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Summary. This chapter is devoted to the stability problem of time-delay systems
using time-domain approach. Some basic concepts of time-delay systems are in-
troduced. Then, some simple Lyapunov-Krasovskii funtionals, complete Quadratic
Lyapunov-Krasovskii functional and discretization scheme are introduced, with con-
nections and extent of conservatism compared. The issue of time-varying delays are
also discussed. The concept of Razumikhin Theorem is introduced. An alternative
model of coupled difference-differential equations and its stability problem are also
introduced.

4.1 Introduction

It is a common pratice to use ordinary differential equations to describe the
evolution of physical, engineering or biological system. However, it is also
known that such a mathematical description is inadequate for many systems.
Indeed, delay-differential equations (or more generally, functional differential
equations) are often needed to reflect the fact that the future evolution of
system variables not only depends on their current values, but also depends
on their past history. Such systems are often known as time-delay systems
(also known as hereditary systems, systems with time lag, or systems with
aftereffects). This chapter is intended to serve as a tutorial to cover some of
the basic ideas of time-delay systems, especially, the stability analysis using
Lyapunov approach.

Time-delay systems are distributed parameter systems, or infinite-dimensional
systems. To bring out the idea, compare the ordinary differential equation

x(t) = ax(t), (4.1)
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with a simple time-delay system
z(t) = ax(t —r). (4.2)

In these two systems, a and r are constant scalars, and x, a scalar function of
time ¢, is the state variable. It is well known that for the system represented
by (4.1), given any time tg, then the future value of the state x(t), t > to
is completely determined by z(tp), a scalar, which indicates that the system
(4.1) is a 1-dimensional system. On the other hand, for the system (4.2),
to completely determine x(t), t > to, it is necessary to know z(t) for all
to — r <t < tg. Therefore, the state at time ty is an element of the infinite-
dimensional functional space {z(t) | to — r <t < o}, and the system (4.2) is
an infinite-dimensional system.

Examples of time-delay systems abound in various disciplines of science,
engineering and mathematics. Kolmanovskii and Myshkis gave many exam-
ples [18]. Other books also contain many practical examples, see, for example,
[11] [13] [23]. Here, we will mention only two examples.

Ezample 4.1. Network control. The popularity of internet has brought to
the network control problem to prominence. One of the model studied in the
literature is the simplified fluid approximation proposed by Kelly [17]

#(t) = k[w — 2t —7)p(z(t — 7)),

where p is a continuously differentiable and strictly increasing function
bounded by 1, and k and w are positive constant. The delay 7 represents the
round-trip time. The function p can be interpreted as the fraction of packets

the presence of (potential) congestion. For more details of network model, see
[5] [17] [28].

Ezample 4.2. Transport delay in chemical reactions. This example was
discussed in [20] and [21]. Consider a first order, exothermic and irreversible
chemical reaction from A to B. In practice, the conversion from A to B is
not complete. To increase the conversion rate and reduce the costs, a recycle
stream is used. The time it takes to transport from the output to the input
introduces time delay. The resulting process can be described by the following
equations

%it) - %“AO + (1= NA(—7)+ A(t)] — Koe @/T A1)
dzc;it) . %[ATO + (1 =NT(t—7)— T(t)]%{ — Koe QT A1)
1
o mU(T(t) - Twa)

where A(t) is the concentration of the component A, T'(t) is the temperature,
and A € [0, 1] is the recycle coefficient (A = 1 represents no recycle), and 7 is



4 Stability Analysis of Time-delay Systems: A Lyapunov Approach 141

the transport delay. The case without time delay 7 has been discussed in [2]
and [26].

The rest of the chapter is organized as follows. Section 4.2 introduces some
basic concepts of time-delay systems. Section 4.3 introduces the concept of
stability and Lyapunov-Krasovskii stability Theorem. Section 4.4 introduces
some simple Lyapunov-Krasovskii functionals Section 4.5 covers the complete
quadratic Lyapunov-Krasovskii functional and its discratization. Section 4.6
compares different Lyapunov functionals, with numerical examples. Section
4.7 discusses time-varying delays. Section 4.8 discusses Razumikhin Theorem.
Section 4.9 discusses coupled difference-differential equations and stability.
Section 4.10 contains conclusions and discussions.

4.2 Basic Concepts of Time-delay Systems

4.2.1 Systems of Retarded Type

We will concentrate on time-delay systems of retarded type in this article. A
retarded time-delay system can be represented as

() = f(t,x¢) (4.3)
where z(t) € R", 2, is a function defined in the interval [—r, 0] as
z(0) = x(t + 0), —r<6<0,

r is the maximum delay, and f is a functional, or a function of functions.
In other words, the value of f can be determined if the value of ¢ and the
function z; are given. It is common practice to restrict z; to be a continuous
function. Let C be the set of all continuous functions defined in the interval
[—7, 0], then the initial condition of (4.3) can be expressed as

xt, = ¢, for some ¢ € C (4.4)

which means that
x(to +0) = ¢(0), for 6 € [—r,0].
With this notation, the domain of definition of f is RxC. The solution of

(4.3) with initial condition (4.4) is often denoted as x(t,to, @), or x(t, @) if to
is understood.

