corollary 6.1 suggests that the delay independent state feedback TPF law (6.6)
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is capable of asymptotically stabilizing the system with an arbitrarily large delay
bound. Consider a fast-varying delay

r(k) = [1 4 sinz(lOOk)-| _keN,

with an upper bound R = 2, where [-] denotes the ceiling function. Let y = 0.1.
For the initial condition

x(k)=[1-101]", keI[0,R],

the state response of the closed-loop system and the control input are shown in
Fig. 6.1, from which the stability of the system is clear. O

Example 6.2 (A System with All Poles on the Unit Circle) Consider system (6.1)
with

0.987 0.1607 0 0
A= -0.1607 0987 0|, B=|1]. (6.19)
0 0 1 1

The open loop system has a pair of poles on the unit circle at z = 0.987 & j0.1607
and another pole at z = 1. It can be easily verified that (A, B) is controllable and
tr(A) = 2.974. Consider

14 (=D
r(k):#, k e N,

which is 1 when k is even and is O otherwise. Let y = 0.0078. Let the initial
condition be

x(ky=[1-10]", ke1[0,1].

The state response and the input signal are shown in Fig. 6.2, which demonstrates
the convergence of the closed-loop signals. U

Example 6.3 (An Exponentially Unstable System) Consider system (6.1) with

I 0.090 0
A=]1-009 1 0|, B=]|1][. (6.20)
0 0 1 1

The open loop system has a pair of exponentially unstable poles at z = 1 £ j0.09
and another pole at z = 1. It can be readily verified that (A, B) is controllable,
det(A) = 1.0163 and tr(A) = 3. We consider
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Fig. 6.1 Example 6.1: State response and control input under the delay independent state feedback
TPF law (6.6) with y = 0.1
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Fig. 6.2 Example 6.2: State response and control input under the delay independent state feedback
TPF law (6.6) with y = 0.0078
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_ 1)k
R EC

Let the initial condition be
x(k)y=[1-10]", ke1[0,1].

Simulation is run with y = 0.016, which satisfies (6.14). The convergent state
response and the corresponding input signal are shown in Fig. 6.3. (|

6.3 Delay Independent Truncated Predictor Output
Feedback Design

In this section, we consider stabilization of a general discrete-time linear system
with a time-varying input delay by delay independent truncated predictor output
feedback. Such feedback can be considered parallel to the delay independent
truncated predictor output feedback in the continuous-time setting. With only the
knowledge of an upper bound of the time-varying delay, it is established that
a general discrete-time linear system is stabilized by an observer based output
feedback law as long as the delay does not exceed a certain upper bound. An explicit
upper bound is provided that guarantees stabilizability. Moreover, given a time-
varying delay with an arbitrarily large upper bound, our output feedback law with
a sufficiently small feedback parameter stabilizes a discrete-time linear system with
all its open loop poles at z = 1 or inside the unit circle. Existing results in the
literature on the output feedback design require the exact knowledge of the delay
(see [64] and [125]) to achieve stabilization. Our design relaxes the requirement to
the extent that only an upper bound of the delay is required to be known. This is
why we refer to our feedback as the delay independent truncated predictor output
feedback.

6.3.1 Feedback Design

Consider output feedback stabilization for the following discrete-time linear system

with a time-varying input delay,

{x(k+1) = Ax(k) + Bu(¢(k)), k>0, 621)
y(k) = Cx(k), '
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Fig. 6.3 Example 6.3: State response and control input under the delay independent state feedback
TPF law (6.6) with y = 0.016
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where x € R", u € R™, and y € R? correspond to the state, the input, and the
output, respectively, the triple (A, B, C) are both stabilizable and detectable, and
¢ (k) takes the standard form of

o (k) =k — r(k).

The time-varying delay r(k) : N — N is assumed to be bounded from above by
R € N, that is,

rtk) <R, keN.

Our feedback design only requires that R be known. It does not require to know
how the delay r (k) vary with respect to time.
It was established in [64] that the following observer based output feedback law
{x(k +1) = ARK) + Bu(k —r) — L (y(k) — CR(K)), 622)
u(k) = F(y)x(k),

where F(y) is constructed by using the eigenstructure assignment based low gain
feedback design and L is designed such that A + LC is Schur stable, stabilizes
system (6.21) with all open loop poles at z = 1 or inside the unit circle no
matter how large the constant delay r is. The compensation of an arbitrarily large
constant delay is achieved by tuning the low gain parameter y to be small enough.
Alternatively, the use of the Lyapunov equation based low gain feedback design to
parametrize F(y) in (6.22) also achieves stabilization (see [125]).

However, the dynamics of the observer of the output feedback law (6.22) involves
the delayed input u(k — r). Clearly, the implementation of such a feedback law
requires the exact value of the constant delay r. Our goal in this section is to design
a delay independent truncated predictor output feedback law that does not involve
the delay in its expression even when the delay is time-varying.

Before proceeding to our output feedback design, we assume, without loss of
generality, that the triple (A, B, C) in system (6.21) are in the following form:

Ar 0 By
A= , B= , C= , 6.23
[0 Ao] [3} L6 Col (©29

where all the eigenvalues of A1 € R™*"s are inside the unit circle and all the
eigenvalues of A, € R are on or outside the unit circle, and n, + ng = n.

We propose the following delay independent output feedback law, also referred
to as the delay independent output feedback TPF law, for system (6.21),
{i(k—i—l) = A%(k) + Bu(k) — L (y(k) — Ci(k)), (6.24)

u(k) = F(y)x k),
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where L is such that A + LC is Schur stable and the Lyapunov equation based
feedback design is adopted to construct F'(y) as

F(y)=—(I+B"P(y)B)” B'P(y)A, (6.25)
where
0 0
P(y) = , 6.26
@ [0 POWJ (20

and P,(y) is the unique positive definite solution to the discrete-time parametric
Riccati equation,

—1
AEPO(J/)AO — Po(y) — AI)PO(V)BO (I + B(T,PO(V)BO) BgPo(V)Ao = —y Py(y),

y € (1 —min{|,\(Ao)|2} , 1). (6.27)

The existence of such an L is guaranteed by the assumption that the pair (A, C) are
detectable. Note that the stabilizability of the pair (A, B) implies the controllability
of the pair (Ao, By), which in turn implies the existence and uniqueness of the
solution P,(y) to the discrete-time parametric Riccati equation the Lyapunov
equation (6.27).

Comparing the proposed feedback law (6.24) to the existing feedback law (6.22),
we see that our design replaces the delay input u(k — ) with its undelayed version
u(k), thus eliminating the requirement for the exact knowledge of the delay. We can
see that such an improvement is not trivial if we consider the error signal between
the state of the system and the observer state,

e(k) = x(k) — x(k). (6.28)

Under the delay-dependent design (6.22), the error signal exponentially decreases
to zero because

e(k+1) = (A+ LC)e(k),

which naturally leads to the stabilization of system (6.21) in view of the delay
independent truncated predictor state feedback design (see Sect. 6.2). However,
under our design (6.24), the error signal is governed by

ek +1) = (A+ LCO)e(k) + BF(y) ((¢ (k) — 2 (k) , (6.29)

whose right-hand side contains a difference between x(¢(k)) and x (k). As will
become clear in Sect. 6.3.2 next, the presence of this difference drastically com-
plicates the stability analysis.
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6.3.2 Stability Analysis

The closed-loop system consisting of system (6.21) and the delay independent
truncated predictor output feedback law (6.24) can be written in terms of the state
(x,e) as,

{X(k + 1) = Ax(k) + BF (y)(x(¢ (k) — e(¢(k))),
e(k+1) = (A+ LC)e(k) + BF(y)(x(¢ (k) — e(p(k)) — (x(k) — e(k))).

(6.30)
Let
{56 = oty —etater. 30
Then, the closed-loop system is simplified to
{x(k +1) = Ax(k) + BF(y)(x(¢(k)) — e(¢(k))), (6.32)
e(k+1) = (A+ LC)e(k) + BF(y)(¢(k) — &(k)).
Noting the structure of (A, B, C) shown in (6.23), we have
F(y) =[0 F,(»)].
where F,(y) is defined as
Foly) = — (I + BIP,(y)B,) ' BIP,A,. (6.33)

Hence, the closed-loop system can be decomposed as

xi(k + 1) = A (k) + BiFo(y) (%0 (¢ (k) — €0 (9 (K))),
Xo(k + 1) = Aoxo(k) + BoFo(y) (xo(¢ (k) — eo((k))), (6.34)
e(k+1) = (A+ LC)e(k) + BFo(y)(8o(k) — o (k)),

where x,(k) and x,(k) are respectively the first n, and the last n, states of x(k),
eo(k), & (k) and ¢, (k) are the last n, states of e(k), £(k) and ¢ (k), respectively. The
second and the third subsystems describe the dynamics of x,(k) and e(k), whereas
the first subsystem takes x, (k) and e, (k) as external signals. Moreover, the internal
stability of the first subsystem is determined by the Schur stability of matrix A,.
Therefore, the asymptotic stability of the last two subsystems implies that of the
whole closed-loop system, and it suffices to consider only the stability of

{ Xo(k + 1) = Aoxo(k) + BoFo(y) (%0 (¢ (k) — €0 (9 (K))), (6.35)
etk +1) = (A+ LCO)e(k) + BFo(y)(Lo(k) — &o(k)). '
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Theorem 6.2 Given any y € (0, 1), there exists R* € N such that, for each R <
R*, the closed-loop system (6.35) is asymptotically stable.

Proof Choose a Lyapunov function

V(xo(k), e(k)) = x4 (k) Po(y)x0 (k) + €' (k) Qe(k),

where Q is the unique positive definite solution to the following discrete-time
Lyapunov equation,

(A+LC)Y'QA+LC)— Q= —pl, (6.36)

and p is a positive constant whose value is to be determined later.
By defining

AOC(V) = A, + BoFo(y)a

we rewrite the closed-loop system (6.35) as follows:

{xo(k + 1) = Aocxo(k) — BoFo(y)(6o(k) + eo(@(k))), (6.37)

e(k+1) = (A+ LC)e(k) + BF,(y) (5o (k) — &o(k)).
The forward difference of V (x,(k), e(k)) can be computed as
AV (xo(k), e(k)) = V(xo(k + 1), e(k + 1)) — V(xo(k), e(k))
= x1(k) (= Po — F1Fo) xo(k) — pe’ (K)e(k)

+2(&0 (k) + eo(¢ (K)))' Fy Foxo(k)
(& (k) + €0 (¢ (k)))" Fy By PoBo Fo (6o (k) + eo( (K)))
+2(8o (k) — & (k) Fg BQ(A + LC)e(k)
+(&o(k) = &(k))' Fy B' QB Fo (5o (k) — & (k)),

where we have used the discrete-time Riccati equation (6.27) and the discrete-time
Lyapunov equation (6.36). Let

a::tr(BTQZB). (6.38)

The linear relation between Q and p in (6.36) suggests that there exists a sufficiently
large p; such that for each p > py,

0 < Q%
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and thus

AV (xo(k), e(k)) < xo(k)(—y Po — FgFo)xo(k) — pe’ (k)e(k)
+2&, (k) Fy Foxo(k) + 2e4 (¢ (k) Fy Foxo(k)
+(o(k) + eo(p (k) Fo By PoBo Fo (65 (k) + €0 (¢ (K)))
+2(8o (k) — §o(k))' FgBQ(A + LC)e(k)
+0 (8o(k) — &0 (k)" Fg Fo (8o (k) — & (K)).

By Young’s Inequality and the definitions of &£ (k) and ¢ (k), we obtain

AV (xo(k), e(k)) < —yxg(k) Poxo(k) — pe'(k)e(k)
+2&, (k) Fy Fobo (k) + 4el (k) Fy Foeo (k)
+4¢, (k) Fy Folo (k) + 26, (k) Fy By Po Bo Fobo (k)
+2e4(¢ (k) Fy By PoBo Foeo (¢ (k)
+0 (§o(k) — & (k)" Fy Fo (8o (k) — &0 (k)
+e"(k)(A + LC)'(A + LC)e(k)
+20 ¢, (k) Fy Folo(k) + 20&; (k) Fy Foo (k). (6.39)
Grouping similar terms in the above inequality yields
AV (xo(k), e(k)) < —y x5 (k) Poxo(k) + 255 (k) Fy (I + By PoBo) Fobo(k)
+o £y (k) Fy Foo(k) + 48 (k) (I + By PoBo) Foto(k)
+40 L) (k) Fy Folo(k) + 4el (k) (I + B} P, B,) Foeo(k)
+e'(k) (—pI + (A+ LC)'(A+ LC)) e(k),

to which we apply Lemma 6.1 to obtain

AV (xo(k), e(k)) < —yx;5(k) Poxo(k) 4 (2 + 40)00&, (k) Po&o (k)
+(4 4 40)9,¢" (k) P& (k)
+e" (k) (—,oI +(A+LC)"(A+LC) + 4190P) e(k), (6.40)
with

_ de?(4g) — (1 — )"
(1= yyro~!

[¢]
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Notice that there exists po» > p; such that, for each p > p,
yI+(A+LC)'(A+ LC) +40,P < pl,
based on which inequality (6.40) can be continued as

AV (xo(k), e(k)) = =y (x5 (k) Poxo(k) + €' (k)e(k)) + (2 + 40) D0k, (k) Pobo (k)
+(4 +40) 00" (k) P (k)
V(xo(k), e(k)) + (2 + 40) Do, (k) Pobo (k)

<__ 7
T Amax(Q)
+(4 +40)05¢ " (k) P (k).

Next, we focus our attention on the terms & (k) Po&,(k) and ¢ (k) P¢ (k). Using
Xoll + 1) = Aocxo(l) — BoFo(§o(1) + eo(¢(1)))
forl € I[k — r(k), k — 1] repeatedly, we obtain

r (k)

Eo(k) =D (Ao — Dixolk — 1) — By Foo(k — 1) + eo (¢ (k — 1)),

=1
which implies that

r(k)

E100PoEo(®) = 1) Y ((Aoc — Dixo(k — 1) — BoFo(Eolk — ) + eo(@(k — 1)) Po

=1
x (Ao = Dxolk = 1) = BoFolbolk = 1) + eo(k = 1))

r(k)

<2r(k) Y xg(k = D)(Aoc — 1) Po(Aoc — Dxo(k — 1)
[

+(8ok = 1)+ eo(@ (k = 1)) F3 Bo PoBo Fo(Eolk — 1) + eo(@(k — 1))

R
<2R Z @oXo(k — 1) Poxo(k — 1) + 00(Eo(k — 1) + eo(p(k — D))"
=1
X Po(§o(k — 1) + eo(¢(k —1)))
R
<2R Y woxp(k — 1) Poxo(k — 1) + 400X (k — 1) Poxo(k — 1)
=1

+400x4 (¢ (k — 1)) Poxo(¢ (k — 1)) + 240" (¢ (k — 1)) Pe(p (k — 1)),
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where we have used Young’s Inequality, Lemmas 3.6 and 6.1, and have defined

2
w, = % —1—ney + 2(no — tr(AO))
(det®(A) — (1 — y)o)?
det?(Ao)(1 — y)ro~!

(det?(Ap) — (1 — yyro)?
(1 — y)2no~! '

Oo =

Again, by the linear relation between Q and p, note that there exists p3 > p»
such that, for each p > p3,

P(y) = Q.

which implies that

R
&y (k) Pobo(k) < 2R Z(ZUO +400)x5(k — 1) Poxo(k — 1)
=1

+400x4 (¢ (k — 1) Poxo(p (k — 1))
+2hoe" (P (k — 1) Qe(p(k —1)). (6.41)

On the other hand, by using
e(l+1)=(A+ LC)e(l) + BFo(5o(l) — &(D))
forl € I[k — r(k), k — 1] repeatedly, we obtain

r (k)

g(k) = Z(A + LC — De(k — 1) + BF (5o (k — 1) — &, (k — 1)),
I=1

based on which we have

r(k)
L'k Pe(k) <2RY e"(k —)(A+LC — I)'P(A+ LC — De(k — 1)
=1

ok = 1) =&k =)' FgB" PoBFo(Lo(k — 1) — §o(k — 1))

R
< ZRZeT(k —DA+LC—-D'"P(A+LC —De(k—1)
=1

+2Q0C§(k — D Pyto(k —1) + 2Qo$§(k — D Ptk —1)
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R
<2RY €"(k—)(A+LC—D'P(A+LC — De(k — )
=1

+4goe’ (k — 1) Qe(k — 1) + 4goe’ (¢ (k — 1)) Qe(¢(k — 1))
+400xy(k — 1) Poxo(k — 1) + 400x4(¢ (k — 1)) Poxo(¢ (k — 1)).