In some context, it is beneficial to consider the initial condition as consist-
ing of two parts, z(ty) and z(t) for to —r < t < to. This may be convenient
to accommodate the case of a discontinuous ¢ in the initial condition.

Other types of time-delay systems are discussed in, for example, [13] and
[18]. For example, if 4 (t) also depends on derivative of x at a time 7 < ¢, then
the system is of neutral type.
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4.2.2 Pointwise Delays

An important special case in pratice can be expressed as

x(t) = f(t,x(t),z(t —1r)). (4.5)

In other words, #(t) only depends on z at current time and at the time of
maximum delay, and is independent of x(¢ + ), —r < § < 0. Let’s consider
the case of ty5 = 0, so that the initial condition becomes

xo = ¢, or x(t) = P(t), —r <t <0.

Such a system admits a simple method of steps to generate the future trajec-
tories: Since x(t — r) is already known as the initial condition for ¢ € [0, 7],
the equation (4.5) can be considered as an ordinary differential equation in
this interval, and z(t), ¢ € [0, r] can be generated by solving this ordinary dif-
ferential equation. Once z(t), t € [0,r] is available, z(t — r), t € [r,2r] is also
available, and therefore, one can further generate x(t), t € [r,2r] by solving
ordinary differential equation. Continue this process will allow us to generate
x(t) for t € [0, 00).

Similarly, we say the system

(t) = ft,x(t),z(t —r1),x(t —ra), o, x(t — 11)) (4.6)

is of multiple delays. Furthermore, if there is a common factor 7 which divides
all delays 7, j = 1,2, ..., k, then we say the system is of commensurate delays.
Without loss of generality, we may assume r; = j7 in this case. If there does
not exist such a factor, in other words, we can find two delays r; and r;
such that r;/r; is irrational, then we say that the delays are incommensurate.
Obviously, the method of steps can also be used in systems of multiple delays.

Systems with either single delay or multiple delays are known as of point-
wise delays, concentrated delays, or discrete delay.

4.2.3 Linear Systems

If the functional f is linear with respect to x; in (4.3), then we say that the
system is linear. If it is independent of ¢, then we say it is time-invariant. For
a linear time-invariant system, we may define fundamental solution X (t) as
the solution with initial condition

z(t) =0, —r<t<O.

where [ is the identity matrix of appropriate dimension. If the system is
n-dimensional, then X (¢) is an n x n-dimensional matrix function of time.
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Fundamental solution plays an important role in the study of linear time-
delay systems.

Consider, for example, the linear system with single delay
&(t) = Aoz (t) + Arz(t — 1) (4.7

It can be shown, using linearity, that the solution of (4.7) under initial con-
dition zy = ¢ can be expressed as

0
z(t,¢) = X(t)p(0) + [ X(t—r—0)A1¢(0)do (4.8)

—r

4.2.4 Characteristic Quasipolynomials

A linear time-invariant time-delay system is associated with a corresponding
characteristic quasipolynomial through Laplace Transform. For the system
(4.7), the characteristic quasipolynomial is

p(s) =det(sI — Ag — e " Ay).

It can be shown that the characteristic quasipolynomial is directly related to
the Laplace Transform of the fundamental solution,

p(s) = det(L[X(1)]).

Similar to systems of finite dimension, a time-delay system of retarded type is
stable if and only if all the poles, or the roots of the characteristic quasipoly-
nomial, are on the left half of the complex plane. However, unlike finite-
dimensional systems, a time-delay system has an infinite number of poles,
and charaterizing and finding these poles are much more challenging due to
the fact that a quasipolynomial involves transcendental functions.

For a linear time-invariant system with multiple delays, the characteristic
quasipolynomial can be considered as a polynomial of s, e™"% e~"2% ... e k5,
For commensurate delays, since e~"% = (e~7%)!, we can further consider the
characteristic quasipolynomial as a polynomial of two variables s and e™"%.
This fact made the stability problem of systems with commensurate delays a
much easier problem.

Since the focus in this chapter is on Lyapunov approach, we will not pursue
further the stability analysis based on poles.

4.3 Stability

We will start with a formal definition of stability.
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Definition 4.1. For a time-delay system described by (4.3), the trivial solu-
tion x(t) = 0 is said to be stable if for any given T € R and € > 0, there exists
a § > 0 such that ||x,||. < & implies ||z(t)|| < e for allt > 7. It is said to be
asymptotically stable if it is stable, and for any given T € R and € > 0, there
exists, in addition, a 0, > 0, such that ||z||. < d, implies tlirglo z(t) =0. It
1s said to be uniformly stable if it is stable, and § can be made independent
of 7. It is uniformly asymptotically stable if it is uniformly stable and there
exists a dq > 0 such that for any n > 0, there exists a T such that ||x,]]. < dq
implies ||z(t)|| < n fort > 7+ T. It is globally (uniformly) asymptotically
stable if it is (uniformly) asymptotically stable and §, can be made arbitrarily
large.