Once again, by the linear relation between Q and p, there exists p4 > p3 such
that, for each p > pq4,

(A+LC—-D'P(y)(A+LC—-1) <Q,

which implies that

R
{"k)PE(k) <2RY ek — 1) Qe(k — 1)

=1
+40oe’ (k — 1) Qe(k — 1) + 400" (¢ (k — 1) Qe(dp(k — 1))
+400xs(k — 1) Poxo(k — 1) + 400x4(¢ (k — 1)) Poxo(¢ (k — 1)).

Fix a p > p4. Using the above inequalities on the terms &; (k) Po&,(k) and
¢ (k)P¢ (k) yields

14
A']'l’]ElX ( Q)

AV (xo(k), e(k)) = — V(xo(k), e(k))

R
+ (2 +40)0, (ZR > (@0 + 400)xik — 1)
=1

X Poxo(k — 1) + 400x4 (¢ (k — 1)) Poxo(¢(k — 1))

+ 2hoe" (@ (k — 1)) Qe(g (k — l))) + (4 +40)9,

R
x (2R > ek — D) Qe(k — 1)+ 4ooe" (k — 1) Qe(k — 1)

1=1
+4ooe" (¢ (k — 1) Qe(p(k — 1)) + 4goxy(k — 1) Poxo(k — 1)

+ 400x4 (¢ (k — 1) Poxo (¢ (k — l))>.
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Consequently, under the assumption that V(k +s) < nV(k), s € I[-2R, 0], for a
constant n > 1, we have

AV (xo(k), e(k)) s(— + 4nR*(1 + 20) 0o (wo + 100,)

_r
)\max ( Q)

+8nR*(1+ o), (1 + 12Qo)> V(xo(k), e(k)).

Thus, by the Razumikhin Stability Theorem (Theorem 1.4), the closed-loop system
is asymptotically stable if

\/ Y
R < .
Bhimax (@) (1 + 0)(1 + @, + 220,)

This completes the proof. O

Theorem 6.2 suggests that, for any feedback parameter y, the delay independent
output feedback TPF law (6.24) is robust to a certain amount of input delay in a
general, possibly exponentially unstable, discrete-time linear system.

Theorem 6.3 Let all the eigenvalues of A, be at z = 1. Then, given a time-varying
delay with an arbitrarily large upper bound, there exists y* > 0 such that, for each
y € (0, y™), the closed-loop system (6.35) is asymptotically stable.

Proof The scheme of the proof follows mostly that of Theorem 6.2, with minor
differences in the handling of the parameters y and p. Consider the Lyapunov
function

V(xo(k), e(k)) = x5(k) Po(y)x0(k) + €' (k) Qe(k),
and recall (6.40) as
AV (k) < —yxa(k) Poxo(k) + (2 + 40) 908, (k) Pogo (k)

+(@4 +40)06¢" (k) P¢ (k)
+e"(k) (—pI + (A+ LC)"(A+ LC) + 49, P) e(k),

with o and 9, being defined in the proof of Theorem 6.2. Choose a sufficiently large
p such that

{ Amin(Q) > 1,
max{pl, 0} > (A+ LC)"(A+ LC).
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Then, there exists a sufficiently small y; > O such that, for each y € (0, y),

P(y) <0,

yI +49,P(y) +(A+ LC)"(A+ LC) < pl,

(A+LC—-D'"P(y)(A+LC—-1) < Q,
P(y) <yvl,

where v is a positive constant that depends on y;. All the above four inequalities
come from the properties that when all the eigenvalues of A, are at z = 1, Py(y) is
a rational function of y and property (3.74) (see Lemma 3.4).

We adopt the inequality on the term &] (k) P,&,(k), as given by (6.41),

R
&, (k) Poko(k) < 2R Z(wo +400)x4(k — 1) Poxo(k — 1)
=1

+400x4 (¢ (k — 1) Poxo(¢p (k — 1)) + 2hoe" (¢ (k — 1)) Qe(p (k — ).

Moreover, the term ¢" (k) P¢ (k) can be majorized as

R
{"(k)PL(k) < 2R yve'(k—1)Qe(k —1)
=1

+4goe’ (k — 1) Qe(k — 1) + 4goe’ (¢ (k — 1)) Qe(¢(k — 1))
400Xy (k = 1) Poxo(k — 1) + 400x4(¢ (k — 1)) Poxo(¢ (k — 1)).

Consequently, under the assumption that V(k +s) < nV(k), s € I[-2R, 0], for a
constant 1 > 1, the forward difference AV (k) can be computed as

AV (k) < <— +4n(1 + 20)9R* (o + 100,)

_r
)‘-max ( Q)

+8nR*(1+ )P0 (yv + 12Qo)> V(xo(k), e(k)),

where ¥, @,, and g, are as defined in the proof of Theorem 6.2. With all the
eigenvalues of A, at z = 1, we have tr(A,) = n and det(A,) = 1, which imply
that ¥, @, and g, all approach zero as y does. This further implies that there exists
ay* < yp such that, for each y € (0, y*),

14

4(1 + 20) 0o R*(wo + 100,) + 8R*(1 + 0) V6 (yv + 120,) < ————.
Amax(Q)

The asymptotic stability of the closed-loop system (6.35) then follows from the
Razumihkin Stability Theorem (Theorem 1.4). |
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Theorem 6.3 suggests that, given a time-varying delay with an arbitrarily large
upper bound, the delay independent output feedback TPF law (6.24) asymptotically
stabilizes a discrete-time linear system with all its open loop poles at z = 1 or
inside the unit circle. No restriction on the variation of the time-varying delay is
imposed on the system. This is particularly remarkable even when compared to the
predictor feedback for a general discrete-time linear system. Recall that the general
predictor feedback, as described in Chap. 3, manages to stabilize the system by
predicting the future state of the open loop system at the future time step ¢~ (k),
which inevitably requires the inverse of ¢ (k) = k—r (k) to exist and be known. Such
a requirement limits the ability of the predictor feedback to handle time-varying
delays. Therefore, our proposed output feedback law manifests its advantage over
the predictor feedback in the stabilization of discrete-time linear systems with time-
varying delays.

6.3.3 Numerical Examples

Example 6.4 (A System with All Poles at 7 = 1) Consider system (6.21) with

1100
a|orrol o
0011

0001

,C=[1000]. (6.42)

- o O O

Clearly, the open loop system has all its poles at z = 1 and the triple (A, B, C) are
both controllable and observable. We design the matrix L such that

AMA+LC) = { + %i%}

Theorem 6.3 suggests that the delay independent truncated predictor output feed-
back law (6.24) asymptotically stabilizes the system with a time-varying delay
whose upper bound can be arbitrarily large. Consider a fast-varying delay

r(k) = {1 + sin2(100k)-| keN

with an upper bound R = 2, where [-] denotes the ceiling function. Let y = 0.1
and the initial condition be

x(k)y=[10-12]", k) =[0000]", ke I[0, R].
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The evolutions of the closed-loop state, the state estimate error, and the correspond-
ing input are shown in Figs. 6.4 and 6.5. (]

Example 6.5 (A System with All Poles on the Unit Circle) Consider system (6.21)
with

010 1
A=|-100|,B=|1|,C=[101]. (6.43)
001 1

The open loop system has a pair of poles on the unit circle at z = % and another
pole at z = 1. It can be easily verified that (A, B, C) are both controllable and
observable. The matrix L is designed such that

MA+ LC) = {o, i%}

and the feedback parameter is chosen as y = 0.1. For simulation purpose, let a
time-varying delay be

14 (=D
r(k):#, k e N,

and the initial condition be
x(k)y=[10-1]", k) =[000], k € 110, 1].

The state, the state estimation, the estimation error, and the control input are shown
in Figs. 6.6 and 6.7. O

Example 6.6 (An Exponentially Unstable System) Consider system (6.21) with

0 10 1
A=|-100|,B=|1|,C=[101]. (6.44)
0 02 1

The open loop system has an exponentially unstable poles at z = 2 and a pair
of imaginary poles at z = =+£j. It can be readily verified that (A, B, C) are both
controllable and observable. The matrix L is designed such that

MA+ LC) = {o, i%}
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Fig. 6.5 Example 6.4: State estimation error and control input under the delay independent output
feedback TPF law (6.24) with y = 0.1
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Fig. 6.6 Example 6.5: State and state estimation under the delay independent output feedback
TPF law (6.24) with y = 0.1
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Fig. 6.7 Example 6.5: Estimation error and control input under the delay independent output
feedback TPF law (6.24) with y = 0.1
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and the feedback parameter is chosen as y = 0.1. Consider a constant delay
rtk)=1, keN.
Let the initial condition be
x(k)=[1-10]", 2k)=[000]", keI[0,1].

The convergent state, state estimation, estimation error, and control input are shown
in Figs. 6.8 and 6.9. ]

6.4 Conclusions

A general discrete-time linear system that is possibly exponentially unstable can
be stabilized by delay independent TPF, either of state feedback type or of output
feedback type, as long as the input delay does not exceed a certain bound. Since the
construction of the delay independent TPF does not rely on the explicit knowledge
of a time-varying delay, the feedback has the ability to handle time-varying delays
that cannot be handled by the general predictor feedback of Chap. 3. Moreover,
when all the open loop poles are at z = 1 or inside the unit circle, the delay
independent predictor feedback laws achieve asymptotic stabilization no matter how
large the bound on the time-varying delay is as long as the feedback parameter is
chosen small enough.

6.5 Notes and References

The presentation of the results on the delay independent truncated predictor state
feedback follows [106], whereas the results on its output feedback counterparts are
from [109].
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Fig. 6.9 Example 6.6: Estimation error and control input under the delay independent output
feedback TPF law (6.24) with y = 0.1



Chapter 7 )
Regulation of Continuous-Time Linear Qs
Input Delayed Systems Without Delay
Knowledge

7.1 Introduction

In this chapter, we propose a control scheme that, in the absence of any knowledge
of the delay, regulates to zero the state and the control input of a linear input delayed
system whose open loop poles are at the origin or in the open left-half plane. Two
main features of our control scheme are its non-distributed nature in the sense that
only the current state is used in the feedback and its delay independence in the
sense that no knowledge of the delay, neither its exact value nor its upper bound,
is required. The main ingredients of our control scheme and the regulation proof
include the design of a delay independent truncated predictor feedback law with a
time-varying feedback parameter, Lyapunov function based adaptation of the time-
varying parameter, a mechanism for switching between two update laws of the time-
varying parameter, and the partial differential equation based analysis of the closed-
loop system.

Both the truncated predictor feedback law and the delay independent truncated
predictor feedback law, as presented in Chaps. 2 and 5, respectively, require
knowledge of the input delay. The delay appears in the exponential factor of the
truncated predictor feedback law. An upper bound of the delay is necessary for
determining the value of a low gain feedback parameter of the delay independent
truncated predictor feedback laws. In Sect. 5.2, a delay independent truncated
predictor feedback law was proposed for a general linear system and an admissible
delay bound for the closed-loop stability was established. A delay independent
output feedback law was proposed in Sect. 5.4 for a general linear system, and
an admissible delay bound that assures closed-loop stability was given. Also, an
upper bound of the delay is required to be known for the stability guarantee. To
study the potential of the delay independent truncated predictor feedback law to
achieving faster convergence of the closed-loop system, Sect. 5.3 presented a time-
varying feedback parameter that guarantees closed-loop stability of linear systems
with all open loop poles at the origin or in the open left-half plane. An upper bound
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of the delay is still required for the design of the time-varying feedback parameter
therein. For systems with open loop poles in the closed left-half plane, reference
[103] developed adaptation of the truncated predictor feedback law to accommodate
unknown delay, but the delay is required to be in a sufficiently small range whose
upper and lower bounds are known. A control scheme that employs the full actuator
states U (t 4+ 0), 6 € [—T, 0], regulates a general linear system with input delay, but
requires the upper bound of the delay to be known [58]. Typically, a delay-adaptive
control scheme for a general linear system utilizes a lower bound and an upper
bound of the delay (see [14] and [15]). Regardless of different types of systems
and various control schemes, regulation of linear systems by using a feedback law
independent of any knowledge of the delay still remains an open problem.

The delay independent truncated predictor feedback law as a non-distributed
controller allows easy implementation and requires relatively less knowledge of
the delay. To achieve regulation, in the absence of any knowledge of the delay, of
linear systems with all open loop poles at the origin or in the open left-half plane,
in this chapter, we consider the delay independent feedback law as the nominal
controller for the design of a regulation scheme. The Lyapunov equation based
low gain feedback design results in a feedback gain matrix with a single feedback
parameter. An update algorithm for the feedback parameter consists of two update
laws with a switching mechanism. This update algorithm guarantees the regulation
of the state and the control input of the system to zero and the regulation of the
feedback parameter to a positive constant. The regulation proof is carried out by
the use of the partial differential equation (PDE) based system representation and a
Lyapunov analysis of the closed-loop system. The development and the applications
of the PDE approach to the representation and analysis of delayed systems can be
found in great detail in [59].

7.2 A Feedback Law with a Time-Varying Parameter

We consider the design of a delay compensation scheme that regulates to zero the
state and the control input of the following linear system with input delay,

{X(t) =AX(t)+BU( —1), t>0, 7.1

X(©) =4(©), 0¢€[-1,0],

where X € R” and U € R™ are the state vector and the input vector, respectively,
T > 0 is an arbitrarily large unknown delay, and the initial condition

¥(@) € PC[—1,0].
It is assumed that all eigenvalues of A are at the origin and (A, B) is controllable.

In Chap. 5, the delay independent truncated predictor feedback law with the
Lyapunov equation based low gain feedback design takes the form of
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Utt)=—-B"P()X@®), t> —r, (7.2)

where y is the low gain feedback parameter, —B" P (y) is the feedback gain matrix,
and P (y) is the unique positive definite solution to the parametric algebraic Riccati
equation,

A"P(y)+ P(y)A— P(y)BB"P(y) =—yP(y), y >0. (7.3)

With the knowledge of an upper bound of the delay, an upper bound of y that ensures
the asymptotic stability of the closed-loop system was established.

In the absence of any knowledge of the delay value, an upper bound of the low
gain parameter with stability guarantee cannot be determined. Inspired by the time-
varying low gain feedback design in Sect. 5.3, we adopt

U(@)=—-B"P(y)X@®), t > —1, (7.4)
with a time-varying feedback parameter

y(t) > 0.

The initial condition of y () is given as
y(©) =¢(@©), 0¢€[-1,0].
It is assumed that
¢(@0) € PC[—1,0],
and satisfies
$®) >0, 6 e[—1,0].

For notational brevity, y (0) is denoted as yy in the rest of the chapter.

Remark 7.1 We have defined the initial condition of the closed-loop system con-
sisting of (7.1) and (7.4) as ¥ (@) and ¢ () on 6 € [—1, 0]. The initial condition for
U (t) is determined by the initial conditions v (8) and ¢ (0). If we consider t = 0 as
the starting time instant of the feedback law (7.4), then the initial condition of the
closed-loop system can be defined by X (0), o and

U®B)=vl) € PC[-1,0).

O

The bottleneck to achieving the regulation of closed-loop signals including X (¢),
y(t), and U(¢) under (7.4), without resorting to any knowledge of the delay, is
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the design of an appropriate delay independent update algorithm for y (¢). Such an
algorithm and its main features are presented in the next section.