In the above, || - || represents the vector 2-norm, and || - || is defined as
= 0)]l.
lolle = ma [16(6)]

The above definition is obviously analogous to finite-dimensional systems. The
stability relative to any given solution other than the trivial solution can be
transformed to one relative to the trivial solution through a change of variable.

Corresponding to Lyapunov function V(¢,z) for finite-dimensional sys-
tems, here we need a Lyapunov-Krasovskii functional V (¢, z;) due to the fact
that the state is z;. We have the following Lyapunov-Krasovskii Stability
Theorem.

Theorem 4.1. Suppose f : RxC —R" in (4.8) maps Rx (bounded sets in
C) into bounded sets in R™, and that u,v,w : Ry — Ry are continuous
nondecreasing functions. In addition, u(s) and v(s) are positive for positive

s, and w(0) = v(0) = 0. If there exists a continuous differentiable functional
V :RxC —R such that

u(llo(0)]1) < V(¢ ¢) < v(l|ol]e), (4.9)

and
V(t,¢) < —w(|[6(0)]]), (4.10)

then the trivial solution of (4.3) is uniformly stable. If w(s) > 0 for s > 0,
then it is uniformly asymptotically stable. If, in addition, lim u(s) = oo, then

it is globally uniformly asymptotically stable.

In the above, R is the set of nonnegative real scalars. The notation V (¢, ¢)

is defined as

. A d

V(t7 (rb) = Ev(tv xt)|$t:¢
In other words, we can think of V(7,¢) as the derivative of V(t, ;) with
respect to time ¢, evaluated at the time ¢t = 7, where ; is the solution of (4.3)

with initial condition z, = ¢. Indeed, (4.9) and (4.10) are often written as
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u(l[z()|]) <V (E,20) < v((|lle),
V(t,z) < —w(llz(@)]]),
Notice, although the “state” in this case is x¢, the lower bound of V(t, ;)
and the upper bound of V (¢, z;) only need to be functions of ||z(t)||, and not

necessarily be function of ||a¢||.. For a proof, the readers are referred to [11],
[13] or [18].

4.4 Some Simple Lyapunov-Krasovskii Functionals

This section discusses some simple Lyapunov-Krasovskii functionals for the
stability analysis of time-delay systems. The materials of this section may be
found from [11] [23] [3].

4.4.1 Delay-independent Stability

Consider the time-delay system (4.7). We may consider the Lyapunov-Krasovskii
functional

0
V(x;) = 7 (t)Pa(t) +/ a7 (t +0)Sxz(t + 0)do.

-

Where, P and R are symmetric matrices. Obviously,

P >0, (4.11)
5> 0, (4.12)

are sufficient to ensure the satisfaction of (4.9). In the above (4.11) means P
is positive definite, and (4.12) means S is positive semi-definite. Similarly, we
also use “< 0”7 and “< 0” to indicate a matrix is negative definite or semi-
definite. Calculating the derivative of V' along the system trajectory yields,

V) = (a0 (0 =) (PRHT TSR (0.

To satisfy (4.10), it is sufficient that

(PA0+AOTP+SPA1) <0

4.13
ATP S (4.13)

Therefore, we can conclude the following.

Proposition 4.1. The system (4.7) is asymptotically stable if there exists
symmetric matrices P and S of appropriate dimension such that (4.11) and
(4.13) are satisfied.
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Notice that (4.12) is already implied by (4.13). Inequalities (4.11) and
(4.13) are examples of linear metriz inequalities (LMI), where parameters (in
this case symmetric matrices P and S). An important development in recent
years is that effective numerical methods have been developed to solve LMIs,
see [4] for details, and Appendix B of [11] for some facts of LMI most useful
for time-delay systems. A number of software packages are available to solve
LMTIs, see, for example, [8] for LMI Toolbox for MATLAB ©.

It should be observed that the stability conditions (4.11) and (4.13) is
independent of the delay 7. Such conditions are known as delay-independent
stability conditions. Such conditions are obviously have very limited appli-
cation, because it cannot account for a very common practical situation: a
system often tolerate a small delay without losing stability, while a large de-
lay destabilizes the system.

Such simple stability conditions can be extended to more general systems.
For example, for systems with multiple delays,

x(t) = Agx(t) + ZA x(t (4.14)
we can choose the Lyapunov—Krasovsku functional

V(x,) =27 (t) Pa(t +Z/ T(t 4 0)S;2(t + 6)do. (4.15)
—r;
Since its derivative along the system trajectory is
V() = 97 () IT(t),
where

DT (t) = (mT(t) el (t—r) .. 2Tt - rk)) ,
k
PA0+AgP+ Z Sj PA; PA, ... PAg

=1
ATp -S1 0 ... 0

= ATP 0 —So... 0 |- (4.16)
ATP 0 0 ...—S

we arrive at the following stability conditions.

Proposition 4.2. The system (4.14) is asymptotically stable is there exist
symmetric matrices P, S;, j = 1,2, ..., k, such that

P >0,

1I1<0

are satisfied, where II is defined in (4.16).
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A further extension is to systems with distributed delays

(t) = Aga(t) + i A(0)a(t + 0)db. (4.17)

Analogous to (4.15) for multiple delay case, we can choose

0

0
V(x) = 27 (t)Px(t) —l—/ [/9 T (t 4 7)S(0)z(t + 7)dr]d6.

—r

This gives

V(xy) = 2T (t)[PAg + AT P + ’ S(0)do)x(t)
0 —-Tr
+ 227 (t)P / AO)x(t +0)do

—-Tr

- /O T (t +0)S(0)x(t + 0)do.

T

Add and subtract z7(¢) f?r R(0)d0xz(t), where R(0) is a symmetric matrix
function, we obtain

Via) = o (0[P + ATP 1 [ R(O)dBla(t)

-

0 S(0) — R(9) PA(6) x(t)
+/ («" () ch(t+9>)< AT (0)P _5(9)) <x(t+9))d9'

T

From this, we arrive at the following stability conditions.

Proposition 4.3. The system (4.17) is asymptotically stable if there exist
symmetric matriz P, and symmetric matriz functions S and R : [-r,0] —
R™ ™ such that

P >0,
0
PAy+ AP+ [ R(0)d6 <0,

—Tr
and

)> <0 for all § € [—r,0]

are satisfied.
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4.4.2 Delay-dependent Stability Using Model Transformation

A simple way of bringing delay r into stability conditions of (4.7) is to trans-
form it to a distributed time-delay system. This is done using the Newton-

Raphson formula
0

x(t—r)=z(t) — / &(t + 6)do
for the term x(t — ) in (4.7), and using (4.7) for (¢ + 0) in the integral. This
result in a new system

0

-

z(t +0)do — A%/ z(t+0)do. (4.18)

—2r

.Z'(t) - (AO + A]_).T}(t) - AlAQ/

-

The process of obtaining (4.18) from (4.7) is sometimes known as model
transformation. Before we go on to analyze (4.18), we should point out that
the stability of the two systems expressed by (4.7) and (4.18) are not equiva-
lent. Althought the stability of (4.18) implies that of (4.7), the reverse is not
necessarily true. It can be seen that the maximum delay of (4.18) is 2r rather
than r. Indeed, the characteristic equation of (4.7) is

Ay(s) =det(s] — Ag —e " Ay) =0,

and that of (4.18) is

where

Ay(s) = det (I - 1_§A1) .

The factor A,(s) represents additional dynamics. It is possible that all the
zeros of A,(s) are on the left half plane while some zeros of A,(s) are on
the right half plane. See [12] for detailed analysis, and [11] and the references
therein for additional dynamics in more general setting.

To study the stability of (4.18), we notice that it is in the form of (4.17),
and therefore, can use Proposition 4.3, which in this case becomes

P >0,
0
P(Ag+ Ay) + (Ao + 41)"P + / R(0)do <0,

and
S(0) — R(#) —PA1 A
(—(Ale)TP —-S(0)

<S(9) — R(0) —PA?
(ADTP —5(6)

) <0 for all § € [—r,0],

) <0 for all 0 € [—2r, —r).
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We may choose
Ry, —r<6<0,
Ry, —2r <6< -,
Sy, —r<6<0,
S1, —2r <60 < —r,

to obtain the following stability conditions.

Proposition 4.4. The system (4.18) is asymptotically stable (which implies
that the system (4.17) is asymptotically stable) if there exists symmetric ma-
trices P, Sy, S1, Ro, and Ry such that

P >0,

P(AO + Al) + (Ao + Al)TP + T(Ro + Rl) <0,

So—Ry —PAido\ _ .
—(A1A0)TP =S, -7

Sy — Ry —PA?
<<A%>TP s ) =Y

We may write the above in a different form by eliminating Ry and R;.

Corollary 4.1. The system (4.18) (and (4.17)) is asymptotically stable if
there exist symmetric matrices P, Sy and Sy such that

P >0,
M —PAj Ay —PA?
—So 0 <0,
Symmetric -5

where 1
M= ;[P(Ao + A1) + (Ao + A1) P] + Sp + Si.

Proof. We make the conditions in Corollary 4.4 slightly more stringent by re-
placing “<” by “<”, and eliminating Ry and R; using the technique discussed
in [9] or Appendix B of [11] to obtain the resulting LMIs. [ |

4.4.3 Implicit Model Transformation

It is also possible to obtain relatively simple delay-dependent stability con-
ditions without explicit model transformation and with less conservatism,
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although it still uses maximum delay of 2r. We call such a process as implicit
model transformation. Here, we will discuss a method very similar to the one
proposed by Park [25]. Consider again the system described by (4.7). Choose
Lyapunov-Krasovskii functional

0 0 0
V(zy) = 2T (t)Pa(t)+ [ /9 P (xiye) Zf (wive)dEdO+ [ z7 (t4-0)Sz(t+6)do

where f(x;) represents the right hand side of (4.7), and by a change of time
variable,
flrige) = Aozt + &) + Azt + & —1).