7.3 An Update Algorithm for the Feedback Parameter

An update algorithm for y (¢), which constructs a continuous y (#) on t > 0, consists
of two update laws and a mechanism that governs the switching between them.
Update law I takes the form of

y(1) = —a%qu, t=0, (7.5)
where
@ B>0,p=14q=2
and

V(X(@),t) =X"()P(y()X(1)

is a Lyapunov function commonly used for stability analysis of systems with or
without delays. For notational convenience, we will denote

V() =V(X(),1)

in the rest of the chapter.
Update law II takes the following form:

y) =—¢y" (1), t=0, (7.6)
where
>0, r>=2.
The switching between the two update laws is based on an event-triggered
switching condition according to the value of the Lyapunov function V (¢). The
update law is switched from I to II whenever

V() > €,

where € > 0 is a threshold. Denote the time instant of a switch from update law I to
update law II as 7;,,. We consider isolated time instants
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Tin+6i, i €N,
such that
y (T +8) = % a7
where
E>1
and §; is computed by the use of (7.6) and (7.7) as

Then, the time instant of the next switch from update law II back to update law I is

TII,I = Tl,n + néllg {81' 1V (TI,II + 51‘) < 6} . (79)
i

Note from (7.8) that §; is strictly increasing with respect to i. Thus, (7.9) indicates
that after a switch from update law I to update law II, we check the value of V at the
isolated time instants

Tin+6i, i €N,
and switch from update law II back to update law I at the first time instant
T + 4
at which
V(T,+6i) <e.

Two main features of the update algorithm for y (¢) are its non-distributed nature
and delay independence. In particular, the update algorithm utilizes exclusively the
current state as the feedback, rather than resorting to the past values of any closed-
loop signal. On the other hand, no knowledge of the delay is required in the update
algorithm. As a result, the integrated control scheme consisting of the feedback law
(7.4) and the update algorithm is also non-distributed and delay independent.

Remark 7.2 According to the switching mechanism, the value of V (0) uniquely
determines which update law is to implement at r = 0. If

V(0) <e,
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then the closed-loop system starts to evolve under update law 1. Otherwise, it starts
to evolve under update law II. By the definition of V' (¢), the selection of the update
law for y (¢) at t = 0 solely depends on 1 (0) and ¢ (0). O

Remark 7.3 Both T;, and T, can be infinite, provided that the switching condition
from one update law to another is never satisfied. In particular,

Ti.l.ll =0
if
V() <€, t =Ty,

where T,,; and T,;;; are the time instants of the last time of switch from update law I
to update law II and from II to I, respectively. Similarly,

Ty = o0
if
V(Tin+di) =€ i €N,
where §; is defined in (7.8) with T;, replaced by Tj;. O

Remark 7.4 On every time interval [Tm, Tm], where Ty, is the time instant of a
switch from update law I to update law II and T}, is the time instant of the next
switch from update law II back to update law I, y () evolves according to update law
II. Equation (7.7) shows that the values of y () at the time instants of the sequence

-
{Tl,n + 81’ };:0 ’
where
J:min{j eN:V(TI_,H—i—(Sj) <e},
form a decreasing geometric sequence of a ratio
el < 1.

From this perspective, update law II decreases the value of y () geometrically.

Another feature of update law II is that the switching condition from update law
II to update law I is only required to be examined at the isolated time instants of the

sequence

T+ &2,
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while for the rest of the time on the interval [TI_H, TH_I], there is no feedback from
other closed-loop signals to y (t). (|

Remark 7.5 The frequency of switching between the two update laws for y (¢) can
be partially described by an examination of (7.9). Note that

because of the nonincreasing monotonicity of y(f) on ¢t € [0,00) and r > 2.
Therefore, every time update law I switches to update law II, the time it takes to
switch from update law II back to update law I is bounded from below by a positive
constant. This implies that on any bounded time interval, the number of switches
between the two update laws must be finite. Thus, the time-varying function y (¢) is
piecewise continuous on every bounded time interval. (]

In the rest of the chapter, we aim to prove the following two theorems on the well
definedness and regulation to zero of the closed-loop signals under the proposed
control scheme.

Theorem 7.1 Under the update algorithm for y(t) and for any given initial
conditions Y (9), () € PC[—1, 0], there exist unique solutions

X(@),y(@),U@) € C[0, c0).
Moreover,
y(®) € (0, nl, t €0, 00).

Theorem 7.2 The feedback law (7.4) with y (t) updated by the update algorithm
achieves

Iim X(r) =0, lim U(t) =0.
t—00 t—00
Moreover,
lim y(¢)
11— 00

exists and is positive. In particular, on t € [0, 00), the number of switches between
the two update laws for y (t) is finite, and the last switch happens from update law
Il to update law L

The proof of Theorem 7.1 is given in Sect. 7.4. Preliminary results for the proof
of Theorem 7.2 are presented in Sects. 7.5 and 7.6, and the proof of Theorem 7.2 is
given at the end of Sect. 7.6.
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7.4 Proof of the Properties of the Closed-Loop Signals

Proof of Theorem 7.1 The proof is inspired by the continuation progress employed
in the existence and the uniqueness proof of the solution of a functional differential
equation (see Theorem 3.1 in [12]).

In view of the facts that

v (0),¢(0) € PC[—1,0],

the open loop system (7.1) and the feedback law (7.4), there exists a unique solution
X(¢t)ont € [0, ] expressed as

t
X(@) = eA’X(O) — / BB"P(¢(s — )Y (s — 1)ds,
0
which leads to
X () e C[O, T].

With the solution X (¢), ¢ € [0, 7], the evolution of y(¢) on t € [0, 7] follows the
update algorithm presented in Sect. 7.3. Consider an auxiliary signal

sty =y~ @)
ont € [0, t]. Then, s(¢) either satisfies

V),
s(t) = a—VP(t) n ﬁs (1), (7.10)

or
(1) = ¢ (@),

corresponding to update laws I and update law II, respectively.

The existence of the signal s(¢) on ¢ € [0, ] is shown by using the technique
of proof by contradiction. Suppose that the solution s(¢) only exists on ¢ € [0, #,),
where 0 < #, < 1. Note from Remark 7.5 that the number of switches between
the two update laws on ¢ € [0, ¢,) is finite. Denote the time instant of the last time
of switch as 7,. On ¢ € [t,, t,), either update law I or update law II is implemented.
Suppose that it is the first case. According to (7.10),

$() < as®79@), telt,t),

which leads to
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s) = (alg = D =0 +5771 1) <00, 1€ lt,0).
This contradicts with

lim s(7) = oo.
t—>t;

Applying a similar argument to the second case, where update law II is implemented
ont € [t, t), also results in a contradiction. Therefore, s(¢), and thus y (¢), exist on
t € [0, t]. Note that
s(t) > 0.
Thus,
st) = yy ' >0,
and
y(@) >0, te][0,T1].

The uniqueness of the solution y(¢) on ¢t € [0, r] again follows from proof
by contradiction. Suppose that the time instant of the first time the solution y (¢)
becomes nonunique is 7/, where ¢/ € [0, 7). Again, recall from Remark 7.5 that
the number of switches between the two update laws is finite on any bounded time
interval. Therefore, there exists a sufficiently small

e>0
such that either update law I or update law II, is implemented on ¢ € [¢/, ' + ¢].
Consider the first case where update law I is implemented. The right-hand side of
(7.5) is continuous with respect to both ¢ and y at the point (¢, y (¢’)) because

X (@) e C[0, ]

and P(y) is infinitely differentiable with respect to y (see Lemma 2.4). Further-
more,

-1 -1 X)L x (¢
Kl (_a V() ) ) _ oy (p)/ﬁ ()3, X (®) +qV(t)> ’
ay Ve@) + B Ve + B Ve + B

and is continuous with respect to ¢ and y at (¢/, y(t')). By the existence and
uniqueness theorem on the solution of an ordinary differential equation, there exists
an
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ne el

such that the solution y (¢) on [¢/, t' +7] is unique. This contradicts the fact that y ()
starts to become nonunique from ¢’. Applying a similar argument to the second case
where update law II is implemented also leads to a contradiction. Therefore, y (¢)
has a unique solution on ¢ € [0, 7].

With

X(t),y(@) € C[0, 7],

the existence and the uniqueness of X(¢#) and y(f) on t € [r,2t] can be
obtained similarly. Repeatedly applying the analysis along the time axis leads to
the conclusion that there exists unique solutions

X(),y(@) € C[0, 00).

In view of the feedback law (7.4), the existence, the uniqueness, and the continuity
of U(¢) then directly follow from those of X (#) and y (¢). On the other hand, by
the use of the continuation progress, the positiveness of y () on ¢t € [0, oo) follows
readily from the fact that

y(@) >0

ont € [0, ]. By the nonincreasing monotonicity of y (¢), we get
v (@) € (0, yol, t € [0, 00).

O

Remark 7.6 The positiveness of y(¢) on ¢ € [0, 00) as a conclusion of Theorem 7.1
shows that the update algorithm for y (¢) successfully avoids the singularity at

y =0.

According to Chap. 2, such a singularity destroys the existence of a positive definite
solution to (7.3). U

Remark 7.7 Theorem 7.1 also holds when y(¢) is updated according to either
update law I or update law II on # € [0, 0o0). The proof for the case of a single
update law is simpler, without the consideration of the other update law and the
switching mechanism. U

In the rest of this section, we establish a lower bound of y (¢) on ¢ € [0, c0) as a
motivation for the more refined nonzero lower bound to be established in the proof
of Theorem 7.2 in Sect. 7.6.

Proposition 7.1 y(t) > 1/w(t) under the update algorithm for y (t), where
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(1) =max {aa)z_q ), ng—’(t)}
2 f(w), t>0, (7.11)
and
0(0) =yy .
Proof Consider an auxiliary signal
s@)=1/y@), t €0, c0).
The upper Dini derivative of s(¢) satisfies

DTs(t) =lim sup w

a—0F a
Vp(t) 2—q 2—r
< max {a—vl’(t)—i—ﬂs (1), ¢s (t)}
< max [aszfq(t), s> (t)} >0 (7.12)

Regardless of the values of «, g, ¢, r, and yp given in Sect. 7.3, @ (¢) has a unique
solution on ¢ € [0, 00). In fact, the explicit solution of w(¢) can be obtained. Take
the case where

q>r

and

1

<§>qr
o=>\=-
o

1
—1

((q—l)at+y01*q)" , te
w(t) =1\ 7=
(r = DE = 1) + (;))

for example. We compute

I
s
g

, 1 E [ty, 00),

g—1

q=r 1—q
(5) %

alg—1)
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The solution of w (¢) for other cases regarding the values of «, ¢, ¢, ¥ can be obtained
similarly. For brevity, we omit the solution of w(¢) for other cases.

By its definition in (7.11), f(w) is locally Lipschitz in w € RT C R. On the
other hand, the interval [0, 00) is the maximum time interval of existence of both
w(t) and s(¢). By the continuity and the positiveness of s(¢) on ¢ € [0, 00),

s(0) = w(0)
and (7.12), it follows from the comparison lemma (Lemma 3.4 in [51]) that

s(t) <w(t), t el0,00).

7.5 The PDE Description of the Closed-Loop System

The modeling of an input delayed system as a cascade of an ordinary differential
equation (ODE) with a PDE brings a wealth of tools in the PDE analysis to
the control systems analysis, advancing control techniques for state regulation,
trajectory tracking, and compensation for unknown delays (see [4, 11, 14, 15], and
[59]). While the PDE analysis in those earlier works applies to general linear or
certain nonlinear delayed systems under predictor-based feedback laws, Sect. 5.3
introduces the PDE method for the analysis of system (7.1) under the feedback
law (7.4). We recall from Sect. 5.3 the PDE-based modeling of such a closed-loop
system.
We first define a series of functions and some auxiliary signals,

ux,t) =U(t +t(x — 1)), (7.13)
a(x,0) =U (t+T()(x = 1), (7.14)
. h
(1) = ot (7.15)
w(x,t) =i(x,t) = U(), (7.16)
u(x,t) =ux,t) —u(x,1), (7.17)
T(t) =1t — 1(1), (7.18)

where
x€[0,1], t >0,

and / is some positive constant. Note from Theorem 7.1 that



7.5 The PDE Description of the Closed-Loop System 265

y() >0, tel0,00).

Thus, 7(¢) is well defined on the interval [0, oo). With the actuator state u(x, ), the
open loop system (7.1) is represented as a cascade of an ODE with a PDE,

X(t) = AX(t) + Bu(0, 1), (7.19)
tu;(x,t) = uy(x,t), (7.20)
u(l, 1) = U(1). (7.21)

Then, we arrive at the following closed-loop system representation:
X() = (A= BB"P(y(1)))X(t) + Bi(0, 1) + B (0, 1). (7.22)

Next, we recall from Sect. 5.3 the governing PDEs for ii(x, ), w(x, 1), ii(x, t)
and W, (x, t) as

{fﬁt(x, 1= (1+7x = D) (x,1), (7.23)

u(l,r) =U(@),

: P
Pl (x. 1) = By (x. 1) (1 +ikx— 1)) + fBTg—y;}(t)X(t) L EBP(Y (1))

x((A = BETP(r()X (1) + BA(O,1) + Bid(0, 1)),

(1, 1) =0,
(7.24)

Tﬁ[(x,t)Zax(x,t)_w%fx_l)lbx(x,t), (725)

i(l,1) =0,
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and

Bl (6, 1) = oy (X, 1) (1 Fix— 1)) b (x, D),
. . 0P .
Wy(l, 1) = —rBTwy(t)X(t) —TB"P(y(1)) (7.26)
x (A= BB™P(y ()X (1) + Bii(0, 1) + B (0, 1)),

respectively.
We finally recall a lemma from Sect. 5.3 on some properties of the functions
(7.13)—(7.18).

Lemma 7.1 Consider the closed-loop system consisting of (7.1) and (7.4). The
following properties hold:

1
—/ (1 +x) (f Lt — 1)) i (x, )iy (x, 1)dx
0

1
< < ) (p||ﬁ(r)||2 + ;nsz(t)nz) ,

where p > 0 is any constant,

NEME
—T|T
2

T

1
/0 (1+x) (1 A — 1)) DT (x, e (x, Hdx < % ( : 3 - %) o],

- 1) (0, t)|2—|—(

RSN

! v g P L g2 23 . 9P 3P
(1+0)d" (. DEB 5=y (X (Odr < b7 || o) +( ) WX 5-BB X (0.
0 y y

dy

1
/0 14+ x)0"(x, t)fBTP(y(z))((A — BB"P(y(1))X(t) + Bu(0, 1) + BW(0, t))dx

3
< tny @) |[d0)||* + Stn(n+ Dy2OX (1) Py ()X (1)

+3tny(t) (m(o, DI + |, z)|2) :

1 .
/ (14 x) (1 +i— 1)) BT (x, )iy (x, )dx
0

IN |-
—3) o,

T

—1)|@x(0,t)|2+(

7

) 1
< | (10 + 3 (
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R . P P .
(1, D)7 < 2r2y2(r)XT(t)5BBT§X<r) + 68202y (1)

1
x (n er yOX O P @)X (1) + 170, 1)]> + |0(0, [)|2>.

In our regulation analysis later in this chapter, we adopt the following Lyapunov
functional:

1 1
VX, y(@) = V(t)+blr/ (14+x)|u(x, t)|2dx+b2f(t)/ (14x)[D(x, 1)2dx
0 0

1
Fhrd (1) / (1 4+ 2)[x (x, 1)2d, (727)
0

where
bl, b2 >0

and their values are to be determined.
In the following lemma, we establish the continuity of V(¢) with respect to time
under the update algorithm for y (¢).