Using the fact that for any defferentiable function ¢ and 6 < 0,

0
& [ 6t ned = w(ste) b rtasa))

we obtain
' _ T M PA; +rAY Z A,
V(-%‘t) - ¢0r <[PA1+T’AgZA1]T rA ¢0r
0
S (40) 2 f (w140)d0, (4.19)
where
M = PAy+ AP+ 1AL Z Ay + S,
G = (2T (t) 2T (t —7)).
For
(y)'(T )z/> >0, (4.20)
we have

0</O (a7 (t) T (t+0)) (Y),(TY>( (t+0) )d&

=ral () Xx(t) + 22T ()Y (x(t) — x(t —r) +/0 T (t+0)Zi(t + 0)do.
(4.21)

Adding (4.21) to (4.19) and using

i(t+0) = f(2e+0), (4.22)

we obtain
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. N PA, +rAYZA, - Y

< T 1 0 1

Vi) < or (Symmetric -S+rATZA, ) Por,

where
N =PAg+ AP +7ATY ZAg + S+rX +Y + YT, (4.23)

Therefore, we conclude the following.

Proposition 4.5. The system (4.7) is asymptotically stable if there exist ma-
triz Y and symmetric matrices P, X and Z such that

P >0,

N PAl—l—T‘AgZAl—Y <0
Symmetric =S +rATZA; ’

and (4.20) are satisfied. In the above, N is expressed in (4.23).

Notice, due to the usage of (4.22) for 6 € [—r,0), this process involves
x(t+&) for —2r < € <0, and implicitly involves model transformation in some
sense. It can shown that this stability condition is indeed less conservative than
both Propositions 4.1 and 4.4. It can also be written in a number of different
forms, see [11] for details.

4.5 Complete Quadratic Lyapunov-Krasovskii Functional

It will be shown by numerical examples later on in this section that all the
methods discussed in the previous section involves substantial conservatism.
Further more, all of them requires the system to be stable if the delay is
set to zero. However, there are many practical cases where delay may be
used to stabilize the system. See [1] for a simple example. Indeed, a finite
difference approximation of derative in control implementation will introduce
time delays, which are often used to stabilize the system.

To obtain necessary and sufficient condiiton for stability, it is necessary
to use complete quadratic Lyapunov-Krasovskii functional as pointed out by
Repin [27], Infante and Castelan [15].

4.5.1 Analytical Expression

Recall that the finite dimensional system
z(t) = Ax(t) (4.24)

is asymptotically stable if and only if for any given positive definite W, the
Lyapunov equation
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PA+ ATP=—-W

has a positive definite solution. Indeed, a quadratic Lyapunov function can
be constructed from the solution P,

V(x) = 2’ P,

which achieves )
V(z) = —2TWa.

Furthermore, the solution P can be explicitly expressed as
p- / XT (WX (1)dt,
0

where X () is the fundamental solution of (4.24), which satisfy

Let x(t,¢) be the solution of (4.24) with initial condition z(0) = ¢, then
x(t,¢) = X(t)¢, and therefore, we may further write

Vo) = [t moWalr.o)dr
0
For a stable time-delay system (4.7), it is also possible to construct a
Lyapunov-Krasovskii functional V'(x;) such that
Vi(zy) = —al ()W (t).

Indeed, let x(¢, ¢) be the solution of (4.7) with initial condition xo(0) = ¢(0),
0 € [—r,0], then we can still write

V(g) = /0 h 27 (7, 9)Wa(r, p)dr.

Through some algebra, we can expression V (¢) explicitly as a quadratic func-
tional of ¢,

V(¢) = ¢" (0)U(0)9(0)

+ 2¢T(0)/ U(—r—0)A16(0)do

-

0 40
+/ ¢" (01)ATU (01 — 02) A1 §(02)db, db; (4.25)

where U : R — R™*" is defined as
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Ulr) = /0 T XTOWX(t + 1)t

In order to have U(7) well defined, we agree that X (¢) = 0 for ¢t < 0. It can
be shown that
UT(T) =U(-7).

The readers are referred to [11] for more details.

4.5.2 Discretization

The analytical expression (4.25) indicates that for any asymptotically stable
system, we can always find a complete quadratic Lyapunov-Krasovskii func-
tional. In other words, the existence of such a functional is necessary and
sufficient for stability. In order for numerical calculation, we enlarge the class
of quadratic Lyapunov-Krasovskii functionals to the form

Viay) = 2T (t)Px(t)

+ 227 (1) i Q(0)z(t + 0)do

-r

0 0
" /— /_r aT(t+ ER(E, n)x(t + n)dédn

0
+ / T (t 4 €)S(&)x(t + €)dE, (4.26)
where
p=PpT
and for all £ € [-r,0], n € [-7,0],
Q(é‘) e Rnxn’

R(&,n) = R (n,€) € R,
ST(S) c Rnxn.

)

U
—~
7"
~—

Il

Since V(x4) is clearly upper-bounded, sufficient conditions for asymptotic sta-
bility (we can show they are also necessary) are
V(x4) > el (t)]|?, (4.27)
V() < —ellz(®)]], (4.28)

for some € > 0.

The search for the existence of functions @, R and S (in addition to matrix
P) is clearly an infinite-dimensional problem. It can be viewed as an infinite-
dimensional LMI. To make numerical computation feasible, we will constrain
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these matrix functions to be piecewise linear. Specifically, divide the interval
[—7,0] into N intervals of equal length (nonuniform mesh is also possible, but

we will not discuss it here)
.

h=—
N’

and let the dividing points be denoted as

pr
0,=-ph=—-——=,p=0,1,2,...,N.
P p N7p ) Ly Sy )

Let
Qp = Q(ap)a
Rpq = R(9p79q)-

Then, for 0 < a <1, 0 < <1, we restrict, for p=1,2,..., N,

Q6, + ah) = (1 — )Q, + aQyor,
S(0, + ah) = (1 - )S, + Sy,

and

R(0, + ah, 04 + (h)
(I —a)Rpg + BRp—1,4-1 + (@ = B)Rp—1,4, @ = 3,

(1=PB)Rpg+aRy 141+ (B—a)Ry 41, <f.

Through a rather tedious process, we can reduce (4.27) and (4.28) to LMIs.
This approach is known as the discretized Lyapunov functional method. Here,
we will only give the resulting LMI for the case of V = 1 in the following.
The readers are referred to [11] for the general case.

Proposition 4.6. The system is asymptotically stable if there exist n X n real
matrices P = PT, Qp, Sp = Sg, Ry = Rgp, p=0,1; ¢ =0,1, such that

P Qo Q1
Roo +So0  Ro >0,

Symmetric Ry + 54
and
Ao Q1 —PA Dj Dg
Sy Dj Dy

> 0,
h(Roo*Rll)ﬁLSo*Sl 0

Symmetric 3(Sp — S1)
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where

Ag = —PAg— ALP — Qo — QF — So,

Dy = ngT(Qo + Q1) + g Roo + Ro1) — (Qo — Q1),
Di = ZAT(Qu+ Q1) = 5(Ruo + Ruy),

Dy = *%AOT(QO — Q1) - g(Roo — Ro1),

D} = =2 AT(Qo— Q1) + 5 (Ruo — Run).

4.6 A Comparison of Lyapunov-Krasovskii Functionals

Obviously, the delay-independent stability condition in Proposition 4.1 is very
conservative if the delay is known. Although the simple delay-dependent con-
dition in Proposition 4.4 is intended to improve the situation, it is not neces-
sarily less conservative in all the situations. There are indeed systems which
satisfy the conditions in Proposition 4.1 but do not satisfy those in Proposition
4.4. See [12] for an example.

As mentioned earlier, it can be shown that the method with implicit model
transformation discussed in Proposition 4.5 is indeed less conservative than
both Proposition 4.1 and Proposition 4.4.

The discretized Lyapunov functional method can approach analytical re-
sults very quickly, and is the least conservative among these methods. The
following example is often used in the literature.

Ezxample 4.3. Consider the system

i(t) = (_02 8'9> x(t) + (_1 01> a(t—r)

Various methods are used to estimate the maximum delay ry,.x without losing
stability, and the results are listed in the following table. In the first line, “An-
alytical” indicates the true maximum delay obtained by the first time a pair of
roots of the characteristic quasipolynomial crosses the imaginary axis as the
delay increases; “Explicit” means the delay-dependent stability conditions in
Propostion 4.4 which uses explicit model transformation; “Implicit” denotes
the delay-dependent stability conditions in Proposition 4.5 which uses implicit
model transformation, the remaining three columns are the results using dis-
cretized Lyapunov functional method with different N, with N = 1 covered
in Proposition 4.6.
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Methods|Analytical|Explicit|Implicit| N = 1|N = 2|N = 3
Tmax 6.17258 |1.00 4.359 |6.059 [6.165 |6.171

The next example shows that there are indeed systems that are unstable
without delay, but may becomes stable for some nonzero delays.

Example 4.4. Consider the system

z(t) —x(t—r)

B(t) — 0.1E(t) + x(t) = —r .

The left hand side may be considered as a second order system with negative
damping, and the right hand side can be considered as a control to stabilize the
system by providing sufficient positive damping and using finite difference to
approximate the derivative. If the derivative is used instead of finite difference,
then obviously the system would be stable for > 0.1. For such systems, the
stability conditions covered in Propositions 4.4 and 4.5 are not applicable
since they requires the system to be stable for zero delay. We now write the
system in a state space form

dfxzit)\ _ (0 1 x(t) L 00\ (z(t—7)

dt \z(t) )~ \ —-20.1 z(t) 10 (t—r) )"
The system is stable for 7 € (rmin, "max). The following table lists the esti-
mated values using discretized Lyapunov functional method with different N,
as well as the analytical values. It can be seen, again, that discretized Lya-

punov functional method can approach the analytical results with a rather
modest N.