Lemma 7.2 Under the update algorithm for y (t) and with the initial conditions

v (0),¢(0) € PC[—1,0],

there exists

t.>0
such that
V() e C[t,, 00)
if
h < ! . (7.28)

"~ 2max {(xyoq*z, ;yor_z}

Proof We study the continuity of V(X,, y(¢)) term by term. The first term in
V(X;, y(t)) is continuous on ¢ € [0, o) because of the continuity of X (¢) and
y (¢) on the same interval. By a change of variables,

1
r/ (1 + x)|ii(x, £)dx
0
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t t s
= 24— 2 2
/,_f< * )'U(”' 0 z_f@( * ())'U(s)' &
2 <2+S )UT( )U( t(l— ‘ ))dv
() Ji—z( (1) T(1) (1) -

when t # 0. The continuity of U(¢) on ¢t € [0, oo) implies that the second term of
V(X;, y(t)) is continuous with respect to ¢ if

t > max {r, f(t)}.
The continuity of the second term of V(X;, y(¢)) is obvious when
T=0.

Noting that

1 t
f(t)/ (1 +x)|W(x, 1))*dx = <
0

1—1(1)

t
—2/ (2 + ) U@s)dsU (1),
t—7(t) T(t)

we deduce that the third term of V(X;, y (¢)) is continuous if

—! 2 3. 2
0 ) |U (s)|"ds + 2T(I)IU(I)I

v

max {f(t), 0}
= ().

The last term of V(X,, y(¢)) needs careful examination because it involves y (),
which is not necessarily continuous on ¢ € [0, 00) because of possible switching
between the two update laws for y (¢). It follows from a change of variables that

1
/ (14 )|y (x, 1) 2dx
0

2
+|B"P(y(s)AX (5)]?

t
:/ (22(1) +s5—1) <7)2(s)
t—1(t)

+ |BTP(y(s))BBTP(7/(s —1)X(s — r)| + 3y(s)XT(s) BBTP(y(s))AX(s)

0P
B —X(s)
dy

- 37?(S)XT(S)EBBTP()/(S))BBTP(V(S —)X(s—1)
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—3X"(s)A"P(y(s))BB"P(y(s))BB"P(y(s — 1)) X (s — t))ds. (7.29)

On the time interval [t — T(¢), t], where
t>1(1),

y (t) is piecewise continuous according to Remark 7.5. Also,

0> y@)
> min {—ay?(1), =¢y" (1)}
> min{—ayoq,—g“yg} (7.30)

implies that y (¢) is bounded. In view of the continuity and the boundedness of X (¢)
and y (¢) on [t — T(2), t], the integrand of the right-hand side of (7.29) is Riemann
integrable on the same interval as long as

t>1417(1).

Combining the continuity analysis for all the terms of V(X;, y(¢)), we conclude
that, if

t>t+ 1),
V(X;, y (1)) is continuous. Under the update algorithm for y (¢), the term

y ()
y2(t)

is bounded on ¢t € [0, o0) because

10
A

min {—ay"fz(t), —{)/r72(t)}

v

min {—ayoq_z, —E)/or_z} .

v

By the use of the comparison lemma, we compute

y(@) = ! t>0. (7.31)

) i) ] -
%+max{ayg N7 }t
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If & satisfies (7.28), we have

1
h <

max {aygiz, CVor_zi

Therefore, there exists

t.>0
such that, for each t > ¢,,
t>1 +h(y0_l + max {ayg_z,g“yor_z}t) , (7.32)
which implies that
t>1t+ 1)
according to (7.31). Then, the continuity of V(X;, y (¢)) follows. |

Remark 7.8 If y () is updated by either update law I or update law Il on ¢ € [0, o0)
alone, Lemma 7.2 also holds with the denominator of the right-hand side of (7.28)
becoming

205)/61_2

or

20y 72,

respectively. The proof for the case of a single update law resembles the proof of
Lemma 7.2, with a difference in the estimate of the lower bound of y (¢) in (7.30).
O

We compute the time derivative of V(X;, y(¢)) along the trajectory of the closed-
loop system between switchings for y (¢) as follows:

VX, y ) = X0 =y OPG @) = P BE"P (1)) X (1)

+2X" () P(y (1)) Bii(0, t) + 2X" (1) P(y (1)) Bw(0, 1)

1
+XT(t)Z—§J'/(t)X(t) +2by -/(; (1 + x)a"(x, )iy (x, 1)dx

1 .
2{’1/ (1 +x) (f—i—tf(x—l)) i (x, )y (x, 1)dx
t Jo
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1 .
+2b2/ (1 4+ x)d"(x, )y (x, 1) (1 A — 1))dx
0
1
+2b2/0 (1 +x)zf)T(x,t)fBTP(y(t))((A — BB"P(y(1))) X (1)
! aP
+Bii(0, 1) + B0, t))dx+2b2/ (1+x)uA)T(x,t)fBT5)}(t)X(t)dx
0
1 .
+2b2/ (1 + )07 (x, ) ibex (x, 1) (1+f(x— 1)) dx
0

1 . Lol
+2b2/ (1 + x)|dy (x, £)[2Fdx +b2f/ (1+x) (|ﬁ)(x,t)|2
0 0
+|ﬁ)x(x,t)|2) dx, (7.33)
where we have used the closed-loop system representation (7.22), the Riccati
equation (7.3), and the governing PDEs (7.23)—(7.26). It then follows that

V(X1 v ()
<OV @) (—1 + 6byn®(n + D2 + 3ban(n + 1)h) + 10, r)|2(2 — b

6banh + 12b2n2h2> + (0, )2 (bz(é 1) 4+ 2+ 6banh + 12b2n2h2>

7|+ stt

i aP ho; i\2 3
HJii(1)]2by (—1 +2p ) + XT(t)—X(t)< — ot —|—2b2n<7) h?
oy T T

A

£\2 R 2by T+ Aet :
+4b2n<§> h2) n ||wx(t)||2<71+ + 8by? — bg)

~ 1 J3 ~ J3
+||w(t)||2b2< — 14 2nh + 2h2 +4r) + Wy (0, 1) 2ba(z — 1), (7.34)

where we have employed

! 1
[ i nisnar = 3 (130,07 + 1E0IE)
0
and

9 L9 9
—P()BB'—P(y) <n—P(y),
ay ay %
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from Sect. 5.3, Young’s Inequality, Lemma 7.1, and the facts that
h=y(@®)t(@)

and y (¢) is nonincreasing.

7.6 Regulation Under the Update Algorithm

The regulation analysis of the closed-loop signals under the update algorithm for
y(t) is not straightforward due to the intrinsic mechanism of switching between
the two update laws. We first establish two propositions on the regulation effects of
update law [ on y (¢).

Proposition 7.2 There exists y§ > 0 such that, for each yy € (0, y§], the feedback
law (7.4) with y (t) updated by update law I as given in (7.5) achieves

lim X(t) =0, lim U(t) =0. (7.35)
11— 00 —00
Also,
lim y(¢)
—>00
exists and is positive.
Proof Let
h=yo

in the definition of 7(r) and take V(X,, y(¢)) given by (7.27) as the Lyapunov
functional. Choose

1 B 2
by =3>0, b2=50(r+1+§myg 1) >0,

in (7.27), and

1
o= >0

4 (r +1+ %tayg_l>

in (7.34). Define a positive constant

1
v = Qa)™a.
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In view of update law I,

VP(1)
Ve@)+ B
<ayl™ (7.36)

]

0<i(t)= ay yI72 ()

which implies that the inequality

_1
2nab, (yg 4 2)/3) <1

2 2
3
) ny02+4b2< ) ny; <0

to hold. Replacing 7 by its upper bound ayg ~! on the right-hand side of (7.34),
we see that the non-positiveness of (V(Xt, y(t)) is guaranteed by the following
inequalities:

suffices for

| .

—’f—gé+2bz<
T

| e

—1+ 6byn*(n + Dyg + 3bon(n + 1)yp <0,
2 — by + 6bynyy + 12bn?y3 < 0,

_1
i (1 31) 1.

1
—1 4200 + 2y +4ayl ™" <0,
1

ayd ™ <1, (7.37)
24 by (ayg_l - 1) + 6bynyy + 12b2n2y02 <0,
~ 1 qg—1
T|+ 570
1+ 2p||+y0 <0,
T

2by 7]+ %Totyoq_l

+8brayd ™ — by < 0.
0

Note that the last two inequalities in (7.37) still contain the time-varying term 7 (¢).
By the nonincreasing monotonicity of y (¢), we obtain

() =1,

which implies that

~ 1 q—1 ~ 1 qg—1
|t|—|—§ray0 /tfr—i—l—{—zrayo .
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Thus, the value of p makes the last but one inequality in (7.37) hold. On the other
hand, the last inequality of (7.37) holds if

1 q—1 2 g—1
8(r+1+5ran ™) b <b (1 — Bay ) . (7.38)
In view of (7.37), (7.38), and the values of by, by, and p, we have that if

baay! ™" + 6banyg + 12bon%yF < by — 2,
max {3b2n(n + 1)y + 6ban(n + D)y2, 6banyo + 12ban?y2,

1 1
2nab, (yoq 2 +2yg), 2y + 2y + dayd 16ayg‘1} <1,
then (7.37) holds. Notice that b, approaches
50(t + 1)?
as
Yo — 0+.

This shows that there exists a sufficiently small y; < y; such that, for each yp €
©, v51,

A

VX, y (1) < —py @)V (@)
< 0, (7.39)

where

= 1=3bn(n+ Dy — 6bn*(n + Dy
> 0

and we have used (7.34).
Fix a yp € (0, y3]. It follows from

h=w, =y
and Remark 7.8 that there exists #; > O such that
V(X:, v (@) € Clt1, 00).
In fact, Remark 7.7 and the proof of Lemma 7.2 imply that

VX, y(1) € Clt1, 00).
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Then, by the use of the mean value theorem and (7.39), we have
(V(st V(t)) S(V(le,)/(fl)), re [tlvoo)

Furthermore, (7.39) implies that

t t
/ Ly )V (s)ds < — / V(X.. y(5)ds
n n

= VX, y (1) = VX, y (1))
VX, y(@)), t =1, (7.40)

IA

where we have used the fundamental theorem of calculus based on the fact that
V(Xi, y(1) € Clt, 00).
By update law I, we obtain

dy(®) vr=l)
a1y - a0 +ﬂV(t)y(t)dt. (7.41)

When g = 2, integrating both sides of (7.41) from #; to ¢ gives

Ve
y () = y(t1)exp <—0l/ll y(s) (S)m S>,

v

t
y(t1) exp (—% / y($)V()dsVPH(X,,, y(n)))

1

v

y (1) exp (—i(v"(xn, y(n)))
Bu
> 0, t>1, (7.42)
where
p=>1, V() VX, y(1)),

and (7.39) and (7.40) are used. When g > 2, following a similar procedure leads to

2 o ﬁ
y(@) > (V () + E(q - 2)VI (X, )/(tl)))

> 0, t>1. (7.43)
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The lower bounds on y (¢) in (7.42) and (7.43) and the nonincreasing monotonicity
of y(¢) imply that

lim y(¢)
t—00

exists and is positive.

It remains to prove the regulation to zero of X (¢) and U (¢). By (7.40), the positive
lower bounds of y(¢) in (7.42) and (7.43), and the boundedness of X (¢) on ¢t €
[0, 1], we get the square integrability of X (¢) on [0, co). Moreover, the positive
lower bounds of y (¢) in (7.42) and (7.43), the continuity of X (¢), and

V(1) = V(Xy, y (1)

ont >t imply the boundedness of X (¢) on [0, 0o), which leads to the boundedness
of X(t) in view of (7.1) and (7.4). Then,

lim X() =0
11— 00
follows from the Barbalat’s lemma (Lemma 2.14 in [92]), and
lim U(t) = — BTP( lim y(t)) lim X (¢)
—00 11— 00 —00
=0.

This completes the proof. O

Proposition 7.2 reveals the regulation effect of update law I when yy is small.
To illustrate the global behavior of the closed-loop system under update law I with
respect to yp, we present a regulation result concerning an arbitrarily large yy in the
following proposition.

Proposition 7.3 Under the feedback law (7.4) with y (t) updated by update law [
as given in (7.5), for any given yy > 0,

liminf|X ()| =0, liminf|U(¢)| =0, (7.44)
11— 00 —00
and
lim y(¢) (7.45)
11— 00

exists and is positive. Moreover, if X (t) is bounded on t € [0, 00), then

lim X(¢) =0, lim U() =0. (7.46)
t—>00 t—>00
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Proof We consider the following two cases.

a) There exists 79 > 0 such that

y(t0) < ¥4,
where y;; is as described in Proposition 7.2. Reset the starting point of system
evolution at ¢t = tp, and define the initial conditions as X (¢) and y(0), 6 €

[to — 7, to]. Then, the regulation of X (¢) and U (¢) to zero as time goes to infinity,
and the fact that

lim y(t)
11— 00

exists and is positive, are straightforward from Proposition 7.2.
b) There does not exist #y > 0 such that

y(to) < 5.
This implies
y(®) > vy, t=0,
With the nonincreasing monotonicity of y (¢), we have that
Jim 70
exists and is positive. Denote this limit as y, which satisfies
Y-
We claim that
1%nggf|X(t)| =0.
Suppose the opposite. There exist v > 0 and #; > 0 such that
Xl =v, t=1.

Then,

\

V() > Amin(P(y))v?
M

(1>
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ont € [t, 00). By update law I,

. —a
v = 770,
L+ 37

from which we have
1

y() < <)/1q(t1) + al(q——ﬁl)(t —t1)> i — 0 as t — oo.

MP
This contradicts the fact that
y(@)>yy >0

ont € [0, 00), and the claim follows.
It follows from

d
—P 0
i (y) >

(see Lemma 2.4),
U@®] < |BIIP(yo)lI X (1)]
and
litrgiogf|X(t)| =0
that

liminf |U ()| = 0.
11— 00

The remainder of the proof is to show the regulation to zero of X () and U (¢) under
the assumption that X (¢) is bounded on ¢ € [0, 00).
Consider the factor
VP(1)
Vre() + B

on the right-hand side of (7.5). We compute
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d( 440 )_ pBVP~' (1)

d\vea)y+8) ~ (ve@) + B)? <2XT(I)P(y(t))(AX(t)

P
_BB'P(y(t — 1)X (1 — 1:)) X)X (D

ay
ve® o,
X—Vp(tHﬁV (t)),

and

i & P.p-1 2( _1)( )
dr (Vp(t)Jrﬂ)' = ﬁkmax (P(yoN|X )17~ 2| Al P (yo) |1 X (1)]
+2IBPIP(o)PIXONIX (2 — 7))

P
~|—ozy6] max {—} |X(t)|2>
Y€V Y0 Y

< OQ.

In view of its boundedness, we deduce that the factor
VP(t)
Ve + B

is uniformly continuous. On the other hand, (7.5) implies that

f’ SO dy(s)
0

Ve 4B @ Jo 7iGs)

— 1—
Vl (1) — Yo 1

alg—1)
y!™
E _—’
alg—1)
from which it follows that
V'O
VP() + B
Therefore, by the Barbalat’s lemma (Lemma 2.16 in [92]),
V()

lim ——— =0,
t—oo VP(t) + B
and thus

lim V() =0.
1—00
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By the fact that

y(t) > yg

ont € [0, oo) and the use of the squeeze theorem of limit, we obtain (7.46). m|

Remark 7.9 Proposition 7.3 shows that, given any yp, update law I regulates y ()
to a positive constant, but the regulation of X(¢) and U (¢) to zero requires the
boundedness of X (¢). Under update law I alone, we are unable to exclude the case
where X (¢) is not bounded while still concurring with (7.44) and (7.45) exists.
To guarantee that X () is bounded, we introduce update law II and the switching
mechanism to ensure that after some finite time, update law I remains in effect with
a bounded X (7). [l

Before proceeding to the proof of Theorem 7.2, we establish a result on the
regulation of the Lyapunov function V (¢) to zero by the update algorithm that is
assumed to achieve the regulation of y () to zero. This regulation result is the key
to designing the event-triggered switching mechanism between the two update laws
for y (¢) in the sense that an update law switches only when the value of V (¢) crosses
a certain threshold.