N |1 2 3 Analytical
Tmin |0.1006]|0.1003|0.1003|0.1002
Tmax|1-4272|1.6921|1.7161|1.7178

4.7 Dealing with Time-varying Delays
Consider a system
B(t) = Agz(t) + Aya(t — r(t)), (4.29)

where the time-varying delay r(t) satisfies

Tm < 7(t) < 7, (4.30)
Ht) < p, (431)

where p is a known constant, 0 < p < 1.
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We choose a complete quadratic Lyapunov-Krasovskii functional

V(t, J)t) = V1 (l‘t) + Vz(t, Jﬁt),
where,
Vi(w:) = 2 (1) Px(t)

+ 227 () Q(0)x(t + 0)do

—Tm

/_/_ T(t+ &) R(&, n)x(t + n)dédn

+/1 T(t 4+ )S(E)alt + E)de. (4.32)

Tm

Let Vi*(x:) indicates the derivative of (4.32) along the comparison system
z(t) = Aox(t) + Arx(t — rm), (4.33)
which is in an identical form discussed in the last section. Then,

Vi(ze) = Vi (2e) + 20T ()P A [a(t — 7(1)) = 2(t — )]
0
+ 2[z(t — r(t)) — x(t — rp)]T AT QO)x(t + 6)de.

—pym

Let

—Tm 0
Valt,2) = / [/ 2Tt + O Kya(t + C)d(]d

/#m/' 2Tt 4 Q) Ke(t + C)dc)do
- 0 r(t+9)

Then

Va(t,xy) = (rag — )z’ (8) (K1 + Ko)x(t)

—/ " 2T+ ) Kt + 0)do

M

- /7%(1 — 7 (t+0)zT (t 4+ 60 — r(t + 0))Kox(t + 0 — r(t + 0))do.

—rurr

In view of the fact that

x(t—rt)) —x(t —rm)
_ /_rm i(t +6)do
—r(t)

= / [Aoz(t+0) + Arz(t + 0 + r(t + 0))]df,
—r(t)
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we have

V(t,a0) = Vi () — 207 (1) PA, /_@) [Aoz(t +0) + Ayt + 60 + (i + 0))]d0

—Tm 0
— 2/ [Agz(t + 0)+ Ay (t+0 +r(t + 0)]"dOAT | Q(0)x(t+6)do
—r(t) — T

—Tm

 (rar — )2 () (K + Ko)a(t) — / 2Tt + ) K1zt + 0)do

—Tr M

— /7”&(1 — 7 (t+0)xT (t 4+ 60 — r(t + 0))Kox(t + 0 — r(t + 0))do.

—rur

Using (4.30) and (4.31), we can arrive at

s el B (%)

- /T:j< £0) (it ) (L4090
[ wmoven) (e ) () @

oy ft:?%@b) (40 )

+ Vi () + (rag — r)2” (8) (K1 + Ko)(t)
+ (r(t) — )2 () (K1q + Kao)z(t)
+ (r(t) = )" (8) (K + Kop)pu(t),

where

0

p(t) = Q(0)x(t + 0)do,

v(t,0) =a(t+0—rt+40)),
and
Ko+ K= Ky,
Koo + Kop = K».

If we choose K14, K24 (so that Kyp, Koy are also determined), and K’la, fﬁb,
K2a7 K2b such that
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Kla PAlAO >
<A§A1Tp K, )20
( K A1A0>
At AT Ky,
( Ksy,  PALA; )
ATATP (1 - p)Kaa

kzb A Ay > >
0,
<A1TA1T (1-p)Ka ) —

vV

0,

Y

0,

then the four integrals are all less or equal to zero. Therefore, we conclude
that the system is asymptotically stable if we can make

Vi (@) + (rar — rn) 2" (8) (K + Ko)(t)
+ (r(t) — )T () (K1a + Kaa)z(t)

+ (r(t) — ) T () (K 1p + Kop) ()

< —ellz(1)[*.

A discretized Lyapunov functional approach can be used to achieve this. The
above development is similar to [14].

An alternative is to formulate the time-varying delay as a perturbation
to a time-invariant delay, and formulate it as an uncertain feedback problem.
See, for example, [11] and [23].

It is also possible to lift the restriction of derivative bound (4.31). One
simple approach is to use the Razumikhin Theorem based methods. Other
approaches include an alternative formulation of Lyapunov-Krasovskii func-
tional method proposed in [7], and the input-output approach along the sim-
ilar idea as [16].

4.8 Razumikhin Theorem

Razumikhin showed that it is still possible to use function rather than func-
tionals in stability analysis of time-delay system. This is based on the following
Razumikhin Theorem.