Proposition 7.4 If the closed-loop system consisting of (7.1) and (7.4) with y (t)
updated by the update algorithm achieved

lim y(t) =0,
11— 00
then
lim V() =0.
t—00
Proof Consider the Lyapunov functional V(X;, y(¢)) in (7.27). Pick
by =3, by =100
of V(X;, y (1)) in (7.27),
p=1/8
in (7.34), and a small 2 > 0 such that
max { 6ban®(n + 1)h* + 3ban(n + 1h, 6bynh + 12ban’h?,

byDh + 6bynh + 12byn>h>%, 8bsDh. 2nh +2h? +4Dh,
2bonDh3 (1 +2h%)} <1 (7.47)
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and
(1—%m%n+b#—3@ﬂn+D@2@h§mm{%Ju—ﬂh—Xth
1—%&—%5—um} (7.48)
where

D = max {ay()qu’ fy(;_z}a

which, according to the update algorithm in Sect. 7.3, is an upper bound of

‘ y ()
y2(1)

Note from Lemma 7.2 that such a selection of & implies that there exists 1 > 0 such
that

VX, y (@) € Cl1y, 00).

In view of the boundedness of

y (1)
y2(0)’

and the continuity of y(¢) on ¢ € [0, 00), as given in Theorem 7.1, we compute by
using the comparison lemma,

1
vz 4——, 120 (7.49)

— + D¢
Yo

The definition of 7 (¢) and the boundedness of

y (1)
0!

imply that

0 < ()

= y (1)

Y200
Dh. (7.50)

IA
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Therefore, the inequality
3 1
2b,nDh? (1 + 2h2) <1,

which is implied by (7.47), leads to

o i\2 3 i\2 5
— =t +2b2n(7) h3 +4b2n<7> n2 <0.
T T T
The boundedness of
y (1)
y2(0)
implies that
y (t
YOl by,
140,

By
lim y(t) =0
=00

and the use of the squeeze theorem of limit, we obtain

7 (t
lim & =0,
—00 y([)
and thus
; t
lim Q =0
t—00 T(t)
Then,

A

R

Fl+41T 1 1 7

||A2 SE),(t)_{_1_|_517—>1ast—>0<>,
T

indicating that there exists #, > #; such that, for each ¢t > 1,,

~ 1_A
T|+ 57T
||+§2.
T
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In view of (7.34) and (7.50), we deduce that the non-positiveness of fV(X + v (1)) on
t > ty is guaranteed by (7.47). Therefore,

VX y @) = =y OV @) — o (1GO1F + DO + b OIF) 1= 12,
where

k =1—6ban’(n+ Dh% = 3ban(n + Dh
>0

and
.| b 1
o = min {?, by —32by — 8b,Dh, 1 — 2nh — 2h2 — 4Dh}
> 0.
The definition of V(X;, y (¢)) leads to
V) = VX ) = WO (11012 + B0 + [l 0] ).
where
W (1) = max {Zblr, 2b2f(t)},
and thus

VX, ¥ (1) < — ky (OV(Xs, v (1))

+ WOy ® = o) (IFO1P + DO + 1]
Note from (7.48) and
Jim =0
that there exists 3 > t, such that, for t > 13,
kWt)y@)—o <0.
This implies that

VX, y(1) < —ky(OV(Xe, (1), t>13.
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By the use of the definition and the continuity of V(X,, y (¢)), and (7.49), we obtain
by using the comparison lemma that, for each ¢ € [t3, 00),

V() < V(X y(@)
t
< V(Xg, y(13)) exp (—K/ V(s)ds)
3

1 4+ Dyot )1,()

X — 7
= V(Xy, y(13)) (1 - Dons

Proposition 7.4 then follows from the squeeze theorem of limit. O
We now present the proof of Theorem 7.2.

Proof of Theorem 7.2 We claim that the number of switches between update law
I and update law II is finite on ¢ € [0, 00). Suppose the number of switches from
update law I to update law II is infinite, then there are an infinite number of disjoint
time intervals on which update law II is in effect. By Remarks 7.4 and 7.5, and the
fact that

y() <0, t€l0,00),

we get

lim y(t) = 0.

—00
Therefore,

Iim V() =0

—00
follows from Proposition 7.4. On the other hand, an infinite number of switches
from update law I to update law II and Remark 7.5 imply that there exists a sequence
{tx}72 such that

lim # = o0

k—o00

and
V(ty) =€, keN.

This contradicts with
lim V(t) =0.
11— o0

Therefore, the claim follows.
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We next claim that the last switch between the two update laws happens from
update law II to update law 1. Suppose the opposite. Denote the time instant of the
last switch as 7. Then, y (¢) evolves according to update law Il on ¢ > ¢ and the
closed-loop system under update law II satisfies

V(t,+6i)>e€, i€eN,
where §; is as defined in (7.8) with 77, replaced by ¢. By (7.6), we obtain
lim y(¢) =0.
—00
It then follows from Proposition 7.4 that
lim V() =0,
11— 00

which again contradicts the fact that
V+6)>e€ ieN

We conclude that the last switch happens from update law II to update law I.
Note that a natural consequence of this conclusion is that

V() <e, t>1,

according to the switching condition from update law I to update law II, where ¢ is
the time instant of the last switch and is also the time instant of the system evolution
from which update law I remains in effect all the time. Recall from Proposition 7.3
that y(¢) is bounded below by a positive constant. Therefore, X (¢) is bounded
on t > f,. The regulation of X () and U(¢) to zero then follows directly from
Proposition 7.3. O

Remark 7.10 The assumption on system (7.1) that all its open loop poles are at the
origin can be relaxed to that all its open loop poles are at the origin or in the open
left-half plane. Without loss of generality, we assume that the pair (A, B) has the
following stability structural decomposition:

A= A O  B= B, ’
0 A, B,
where A, € R"™*™ is Hurwitz, all eigenvalues of A, € R"0*"0 are at the origin,

and n, 4+ n, = n. Accordingly, we decompose system (7.1) into the following two
subsystems:

X, (1) = A X.(t) + B.U(t — 1),
Xo(t) = AoXo(t) + BoU (1 — 1),
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where

X0 =[x x50
is the corresponding decomposition of the state vector X (¢), U(¢) is constructed
for the X, subsystem by following the design of our proposed control scheme. By

Theorem 7.2, the regulation of the X, subsystem is achieved under the constructed
U (¢). It is then clear that the regulation of the whole system is achieved. U

7.7 A Numerical Example

Consider a linear system (7.1) with

0111 0
A 0011  B= 0
0001 0
0000 1
The unknown input delay is
T=1

and the initial condition of the state is given by
y@) =[1111], 6 e[-1,0]

Note that (A, B) is controllable with all eigenvalues of A located at the origin. The
parameters of our control scheme are chosen as

and the initial condition of y (¢) is set to be
¢(©0)=0.3, 0 e[—1,0]
The evolutions of the closed-loop signals including X (¢), U(¢), V(¢t), y(t), y (1),
and )}(t)/yz(t) are shown in Figs. 7.1, 7.2, and 7.3.
Ample information on the mechanism of the update algorithm for y (¢) can be

observed from Figs. 7.1, 7.2, and 7.3. With

V() =27
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15) 1

-2 1 1 ! 1 1 L !

Fig. 7.1 Evolutions of the state and the input of the closed-loop system
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Fig. 7.2 Evolutions of the closed-loop signals V (¢) and y (¢)
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update law II is implemented at the beginning phase of the system evolution. A
switch from update law II to update law I does not happen at

t =946
=0.3
because
V() > 1.

However, a switch from update law II to update law I happens at
t=68=07
because
V(s) < 1.

Note from the plot of y () / y2(t) that the first switch, which in fact is the only switch
between update laws I and II, happens at

t =25
by the discontinuity of y(¢)/ y2(1) at

t =6.
After

t =87,

update law I remains in effect all the time because

Vi) <1, t=>6.
It is interesting to mention here that a switch from update law II to update law I does
not happen at t = 0.4 when V (¢) crosses the threshold € = 1, as marked in the plot
of V (¢). This is because the switching condition from update law II to update law I
is checked only at the isolated time instants

T}.u"‘ai’ i€ N,

where in this simulation,
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TI.II =0.

To study the regulation performance of the control scheme, we carry out more
simulation runs. In this simulation, we pick a larger

=1L

The rest of system parameters are the same as those in the previous simulation,
except that

e = 50.

Figures 7.4, 7.5, and 7.6 illustrate the evolutions of the closed-loop signals with
such a choice of yy. Note from the evolution of X (¢) that the overshoot and the
convergence time of X () are larger than those in the previous simulation. This is
caused by the excessively large value of yp, which tends to destabilize the system
at the starting phase of system evolution. The feedback law (7.4) starts to stabilize
the system only after y (#) decreases to a small value. Also, we observe from the
evolution of y(¢)/y%(t) that y () is updated by update law II only on the time
interval ¢ € [0.8135, 2.0154].

The regulation performance of the control scheme can also be examined under
larger values of 7. Consider a closed-loop system whose system parameters are
the same as those in the first simulation except that t = 5 and ¢ = 10.
Picking a larger € is due to the expectation of a large overshoot of the closed-
loop system in the presence of a large t. The closed-loop evolution is presented
in Figs.7.7, 7.8, and 7.9. Consider an even larger t = 10 and an € = 10. The
simulation results are presented in Figs.7.10, 7.11, and 7.12. Note that, as the
value of 7 increases, the regulation effects of the control scheme becomes weaker,
resulting in a larger overshoot and a slower convergence rate of the closed-loop
system. This can be easily explained by the low gain nature of the feedback law
(7.4). Smaller values of the feedback parameter increase the ability to achieve
regulation at the cost of slower convergence rate of the closed-loop system. We
also note that the computation of our control scheme is heavier in comparison
with the delay independent truncated predictor feedback law (7.2) with a constant
feedback parameter due to the adaptation of the time-varying feedback parameter. In
particular, the real-time solution of the algebraic Riccati equation (7.3) contributes
significantly to the computational burden.

Remark 7.11 As seen in Sect. 7.3, the update algorithm for y (¢) provides a parame-
ter space in which we can choose the values of («, B, p, g, ¢, r, yo) freely to achieve
the regulation of the system. Given an open loop system, the analysis on the closed-
loop performance with respect to the choice of the parameters in the space remains
to be carried out. U
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Fig. 7.5 Evolutions of the closed-loop signals V (¢) and y (¢)
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Fig. 7.6 Evolutions of the closed-loop signals y (r) and y (1)/y2(t)
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Fig. 7.8 Evolutions of the closed-loop signals V (¢) and y (¢)
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Fig. 7.9 Evolutions of the closed-loop signals y (r) and y (1)/y2(t)
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Fig. 7.10 Evolutions of the state and the input of the closed-loop system
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Fig. 7.11 Evolutions of the closed-loop signals V (¢) and y (¢)
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7.8 Conclusions

For an input delayed linear system with open loop poles at the origin or in
the open left-half plane, the regulation of its state and control input is achieved
without any knowledge of the delay. This is made possible by the adaptation
of the delay independent truncated predictor feedback law with a time-varying
feedback parameter. An update algorithm for the feedback parameter is proposed
to compensate an arbitrarily large unknown delay. The use of only the current state
as the feedback contributes to the non-distributed nature of the control scheme. A
limitation of the results in this chapter is the restriction of the open loop systems to
those with poles at the origin or in the open left-half plane. Generalization of the
method for the regulation of more general systems entails further investigation.

7.9 Notes and References

This chapter is presented by following the presentation in [107].



Chapter 8 )
Regulation of Discrete-Time Linear Input e
Delayed Systems Without Delay

Knowledge

8.1 Introduction

Regulation of linear systems without using any knowledge of the delay in the input
is an open problem that is known to be challenging. This is the case both in the
continuous-time setting and in the discrete-time setting. This chapter presents a
solution to this problem for a discrete-time linear system with an arbitrarily large
bounded input delay. When the system has all its open loop poles at z = 1 or
inside the unit circle, an adaptive feedback law is proposed to regulate the state
and the input of the system to zero as time tends to infinity. The main features of
the feedback law are its accommodation to unknown delay and its memorylessness.
No knowledge of the delay, not even the knowledge of its variation with time and
its upper bound, is needed in the implementation of the feedback law. Moreover,
only the current state is used for feedback. These two features of the feedback law
contribute to the simplicity of its implementation. The simplicity of our adaptive
control design in turn entails a delicate regulation analysis. A new paradigm of
regulation analysis is developed that does not follow any Lyapunov type analysis
for time delay systems. Numerical study demonstrates the analyzed regulation
results and further provides an indication of the robustness of our control scheme to
exponentially unstable open loop poles.

We briefly recall the design of the predictor feedback law for a discrete-time
linear system with input delay. Consider a discrete-time linear system subject to
input delay,

x(k+1) = Ax(k) + Bu(k — r),

where x and u represent the state and the input of the system, respectively, and r is
the amount of input delay, the predictor feedback law takes the form of

uk)=Fx(k+r),

© Springer Nature Switzerland AG 2021 303
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where F is the feedback gain matrix such that A + BF is Schur stable, that is, all
the eigenvalues of A + BF are inside the unit circle. Under the predictor feedback,
the closed-loop system

x(tk+1)=(A+ BF)x(k)

is asymptotically stable. Obviously, the predictor feedback law is not directly viable
for implementation because it requires the future value of the state. Thanks to the
linearity of the system, the future state of the system can be explicitly obtained as
the solution of the system, which is the sum of the zero input solution and the zero
state solution,

k—1
x(k+r)=Axk) + Y AIBuq).
I=k—r

This leads to an explicit expression of the predictor feedback in an implementable
form,

k—1
utk) = FA"x(k)+ F Y A" Bu().
I=k—r

As we can see, the predictor feedback design does not place any restriction on the
delay and manages to cancel the effect of the delay.

The predictor feedback law is clearly delay dependent. It requires the precise
value of the delay to be known for its implementation. Chapter 3 proposed an easy-
to-implement feedback law by truncating the finite summation term of the predictor
feedback law,

u(k) = FA"x(k),
where
F = F()/)

is parameterized by the use of an eigenstructure assignment based low gain feedback
design (see [61]). Such a parametrization enables the truncated predictor feedback
law to compensate for an arbitrarily large delay in a discrete-time linear system with
all open loop poles on or inside the unit circle. Still, the value of the delay appears
in the state transition matrix A" of the truncated predictor feedback law. In Chap. 3,
an even simplified feedback law,

u(k) = F(y)x(k),
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was proposed that does not explicitly contain any information of the delay. It was
pointed out that, by the same parametrization of the feedback gain matrix, such
a delay independent truncated predictor feedback law also compensates for an
arbitrarily large delay in a discrete-time linear system with all open loop poles at
z = 1 or inside the unit circle. An alternative low gain feedback design technique,
the Lyapunov equation based design, was adopted in Chap. 6, to reproduce the
stabilization results in Chap. 3.

The delay independent truncated predictor feedback law in Chap. 6 is not
completely independent of any knowledge of the delay. An upper bound of the
delay is required to determine the value of the low gain feedback parameter y
involved in the parametrization of the feedback gain matrix F = F(y). We are
thus still one step away from designing a feedback law that does not require any
knowledge of the delay. An effort was made in [90] toward excluding any knowledge
of the delay in a feedback design that is based on the delay independent truncated
predictor feedback. However, the adaptive feedback law therein requires its low gain
parameter to be switched and to check a switching condition on every step of the
system evolution. Because the switching condition involves the past values of the
state in a time window whose length is correlated with the amount of the delay, the
adaptive feedback law in [90] is not memoryless.

In this chapter, we provide a much more simplified solution to this challenging
problem of regulating, without any knowledge of the input delay, a discrete-time
linear system whose open loop poles are at z = 1 or inside the unit circle.
The simplicity of the solution lies in the complete delay independence of our
proposed adaptive feedback law that accommodates any bounded input delay and
its memorylessness property. To be specific, the proposed feedback law takes the
form of the delay independent truncated predictor state feedback law with an online-
updated low gain parameter, and only the current state is used as the feedback
signal. The simplicity of our adaptive control scheme however incurs difficulty in
the analysis of its regulation effects. A new paradigm for closed-loop analysis is
developed that differentiates itself from any Lyapunov type analysis.

Inspired by the Lyapunov analysis method, we first define a quadratic-like
function in terms of the state of the closed-loop system and its updated low
gain parameter. By analyzing the forward difference of the quadratic-like function
along the trajectory of the closed-loop system, we arrive at the boundedness of
the quadratic-like function as time tends to infinity. Unlike any Lyapunov type
analysis for time delay systems, the negativeness of the forward difference of the
quadratic-like function is unnecessary in our analysis. Meanwhile, we establish the
boundedness of the summation of the product of the low gain parameter and the
quadratic-like function. These two boundedness properties, together with the update
law for the low gain parameter, imply that the low gain parameter is bounded away
from zero. Finally, by using the update law of the low gain parameter, we conclude
the regulation of the quadratic-like function and that of the state and the input of
the system. The contribution of this chapter is clear from the fact that not only does
our adaptive law drastically simplify the existing adaptive law in [90], but also our
regulation analysis adopts a completely new paradigm of proof, which is expected
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to be applicable to a wide range of regulation problems for time delay systems.
Simulation study verifies the proven regulation results and further sheds light upon
the robustness of our adaptive feedback design to the presence of open loop poles
that are exponentially unstable.

This chapter solves the counterpart of the regulation problem for a continuous-
time linear system without delay knowledge in the discrete-time setting. Unlike the
adaptive control scheme in the continuous-time linear setting in Chap. 7, which
involves two update laws for the feedback parameter and a switching mechanism
between them, the adaptive control scheme in the discrete-time setting presented
in this chapter is more elegant and easier to implement. Moreover, we adopt
a completely new closed-loop analysis paradigm to prove regulation, while the
regulation proof in Chap. 7 relies heavily on PDE analysis. Such simplification in
terms of both the adaptive law and its regulation analysis is attributed partly to the
reduced complexity in the analysis of discrete-time linear systems compared to their
continuous-time counterparts. Because the regulation problems in both continuous-
time and discrete-time settings have been solved by taking unparallel approaches,
the development in this chapter is expected to inspire establishing PDE analysis
for the regulation problem in the discrete-time setting, and vice versa, finding a
simplified solution to the regulation problem in the continuous-time setting.

8.2 An Adaptive Feedback Law

Consider the regulation of the state and the input of a discrete-time linear system
with a bounded input delay,

x(k + 1) = Ax(k) + Bu(¢(k)), k € N, 8.1)

where x € R” and u € R™ are the state and the input, respectively, and (A, B) is
stabilizable. It is assumed that all the eigenvalues of A are at z = 1 or inside the unit
circle. The delayed effect of the input of the system is represented through ¢ (k),
which is assumed to take the form of

¢ (k) =k —r(k).
Here, the time-varying delay r (k) is bounded from above by an R € N, i.e.,
r(k) <R, keN,

and the boundedness of r(k) is the only assumption posed on the time-varying
delay. This is a rather mild assumption on the input delay, considering that the
compensation of an input delay in a discrete-time linear system by the predictor
feedback law requires that the inverse function of ¢ (k) associated with r (k) exists
and is exactly known. In this chapter, not only is the widely adopted assumption on
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the invertibility of ¢ (k) not required, but also the upper bound of the time-varying
delay R is not required to be known in the implementation of our adaptive feedback
law. The initial condition of the system is given by

x(0) e R", u@®) eR™, 6 € I[-R,0].

Without loss of generality, we assume that the pair (A, B) are in the form of

A= A 0  B= B, ’
0 A, B,
where all the eigenvalues of A, are inside the unit circle and all the eigenvalues of
A, are at z = 1. Given such a structure, system (8.1) can be decomposed as

{ xi(k+ 1) = Axi (k) + Bu(p(k)),
Xo(k + 1) = Aoxi(k) + Bou(¢(k)),

where x,(k) and x,(k) are partitions of x(k) corresponding to A, and A,, respec-
tively. In view of the two subsystems of system (8.1), the regulationof the state and
the input of the second subsystem, represented by the evolution of x,(k), to zero,
implies the regulation of the state and the input of the whole system. Since the
overall objective of this chapter is to design a feedback law that regulates the state
and the input of system (8.1), we, without loss of generality, make the assumption
in the rest of the chapter that all the eigenvalues of A are at z = 1, and design
a feedback law that regulates only the second subsystem of the system. By doing
so, our overall control objective remains intact while the complexity of a feedback
design and its corresponding regulation analysis will be reduced.

Our adaptive feedback law consists of two parts. The first part defines a state
feedback law whose right-hand side is the product of a feedback gain matrix and the
current state,

uk) = F(y(k))x(k), k€N, 8.2)

where, for a given value of y (k) = y, the feedback gain matrix F (y) is constructed
by using the Lyapunov equation based low gain feedback design (see Chap. 3),

F(y)=—(I+B"P(y)B) " B'P(y)A, (8.3)

and P(y) is the unique positive definite solution to the following discrete-time
parametric algebraic Riccati equation,

ATP(y)A — P(y) — ATP(»)B (I + B'P(y)B) ' B'P(y)A = —y P(y),
(8.4)
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with y € (0, 1). According to Chap. 3, y € (0, 1) is necessary and sufficient to
the existence and uniqueness of such a P(y). Two lemmas on the properties of the
solution to the parametric algebraic Riccati equation (8.4) are presented at the end
of this section, where a lemma known as Jensen’s Inequality in the discrete setting
is also recalled. All these three technical lemmas are extensively involved in the
closed-loop analysis to be given in the next section.

Note that in (8.2), the feedback gain matrix is parametrized in a time-varying
feedback parameter y (k), whose update as the second part of the adaptive feedback
law is determined by

_ VPG, v k),
yk+1) =yk) Tra® .y ) 17 k), k€N, (8.5)

with any initial condition
y(0) € (0, I).
In (8.5), V(x(k), y (k)) is defined by
V(x(k), y (k) = x" (k) P(y (k))x(k),

o € (0,1], p > 1, and q is such that
9=2 q>4q

Here, g is the highest degree of the numerator polynomials in P(y) with respect
to y. Such a g is well defined because by [125], all elements of P(y) are rational
function of y and

lim P(y)=0.
y—0t

Clearly g > 1. Take a simple case where A = 1 and B = 1 for instance. We
compute the solution P (y) to the parametric algebraic Riccati equation (8.4) as

P(V)=%,

for which ¢ = 1. Therefore, in this case, g in our feedback design is any positive
constant that satisfies ¢ > 2. It is worth mentioning that the knowledge of g is
obtained from A and B matrices, which are independent of R. Therefore, the update
law (8.5) for y (k) can be implemented without using any knowledge of the time-
varying delay r (k).

The adaptive feedback law as a whole consists of the state feedback law (8.2)
and the update law (8.5) for the time-varying feedback parameter, both of which
are delay independent and utilizes only the current state as the feedback signal. The
delay independence property and the memorylessness of our adaptive feedback law
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are both appealing features of a controller. The proposed feedback law allows easy
implementation due to its simple form. Prior to its implementation, it only requires
to determine three parameters «, p and g, the first and the second of which can be
arbitrarily chosen based on the range of their predetermined values and the last of
which can be determined by a simple examination of the matrix P(y). After the
determination of these control parameters, the time-varying feedback gain matrix
F(y) is updated online according to (8.5), and the regulation of the state and the
input of the system is left to the state feedback law (8.2).

To examine the well posedness of our adaptive feedback law, the update law (8.5)
for y (k) has to guarantee that

y(k) e (0,1), keN.

The proof of this fact can be split into two parts. On one hand, since y(0) € (0, 1),
g >2,anda € (0, 1],

_ a WEOO) )
V(l)_y(o)(l “Vico. o1V

> y(0)(1 —ay(0))
> 0.

Assume that y (k) > 0 for some k € N\ {0}. Then, by following a similar argument,
we have

)4
y(k+1>=y(k)<1—a Vi), y &) y‘f‘%k))

VP(x(k), y (k) +1
> y(k)(1 — ay (k)
> 0.

Thus, y(k) > 0, k € N, is obvious by induction. On the other hand, y (k) is
nonincreasing with respect to k according to the update law (8.5). Thus, y (k) < 1
for all k € N. This completes the proof.

In the rest of this section, we present three technical lemmas as preparation for
the regulation analysis to be carried out in the next section.

Lemma 8.1 Let (A, B) be controllable with all eigenvalues of A at z = 1. For each
y € (0, 1), the unique positive definite solution P(y) to the parametric algebraic
Riccati equation (8.4) satisfies
F'(y)B'"P(y)BF(y) < o(y)P(y),
F'(y)(I +B"P(y)B) F(y) <0 (y)P(y).
Ac(y) =D"P(Ac(y) =D <@ (y)P(y),
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where

F(y)=—(I+B'P(y)B)" B'P(y)A,
Acy) = A+ BF(y),

) = (1= (1 —ym?
N
1= =—y)
Hy) = Ty
1 (1—(1—y)"?
=  —1- = v A7
@) (1—y)n RO TR

Lemma 8.1 can be readily obtained from Lemma 6.1 by letting tr(A) = n and
det(A) = 1. We omit the proof for brevity.

Lemma 8.2 The polynomials o(y) and @ (y) in Lemma 8.1 are infinitesimal
quantities of at least second order with respect to v, and they are strictly increasing
with respect to y. The polynomial ¥ (y) in Lemma 8.1 is an infinitesimal quantity
of at least first order with respect to y and is strictly increasing with respect to y.
Moreover,

()
14

is nondecreasing with respect to y .

Proof 1t is obvious that

lim o(y)=0.
y—0t

By
do(y) 2n(1—(1—y))(1—p)" +@2n— D —(1—y)")? 0 0
&y 1=y ThreE
o(y) is strictly increasing with respect to y. Also, notice that lim,, d%—(yy) = 0.

Thus, o(y) is an infinitesmal quantity of at least second order with respect to y .
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As for w (y), we have

lim @(y)=0
y—0t

and
lim =)
y—>0t ¥
1
T R A el G 2 10
y—0+ % y(1 —yy-l
B 1—(1—y)" (1—(1—y"?*
= MmN Mt T et
y—=0t y(l —y) y(1—vy)
. n( —y)"! ==y -y)
y—0t (1 =y)" —yn(l — y)r~! I-=y)—ymn—-1
=0.

Thus, @ (y) is an infinitesimal quantity of at least second order with respect to y.
Moreover,

do (y) _ n o 2=y =)'+ -DHd -1 - )"’

dy  (q—pyptt " =y
> 0.

The rational function ¢ (y) of y is strictly increasing because

dd(y) n(l-—p)"+A-0-y))n—-1)
dy (1 —y)ntl
> 0.

The monotonicity of

D(y)
Y
can be examined as follows:
3 ()
d== _ny(d =)' === Q2-n—y)
dy y?

_ m=—Dyd—-—y)"+m-2A-1A—=-p))+y
y? ’
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which is positive whenn > 2. Whenn = 1,

42w

)4
=0.
dy

This completes the proof. O

Lemma 8.3 For any positive semi-definite matrix M > 0, two integers ro and ri
with rp > ry, and a vector valued function w : I[r1, r2] — R",

T

r rn rn
Yoo MDD o) | <ta—rn+DDY o () Mo().

i=rq i=rq i=rq

8.3 Closed-Loop Analysis

The closed-loop analysis is carried out in the following two steps. In the first step,
we show that there exists a sufficiently small positive constant such that for any
given initial condition of y (k) below such a constant, the regulation of the state and
the input of the system (8.1) is achieved. In the second step, we further show that for
any given initial condition y (0) € (0, 1), such regulation can still be achieved. We
formulate these two results in two theorems, respectively. To carry out the first step,
we establish a new paradigm for the analysis of the closed-loop system. In doing so,
we define a quadratic-like function in terms of the state of the system and the low
gain parameter, and compute the forward difference of this quadratic-like function
along the trajectory of the closed-loop system. We establish the boundedness of the
quadratic-like function. The boundedness of the summation of the product of the
low gain parameter and the quadratic-like function is also clear from this analysis.
We next show that these two boundedness properties, together with the update law
for the low gain parameter, imply that the low gain parameter is bounded away from
zero. Then, the regulation of the state and the input of the system can be readily
obtained by the use of the update law for the low gain parameter. The second step
follows from the first step readily.

8.3.1 The Boundedness of V (x(k), y (k)) and
Yy MV (xD), y 1)

Under the proposed adaptive feedback law (8.2), along with the update law for the
feedback parameter y (k), system (8.1) takes a closed-loop form,
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x(k+ 1) = Ax(k) + Bu(¢ (k)
= Ax(k) + BF(y (¢ (k) x(¢p(k))
= Ac(y(k)x(k) + B (F(y (¢ (k)x(¢ (k) — F(y (k)x(k)), (8.6)

where A.(y (k)) for each k € N is defined by
Ac(y(k)) = A+ BF(y (k).
Define a positive definite function along the trajectory of the closed-loop system,

V(x(k), y (k) = x" (k) P (y (k))x (k). (8.7)

The forward difference of the function (8.7) along the trajectory of the closed-loop
system can be computed as

AV (x(k), y (k)

=Vxk+1),yk+1D) - Vxk),yk)

=x"(k+ DP(yk+ D)x(k+ 1) — x"(k) P(y (k))x (k)

= (Ac(y (k)x (k) + B (F(y (¢ (k)x(¢ (k) — F(y (k)x (k)" P(y(k + 1))
X (Ac(y (K)x(k) + B (F(y (¢ (k))x(¢ (k) — F(y (k)x(k)))
—x" (k) P (y (k))x (k)

= x" () Ay () P(y (k + 1) Ac(y (k))x (k) + 2x" (K) AL (y (k) P (y (k + 1))
XB (F(y(¢(k)x(p (k) — F(y (k)x (k) + (F(y (9 (k))x(¢ (k)
—F(y (k)x(k))'B"P(y (k + D) B(F (y (¢ (k)))x(¢ (k) — F(y (k))x(k))
—x" (k)P (y (k))x (k)

= x" ()AL (y () P (y (k) Ac(y (k)x (k) + x" ()AL (y () (P (y (k + 1))
=Py (k) Ac(y (k)x (k) + 2x" (k) Ac(y (k) P (y (k + 1))
XB(F(y (¢ (k))x(¢ (k) — F(y (k)x (k) + (F(y (¢ (k))x (¢ (k)
—F(y(k)x(k))'B"P(y (k + D)B(F (y (¢ (k))x(¢ (k) — F(y (k))x (k)
—x" (k) P (y (k))x (k)

= x" () Ay (k) P (y (k) Ac(y (k) — Py (k))x (k) + x" (k) Ay (k)
x(P(y(k+ 1)) = P(y ()N Ac(y (k)x (k) + 2x" (k) Ac(y (k) P(y (k + 1))
XB(F (y (¢(k)x(¢(k)) — F(y (k)x(k)) + (F(y (¢ (k))x (¢ (k)
—F(y(k))x(k))'B"P(y (k + D) B(F (v (¢ (k))x (¢ (k) — F(y (k))x(k))



314 8 Regulation of Discrete-Time Linear Input Delayed Systems Without Delay. ..

= x" () (=y (k) P(y (k) — F'(y (k) F (y (k)))x (k)
+x (k) ALy () (P(y (k + 1)) = P(y (k) Ac(y (k)x (k)
+2x () Ay () P (y (k + 1) B(F (y (¢ (k)))x (¢ (k))
— F(y(k)x (k) + (F(y (¢ (K)x (@ (k) — F(y (k)x (k)"
xB'P(y(k + 1)B(F (y (¢ (k))x (k) — F(y (k))x(k))
= —y ()x" (k) P (y (k))x (k) — x" (k) F" (y (k) F (y (k))x (k)
+x" (DA (y (k) (P(y (k + 1)) — P(y (k) Ac(y (k)x (k)
+2x' () Ac(y (k) (P(y (k + 1)) — P(y (k) B
X (F(y (¢ (k))x(p(k))—F(y (k))x (k)
+2x () Ay () P (y (k) B(F (y (9 (k))x (p (k) — F(y (k))x (k))
+ (F(y (9())x (k) — F(y (k))x(k))'B"P(y (k + 1)) B
X (F(y (@(k))x(@k)) — F(y (k)x(k)),

where we have used the parametric algebraic Riccati equation (8.4) to obtain
Ay () P(y (k) Ac(y (k) — P(y (k) = —y (k) P(y (k) — F'(y (k) F (y (k).

By the construction of F(y) as given by (8.3), we get

F(y (k) = —Acy (k) P(y (k) B,

which implies that

AV (x(k), y (k)

= —y()x (k) P(y (k)x (k) — x" (k) F"(y (k) F (y (k))x (k)
+x"(K) ALy () (P(y (k + 1)) — P(y (k) Ac(y (k))x (k)
+ 2x' () Ay () (P(y (k + 1)) — P(y (k) B
X (F(y(@(k))x(p(k)) — F(y(k))x(k))
= 2x" () F' (y () (F (y (9 (k) ) x (p (k) — F (y (k))x (k)
+ (F(y (@(K)x(@ (k) — F(y (k)x(k)'B'P(y(k + 1))B
x (F(y(9(k))x(p (k) — F(y (k))x(k))

= — y(k)x" (k) P(y (k))x (k) — x" (k) F" (y (k) F (y (k))x (k)
+ x (k) ALy () (P(y (k + 1)) — P(y (k) Ac(y (k))x (k)
+ 2x () Ac(y () (P (y (k + 1) = P(y (k) B
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x (F(y(@(k))x(p(k)) — F(y (k))x(k))

= 2x" () F' (y () (F (y (9 (k) x (p (k) — F (y (k))x (k)

+ (F(y (@ (®)x(@ (k) — F(y (k)x(k)'B*(P(y(k + 1)) — P(y(k))B
X (F(y(@(k))x(p(k)) — F(y(k))x(k))

+ (F(y (@(k)x (¢ (k) — F(y (k)x(k))'B'P(y (k))B

X (F(y(@(k)x(p(k)) — F(y (k))x(k)).

By Young’s Inequality, the evolution of the forward difference AV (x(k), y (k)) can
be continued as follows:
AV (x(k), y (k)
= —yR)x" (k) P(y (k)x (k) — x" (k) F* (y (k) F (y (k))x (k)

+x" (D) Ay () (P (y (k + 1)) — P(y (k) Ac(y (k))x (k)

+2x" () Ac(y () (P (y (k + 1)) — P(y (k) B

X (F(y(@(k)x (¢ (k) —F(y(k))x(k))

+x"(K)F' (y () F (y (k)x (k) + (F (v (9 (k))x(p (k) — F(y (k))x (k)"
X (F(y(@(k)x(p(k)) — F(y(k))x(k))

+ (F(y (@ (k))x (¢ (k) — F(y (k)x(k)'B*(P(y(k + 1)) — P(y(k))B
X (F(y(¢(k))x(¢ (k) — F(y(k))x(k))

+ (F(y (@ (k))x (¢ (k) — F(y (k)x (k)" B"P(y (k) B

X (F(y(@()))x(@ k) — F(y (k)x(k))

=—y(®)x (k) P(y (k)x (k) + x" (k) Ac(y () (P (y (k + 1))

— P(y () Ac(y (k)x (k) + 2x" () Ac(y (k) (P(y (k + 1)) — P(y (k) B
x (F(y(@(k)x(p (k) — F(y(k))x(k))

+ (F(y (¢ (k)x(p (k) — F(y (k)x(k)'(I + B"P(y (k))B)

X (F(y(@(k)x(p (k) — F(y(k))x(k))

+ (F(y (@ ()x (¢ (k) — F(y (k)x(k))'B*(P(y (k + 1)) — P(y (k)))

X B(F(y (¢ (k))x(¢ (k) — F(y (k))x(k)).

Because y (k) is updated nonincreasingly with respect to k and P(y) is strictly
increasing with respect to y (see Lemma 3.4),

P(y(k)) = P(y(k+1)), keN, (8.8)
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which, together with Young’s Inequality, imply that

AV (x(k), y (k)
< —y(R)x" (k) P(y (k)x (k) + x"(K) ALy (k) (P(y (k + 1)) — P(y (k)
x Ac(y (k)x (k) + x" (k) Ac(y () (P (y (k) — P(y (k + 1)) Ac(y (k))x (k)
+ (F(y (@ (k)x (¢ (k) — F(y (k)x(k))' B (P(y (k) — P(y(k + 1))
X (F(y(¢(k))x(¢(k)) — F(y(k))x(k))
+ (F(y (@(k)x (¢ (k) — F(y (k)x(k))'(I + B"P(y (k))B)
X (F(y(@(k)))x(@ k) — F(y (k)x(k))
+ (F(y (@(k)x (@ (k) — F(y(k)x(k)'B'(P(y(k + 1)) — P(y(k)B
X (F(y(@()))x(@ k) — F(y (k)x(k))
=—y®x (k) P(y (k)x (k) + (F(y (@ U))x (k) — F(y (k)x (k)"
x (I + B"P(y (k) B)(F(y (¢ (k)x(¢ (k) — F(y (k)x (k). (8.9)

To examine the quadratic term associated with F (y (¢ (k)))x (¢ (k)) — F(y (k))x (k)
after the equality sign in (8.9), we compute

F(y(@()x (¢ (k) — F(y(k))x (k)
= (F(y(@ (k) — F(y(k))x(¢p (k) + F(y (k))(x(¢ (k) — x(k)),
which suggests that (8.9) can be continued as
AV (x(K), 7 () = =y (R)x" () P(y (kD () + (F(r ( (K)) = F(y (0)x (@ (K))

+ F(y (k) (x(@ (k) — x(k))'(I + B"P(y (k) B)((F (y (¢ (k)))
— F(y())x(p (k) + F(y (k))(x(¢ (k) — x(k))).

Again, by Young’s Inequality, we obtain
AV (x(k), y (k)
< —y(k)x" (k) P(y (k))x (k) + 2x" (¢ (k) (F (y (¢ (k) — F(y (k)"

x (I + B"P(y (k) B)(F(y (¢(k))) — F(y (k)x (¢ (k) + 2(x(¢ (k) — x (k)"
x Fi(y (k)(I + B"P(y (k)) B)F (y (k) (x (¢ (k)) — x (k).

By employing Lemma 8.1 and defining for each k € N,

-0 -y0)
Py k) =——m———,
O =Ty
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we continue the evaluation as

AV (x(k), y (k)
< —y®x (k) Py (k)x k) +2x" (9 (k) (F(y (¢ (k) — F(y (k)"
x (I + B"P(y (k) B)(F(y (k) — F(y(k))x(¢(k))
+ 20 (y (k) (x (9 (k) — x (k)" P (y (k) (x (¢ (k) — x (k). (8.10)

Further examination of AV (x(k), y(k)) relies on finding upper bounds of
the quadratic terms in (8.10) that are associated with F(y(¢(k))) — F(y(k))
and x(¢(k)) — x(k). Based on Jensen’s Inequality as given in Lemma 8.3, the
nonincreasing property of P(y (k)) as given by (8.8) and the fact that

I=k—1
F(y(¢(k) — F(y(k) = > (F(y(+ 1) = F(y (D)),
I=¢ (k)

we derive

(F(y(¢())) — F(y (k)" (I + B"P(y (k)B) (F(y (@ (k) — F(y (k)

I=k—1 T
= ( Z (F(yd+1)— F(V(l)))) (I +B"P(y(k))B)
I=¢ (k)

I=k—1
X ( Z (Fiy(+1)— F(V(l))))

I=¢ (k)
1=k—1
<R Z (Fy(+ 1) = F(y)' (I + B"P(y()B)(F(y(+ 1)) — F(y(D))
I=¢ (k)
1=k—1
<R Z (Fy(+ 1) = F(yO)N' (I +B"P(y()B)(F(y(+ 1)) — F(y()))
1= (k)
1=k—1
=R Z AF™(0) (I + B"P(y())B) AF (1),
1= (k)

where A F (/) is defined as
AF()=F(yU+1)—FyD).

By the mean value theorem and the nonincreasing property of y (k) with respective
to k, we have
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dF
d(” GA+1) —yD)
Vo lyelya+,y 0]

_dF(y)
dy

AF(l) =

o VP, yd) y
velya+n,y@) VP&, yD) +1

q(l)’

which implies that

AF'(O)(I + B"P(y())B)AF(])

< o2y (dF(J/)

dy
(dF(y)
X
dy

I+ B"P(y()B)

T
Ve[y(l+1),y(l)]>

VG[V(H-I),)/(I)])

According to Lemma 3.4, P(y) is a rational matrix in y and

lim P(y)=0. (8.11)
y—0t

These two facts indicate that all the elements of P (y) are infinitesimal quantities of
at least first order with respect to y, which further implies that

dP(y)
dy

is bounded from above over y € (0, y1(0)), where y1(0) is any positive constant
within (0, 1). Let ¥ (0) € (0, y1(0)). We compute

dF () _

dy

TdP(V)

dy

BB"P(y)A— (I +B"P(y)B)” pr 3P,

T -2
(I+B"P(y)B) "B 3

from which and the property (8.11), the nonincreasing monotonocity of y (k) and
P(y (k)) with respect to k, we obtain

dF(y)
dy

where f is a positive constant. The value of 8 solely depends on the value of y;(0)
and the pair (A, B).

dF(y)
dy

I+ B"P(y(1))B) ( ) < BlI,
yely(+1),y (D]

(8.12)

T
VE[V(I-H)J'(Z)])
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Inequality (8.12) implies that

(@) (F(y (¢ (k) — Fly (k)" (I + B"P(y(k)B)
X(F(y (@) — F(y (k))x(¢ (k)

k—1
< Ba’R Y yMDx"($(K))x (@ (k)
I=¢ (k)

< Ba® R*y* (¢ (k))x" (¢ (k))x (¢ (k).

By g > ¢, we have

Y (k) < yU($(R) Py (P (K))), (8.13)

as long as the initial condition y (0) for y (k) is chosen sufficiently small. Then, there
exists ¥2(0) € (0, y;1(0)) such that, for each y (0) € (0, 2(0)),

X (@R (F (v (@ (1)) — F(y (1)) (I + B'P(y(k)B) (F(y (@ (k))) — F(y ())x($ (k)
< Ba® Ry 9 (¢ (k)x" (¢ (k) P (v (¢ (K)))x (b (k)
= B2 Ry 1 (¢ (k)V (x($(K)), y (9 (K))).

On the other hand, we establish an upper bound of the quadratic term in (8.10)
that is associated with x (¢ (k)) — x (k). We compute

k—1
x(k) —x(@ (k) = Z x4+ 1D =x)
1=¢ (k)
k—1
= Z (Acty)x(D) + B(F(y (@ ))x(p (D)) — F(y()x (1)) — x(I)
1=¢ (k)
k—1
= Z (Acy ) = D)x(D) + B(F(y @ (D)x(p (D)) — F(y(D)x(1)),
1=¢ (k)

and then
(x (k) — x (@) P(y (k) (x (k) — x(¢p(k)))

k—1
<R Z (Acy ) = Dx() + B(F(y (¢ ONx(p (D) — F(y D)x (D))" Py (k)
1=¢ (k)
x((Acty () — Dx(D) + B(F(y (@ D)x(p (D)) — F(y()x(D)))
k—1
<2R Z XD (Acy ) = 1) Py () (Ac(y) — I)xD) + (F(y (@ (D)x(p (1))
I=¢ (k)
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—F(y0)x(1))"B"P(y () B(F(y (@ O))x(@1) — F(y 1)x(D)
k—1
=2R Y xX"O(Acy®) — 1) (P(y (k) — Pr()))(Ac(y) — I)x (1)
I=¢ (k)
+x"D(Acly ) = 1) Py D) (Ac(y) = 1)x(D) + (F(r (¢ D)x(¢ (D) — F(y D)x(D))"
xBTP(y () B(F (y (¢ D))x (@ (1) — F(y 1)x(D))
k—1
<2R Y @O OPGO)x(D) + (Fy@O)x@D) — Fly0)xD)"
I=¢ (k)
xB'P(y () B(F (y ¢ 0)))x (@ (1) — F(y M)x(D))
k—1
<2R Y wyO)"OPyW)x()
I=¢ (k)
+2x (@D FT (v (¢1)) B"P(y () BF (y (¢ (1)))x (e (1))
+2x" ) F (y (1)) B"P(y (k) BF (y (1))x (1)
k—1
<2R Y @y O OPyW)xD)
I=¢ (k)
+2x (@O F (v (@) B"P(y (@) BF (y (¢ (1))x (@ (1)
+2x " F(y 1) B"P(y())BF (y 1)x(D)
k—1
<2R Y @O OPyD)xW)
I=¢ (k)
+20(y (¢ DN (G D) P(y (D)X (D) + 20(y D)x" D) Py (1)x(1)
k—1
=2R ) (@) +2e(yONx O Py D)x(l)
I=¢ (k)

+20(y (@ MNx (PP (y (9D))x (P (D)),

where we have employed the nonincreasing monotonocity of P (y (k)) with respect
to k and Lemma 8.1, and have defined for each k € N,

(1= (1 —y®)")°

k =
o) =

(1= (1 =y’

1
o0 = e L+ s

(I =y@&)"

Applying the derived upper bounds of the quadratic terms associated with
F(y(¢(k))) — F(y(k)) and x(¢ (k)) — x (k) in (8.9) then yields
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AV (x(k), y (k)))

< —y(R)VxK), y (k) + 2R*Ba*y ! (p ()V (x(¢ (k). ¥ (¢ (K)))
k—1
+40 (v ()R Y @y (D) + 20(y )V (x (1), ¥ (1)
I=¢ (k)

+20(y (@NVx(p (D), ¥ (@ (D)). (8.14)

Taking the summation of both sides of inequality (8.14) fromk = 2R tok = N,
where N € Nand N > 2R, we obtain

N
Y AV(x(k), y (k)

k=2R

N N
<= Y y®VE®), y k) +2R8a> Y y @RV x(@(K)). ¥ (@ (K))
k=2R

k=2R
N k—1
+4 Y dyEOR Y (@) + 20 O)NVED), yD)
k=2R I=¢ (k)
+20(y @OV (x (1)), ¥ (@ 1))
N N
<= Y y®VaE. y®) +2RBa® Yy OV D). y (1)
k=2R I=R
N k—1
+ ) @ EIR DY (@i D)+ 200 O))HVED), D)
k=2R I=k—R
N k—1
+ ) 8RR Y oy D), y D), (8.15)
k=2R I=k—2R

in which the second inequality sign holds for the following reasons. We examine the
second summation after the first inequality sign in (8.15),

N
D @)V k), v (B K)). (8.16)

k=2R

The index of this summation runs from k = 2R to k = N, which implies that

¢ (k) € I[R, N].
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When the index of this summation is changed to / = ¢ (k), the range of / becomes
[R, N]. Furthermore, for each ! € I[R, N],

yIOV D), y0)

is counted at most R times by the summation (8.16) because of the boundedness of
r (k). Thus, by a change of the index of this summation from & to [ = ¢ (k), we get

N N
3 VUGNV E@E). y@(K) < R Y yI OV (D). y (D).

k=2R I=R

This, along with similar changes of the indices in the third and the fourth
summations after the first inequality sign in (8.15), yield the second inequality in
(8.15).

By the strictly increasing monotonicity of ¢ (y) with respect to y, as established
in Lemma 8.2, we compute

N
D AVK), y (k)

k=2R

N N
<= > yOVEE. y®) + 2R3y OV (x(). y (1)
k=2R

=R
N k—1
+4R Y Y A O) @ (r (D) +20(r DNV (x (D), y (1)
k=2RI=k—R
N k—1
+8R* Y Y 2y D)eyM)V WD), yd)
k=2R l=k—2R

N N
<= > yOVEE. y(®) + 2Ry OV (xD), y (1)
k=2R

=R
N-1

+4R D 9y D)@ (y (D) + 20(y D)V (x (1), ¥ (1)

I=R
N—-1

+ 16K’ Z Py D)ely D)V xd), y(D)

=0
N N

<= Y y®RVE®E), y®) + Y QR PyIDV (x (1), y (D)

k=2R =0

+4ARO(y D) (@ (y D) +20())V (x (1), ¥ (1)
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+16R* 9 (y ey D)V (x (1), y (1))

N
=- (v () = 2R* By (1) + 20 () (w (¥ (1) + 20(y (1))
I=2R
2R—1
3 2..q
+ 83 (y ey DNV xD), y(D) + 2R Z (Ba?y? (D) +26(y (D)
=0
x (@ (y(D) +20(y (1)) + 83 (¥ (1)) o(y IN)V (x(D), y (). (8.17)
If
_ Uy D) Py D)
2,,q—1 -
Pay? (D) +2 V() @ (y()+12 0 e(y() < R (8.18)

foreach! € I[2R, N], then the first summation after the last inequality sign in (8.17)
is negative definite. By the nonincreasing monotonicity of y (k) and Lemma 8.2,
there exists y3(0) € (0, ¥2(0)) such that y(0) € (0, y3(0)) suffices for (8.18) to
hold. Thus,

N
> AV k), y (k)

k=2R
2R—1
<2R? Z (Ba?y1(0) +20(y (0)(w (¥ (0))
=0

+20(y(0))) + 83 (¥ (0))e(y ONV (x (D), y (D). (8.19)

This implies that, for each y (0) € (0, y3(0)),

2R
VE(N). y(N) <D aVd), yd), (8.20)
=0
where
=1 (8.21)
for/ = 2R and
c1 = 2R*(Ba®y9(0) + 20(y (0))(w (¥ (0)) + 60(y (0))) (8.22)

forl € I[0,2R — 1]. Note that (8.20) holds for any N > 2R. Thus, V (x(k), y (k))
is bounded over k € N.
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From (8.17), we notice that, for each y (0) € (0, y2(0)),

N
> AV, y (k)

I=2R
1 1 &
<—3 Y vy OVGEO.y0) - 3 > yOVEd), yd)
I=2R [=2R

N
+2R Y (BPy () + 20 (y D) (@ (y (1) + 60 (y D)) V (x (1), y (D)),
1=0

from which we get

N

> yOVEd). yd)

[=2R

N N
<= yOVED. y D) +4RYY (Bely (1) + 20 (y 1) (@ (v (1)
[=2R =0
N
+60(yON)Vx(D), y()) =2 Y AV (x(k), y (k)
[=2R
N
=3 (~r 0 + 4R By 1) + 20 (y D) (@ (y 1) + 60y D)) V(x D), y (D)
[=2R
2R—1
+4R Y (Bay () + 20 (1) (@ (r () + 6y D)) V(D). ()

=0
+2(V(x(2R), y(2R)) — V(x(N), y(N)).

Using an argument similar to the one used in obtaining (8.19), we conclude that
there exists y4(0) € (0, 3(0)) such that, for each v (0) € (0, y4(0)),

N 2R-1
STrOVEd.y@) 4R (BaPyl(l) + 20 (y (D)) (@ (v (1)
[=2R =0

+60(y ON)V(x(D), () + 2V (x(2R), y 2R)),



8.3 Closed-Loop Analysis 325

based on which we derive

N 2R—1
Y yOVad). ) < 4R Y (Bl + 20 (r (D)) (@ (v (1)
[=2R =0

+60(y (ON)V (x(), y (1)) +2V(x2R), y(2R))
2R

< ZZCZV(X(I),V(I)), (8.23)

=0

where we have defined ¢; as in (8.21) and (8.22).

8.3.2 The Boundedness of y (k) Away from Zero

By the update law (8.5) for y (k), we compute

N

Y ylk+ 1D —yk)
[=2R
VP, y k)
£ TP (x(k), y (k) + 1

v (k)

I=2R

N
B VP k), y () v ()
__k;ea e i I 1 E® vy ®

N

> —a Y VP @), y ()T RV (x k), ¥ (k) y (k)
k=2R

N
> —a Y VP k), y )y OV (x k), ¥ (k))y (k)
k=2R

2R r=l
> —ay?”1(0) (Z aV(x(), y(l))) Y V), y(kR)y k)

=0 I=2R
2R

P
> —2ay47'(0) <Z avx, y(z») :

=0

where we have applied an upper bound of V (x(k), y (k)) for each of k > 2R, as
given by (8.20), and an upper bound of ZlszR y()V(x(), y (1)), as given by (8.23).
Then,
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2R P
y(N) = y(2R) — 2ay?~1(0) (Z aV(x(d), y(l))>
1=0
2R P
> y(0) — 2R + 1)y?(0) — 20771 (0) (Z aVixd), V(l))> .
1=0

From

Vd),yd) < le;r[l(%R]{V(x(l), y())}

2R
<Y VO, yd)
=0
2R
<Y X'OPyD)xW)
=0
2R
<P O)IY_IxDP, 1€10,2R], (8.24)
=0

we can see that as y (0) tends to zero, each y(I), [ € I[0,2R], tends to zero. This
implies that over the time interval k € 1[0, 2R], the state of the closed-loop system
(8.6) tends to that of the open loop system

x(k+1) = Ax(k)

as y(0) tends to zero. Thus,

2R

>0

=0

in (8.24) approaches a positive constant that depends solely on A and R. Therefore,
there exists a sufficiently small y5(0) € (0, y4(0)) such that for each y(0) €

(0, y5(0)),

2R P
Y(N) = y(0) —a(2R + 1)y9(0) — 2ay171(0) (Z aVxd), V(l))>

=0

2R 2R p
> y(0) — 2R + 1)y*(0) — 20771 (0) (Z alPyO)ly |x(l>|2>

=0 =0
> 0. (8.25)
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Note that inequality (8.25) holds for each N > 2R. This implies that y (k)
is bounded from below by a positive constant. In view of the nonincreasing
monotonocity of y (k), we have that

lim y (k)
k—o00

exists and is positive as long as y (0) € (0, y5(0)).

8.3.3 The Regulation of the State and the Input Given a
Sufficiently Small y (0)

Based on the update law for y (k) (8.5), that is,

_ o VPx(k), y(R)
yk+1) =yk) av,,(x(k)7y(k))+1y (k),

and the fact that y (k) has a positive limit, which is denoted by y., we derive

. VPR,
dm kD =y ®) = —e lim e sy +17 ©
. VP (x(k), y(k))

—ay? lim
¢ k—oo VP (x(k), y (k) +1

=0,
which implies that

Jim Vx(®). y () =0.

By
V(x k), y (k) = [Pl x (0],
we have
Jim [x(0)] < klggo\/@: 0
Thus,

lim x(k) = 0.
k— 00
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Obviously,
lim u(k) = lim F(y(k)) lim x(k)
k—o00 k— 00 k— 00
=0.

To summarize, we have the following result.

Theorem 8.1 There exists y*(0) € (0, 1) such that for each y (0) € (0, y*(0)), the
adaptive feedback law (8.2) with y (k) updated by following (8.5) globally regulates
system (8.1), that is,

lim x(k) =0, lim u(k) =0,
k— o0 k— 00
given any initial condition of the state x. Moreover,
lim y (k)
k—o00

exists and is positive.

8.3.4 The Regulation of the State and the Input Given Any
y(0)

Theorem 8.1 establishes global regulation of system (8.1) given a small enough
initial condition for y (k). However, as seen in the proof of the theorem, the upper
bound of this sufficiently small ¢ (0) depends on the upper bound of the delay R.
We now give a regulation analysis of system (8.1) under the adaptive feedback law
with an arbitrarily initial y (0). It turns out that our adaptive feedback law achieves
global regulation of the system for any given initial condition of y (k).

We consider two separate cases. The first case assumes that, given an initial
condition of y (k), y (k) never decreases to the value of y*(0), where y*(0) is given
in Theorem 8.1. This suggests that

y(k) > y*(0), k eN,
and thus,
lim y (k)
k—o00

exists and is a positive constant that is greater or equal to y*(0). Denote this limit
by y,. Based on the update law for y (k), we obtain
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Ve, y k)
k—o00 VP(x(k), )/(k)) +1

I

and hence
lim V(x(k), y(k)) =0.
k—o00
Thus,
Vxk),yk
lim (k)| < fim | L E&-v®)
k— 00 k— 00 [P (y)|
=0,
and

lim x(k) = 0.
k—o00
In view of the boundedness of y (k) from below, we get
lim u(k) = 0.
k—00

Therefore, global regulation of the system (8.1) is achieved.

We now consider the second case where y (k) decreases to some y(0) €
(0, y*(0)) at some time instant k. Set this k as the time instant at which the closed-
loop system (8.6) starts evolution. Then, according to Theorem 8.1, the closed-loop
system achieves

lim x(k) =0, lim u(k) =0.
k— o0 k— 00
Also,
lim y (k)
k—o00

exists and is positive.

We now summarize the above conclusion in the following theorem.
Theorem 8.2 The adaptive feedback law (8.2), with y (k) updated according to
(8.5), globally regulates system (8.1), that is,

lim x(k) =0, lim u(k) = 0.
k— o0 k—o00
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Moreover,
lim y (k)
k— 00

exists and is positive.

To the best of our knowledge, no design achieves what the adaptive feedback law
(8.2) has achieved. First, no knowledge of a time-varying bounded delay is required
to implement our adaptive feedback law. Considering that the compensation of an
arbitrarily large delay without using any delay knowledge is still open for a general
linear system, the result in this chapter makes a step toward the solution to this
long-standing problem. Second, the implementation of our adaptive feedback law
is easy due to its memorylessness. Finally, any time-varying bounded delay can be
compensated by our adaptive feedback law, which cannot be done by a traditional
predictor based feedback. Because the predictor feedback handles only a group
of time-varying delays whose associated ¢ (k) function has an inverse function,
any adaptive feedback law that takes the predictor feedback law as the nominal
controller will not be able to compensate for a time-varying delay whose associated
¢ (k) function does not have an inverse function.

8.4 A Numerical Example

The regulation and performance of the adaptive feedback law (8.2) are discussed in
this section through numerical examples. Consider system (8.1) with

1100 0

0110 0

B = 2

0011}’ 0 (8:26)
1

0001

All the open loop poles of this system are at z = 1, and the pair (A, B) is
controllable. Let the time-varying delay be

r(k) = mod(k, 5).

It can be readily seen that an upper bound of the delay is R = 4 and that the inverse
function of

¢ k) =k —r(k)

does not exist. Actually, any function ¢ (k) associated with a time-varying delay in
the form of
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r(k) = mod(k, ),

where [ € N\ {0} does not have an inverse image. We pick this particular type of
time-varying delay to numerically demonstrate the ability of our adaptive feedback
law to regulate the system, which is not possessed by a traditional predictor based
adaptive feedback law. Let the initial condition of the system be given by

x(k)=[1-101]", keI[0,RI.

Throughout the simulation study, we pick the control parameters in our design as
follows:

a=1, p=1, g=2.

Here, g = 2 is chosen based on ¢ = 1. In the simulation, we first let y (k) decrease
from

y(0) = 0.1.

Figures 8.1, 8.2, and 8.3 show the evolutions of the state, the input, and the feedback
parameter of the closed-loop system, respectively, under our adaptive feedback law
(8.1). It can be readily observed in Fig. 8.3 that y (k) has a positive limit as k tends
to infinity.

Keeping all the parameters the same as in the first simulation, we change the
initial condition of the feedback parameter to a larger value

y(0) = 0.2.

Figures 8.4, 8.5, and 8.6 show respectively the evolutions of the state, the input, and
the feedback parameter of the closed-loop system under our adaptive feedback law
(8.1). We further increase the initial condition of y (k) to

y(0) =05,

under which the closed-loop evolution is shown in Figs. 8.7, 8.8, and 8.9.

These simulation results demonstrate that although the regulation of system
(8.26) can be achieved no matter what the value of y(0) is, the closed-loop
performance in terms of the overshoot and the convergence rate varies as the initial
value of y (k) varies. Specifically, the value of y (0) cannot be chosen to be neither
too large nor too small. An excessively large or small ¥ (0) would induce large
overshoot and slow convergence rate, while a modest value of y (0) tends to result
in better closed-loop performance. A similar observation on how the value of the
feedback parameter affects the closed-loop performance was made in Sect. 5.3.

More evidence of the ability of the adaptive feedback law in its regulation
of system (8.26) can be seen by considering an even larger time-varying delay.
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Fig. 8.1 State evolution of the closed-loop system with y(0) = 0.1

0.1 T T T

0.05F 1

-0.35 : : :
0 50 100 150 200

k

Fig. 8.2 Input evolution of the closed-loop system with y (0) = 0.1
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Fig. 8.3 Evolution of the feedback parameter of the closed-loop system with y (0) = 0.1
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k

Fig. 8.4 State evolution of the closed-loop system with y (0) = 0.2
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Fig. 8.5 Input evolution of the closed-loop system with y (0) = 0.2
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Fig. 8.6 Evolution of the feedback parameter of the closed-loop system with y (0) = 0.2
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Fig. 8.8 Input evolution of the closed-loop system with y(0) = 0.5
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k

Fig. 8.9 Evolution of the feedback parameter of the closed-loop system with y (0) = 0.5

Consider

r(k) = mod(k, 10),

whose peak value is R = 9. Set all the other parameters the same as those in the last
simulation. Let the feedback parameter decrease its value from

Figures 8.10,

y(0) = 0.5.

8.11, and 8.12 show the evolutions of the state, the input, and the

feedback parameter of the closed-loop system. The performance of the closed-loop
system is not as good as in the corresponding simulation with R = 4.

The following numerical study reveals that our adaptive feedback design is not
sensitive to open loop poles that are exponentially unstable. Replace matrix A in
system (8.26) with

110 0
0110
A= ,
001 1

00012
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Fig. 8.10 State evolution of the closed-loop system with R = 9 and y (0) = 0.5
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k

Fig. 8.11 Input evolution of the closed-loop system with R = 9 and y(0) = 0.5
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Fig. 8.12 Evolution of the feedback parameter of the closed-loop system with R = 9 and
y(0) =05

which contains an exponentially unstable pole z = 1.2 of the open loop system.
Choose the same set of system parameters as those in first simulation except the
matrix A. Figures 8.13, 8.14, and 8.15 show the evolution of the closed-loop system
with this unstable open loop pole. The simulation results show that the adaptive
feedback design is robust to the presence of open loop poles that are exponentially
unstable.

8.5 Conclusions

This chapter presented an adaptive feedback law that accommodates unknown input
delay in discrete-time linear systems with all open loop poles at z = 1 or inside
the unit circle. Two main features of the feedback law are its delay independence
nature and its memorylessness. No knowledge of the delay is required for the
implementation of the feedback law. Also, only the current state is used in the
feedback. These two features contribute to the convenience in the implementation
of the feedback law. A direct closed-loop analysis that does not base on Lyapunov
type stability analysis was developed to establish regulation. Numerical examples
demonstrated the regulation effects of the feedback design and its robustness to the
presence of exponentially unstable open loop poles.
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Fig. 8.13 State evolution of the closed-loop system with an exponentially unstable open loop pole
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Fig. 8.15 Evolution of the feedback parameter of the closed-loop system with an exponentially
unstable open loop pole

8.6 Notes and References

This chapter was presented to sole the regulation problem for a discrete-time
linear system in the presence of any knowledge of the delay. The problem is the
counterpart to the problem in the continuous-time setting studied in Chap. 7. The
presentation follows from [108] submission.
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