Theorem 4.2. Suppose f : RxC — R™ in (4.8) takes R x (bounded sets of C)
into bounded sets of R™, and u, v, w : Ry — R, are continuous nondecreasing
functions, u(s) and v(s) are positive for s > 0, and u(0) = v(0) = 0, v strictly
increasing. If there exists a continuously differentiable function V : R x R" —
R such that

u(l|z]]) <V (¢, z) <v(||z]]), fort € R and x € R, (4.34)
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and the derivative of V' along the solution x(t) of (4.3) satisfies

V(t,z(t)) < —w(||z(t)]]) whenever V(t+ 0, x(t+0)) < V(t,x(t)), (4.35)

for 8 € [—r0], then the system (4.3) is uniformly stable. If, in addition,
w(s) > 0 for s > 0, and there exists a continuous nondecreasing function
p(s) > s for s > 0 such that condition (4.35) is strengthened to

V(t,z(t)) < —w(||z(t)|]) whenever V(t+6,z(t+0)) < p(V(t,z(t)), (4.36)

for 0 € [—r,0], then the system (4.3) is uniformly asymptotically stable. If, in
addition, lim u(s) = oo, then the system (4.3) is globally uniformly asymp-
totically stable.

The basic idea of the above Theorem is to consider the Lyapunov-
Krasovskii functional

V(.’,Ct) = gé?_a:.(o] V(x + 0)7

and realize that if V(z(t)) < V(x¢), then V(x;) does not grow at the instant

t even if V(x(t)) > 0. Therefore, in order for V(z;) to grow, one only needs
to make sure that V(z(t)) is not positive whenever V(z(t)) = V(z;). For a
proof, the readers are referred to [11], [13] or [18].

A direct application of Razumikhin Theorem to time-invariant time-delay
systems typically results in a more conservative stability conditions than the
counterpart obtained by using the Lyapunov-Krasovskii functional method.
However, there are a number of situations where Razumikhin Theorem has
advantage. For example, time-varying delay can be easily handled. Consider
the following system

(1) = Aga(t) + Ava(t — r(t)). (4.37)

This is the same as (4.7) except the delay is time-varying. Typically, the delay
is known within certain range,

Tm < 7(t) <7
However, there is no restriction on the rate of change of r(t). Let
V(z) = 2" Pz, P> 0.
Then, we can calculate
V(x(t)) = 2T (t)(PAy + AT P)x(t) + 22T PA x(t — r(t)).

The system is asymptotically stable if
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V(x(t)) < —¢||z(t)||* for some small € > 0,

whenever

Vix(t —r(t)) < BV (x(t)) for some 3 > 1.

In other words, it is sufficient that
V(x(t)) — a[BV (x(t — r(t)) - V(x(t)] < —ellz(t)[%,

for some € > 0, & > 0 and 3 > 1. Using the expression for V and V, the above
becomes

PAy+ ATP+aP PA; (1)
(=" (%) xT@—’”(t”)( aTp —aﬂP> (w(t—“f)))

< —exT (t)z(t)

from which we can conclude the following.

Proposition 4.7. The system (4.37) is asymptotically stable if there exist a
real scalar a > 0 and symmetric matriz P > 0 such that

T
(PAO + AP+ aP PA1> <o (4.38)

ATPp —aP

Compared to Proposition 4.1, the above can be obtained from (4.13) by
constraining S = aP. Therefore, this is obviously more conservative if used for
systems with a time-invariant delay. Computationally although (4.38) involves
fewer parameters than (4.13), it is actually computationally more difficult
because it is no longer an LMI due to the multiplicative term aP. See [11] for
handling such computational issue.

Parallel to the Lypunov-Krasovskii functional methods, we can also derive
delay-dependent results using explicit and implicit model transformation. See
[11] for details.

4.9 Coupled Difference-Differential Equations

4.9.1 Introducation

In this section, we will discuss the system described by coupled difference-
differential equations,

=-
—~

o~
~

Il

Az(t) + By(t —r), (4.39)
y(t) = Cx(t) + Dy(t —r), (4.40)
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where z(t) € R™, y(t) € R™. This model is also known as the lossless prop-
agation model due to the fact that it comes out naturally from simplifying
some lossless propagation systems [24]. Most of the materials in this section
are based on [10].

The equations (4.39) and (4.40) represent both neutral and retarded time-
delay systems with commensurate multiple delays as special cases. For exam-
ple, for the system described by

P P
N Rt —kr)=> Aw(t—kr), Fy=1,

we may define

yp(t) = x(t — kr 4+ 1),

p
ZFkx t—kr).

k=0

This allows us to write the system as

A(t) = Aoz(t) + Y (Ax — AoFi)yi(t — 1),

Ye(t) = yp—1(t — 1), k=23, ..p,

which is in the standard form of (4.39) and (4.40).

Obviously, the future evolution of the system described by (4.39) and
(4.40) is completely decided by z(t) and y(t + 6), —r < 6 < 0. Naturally, the
initial condition to be specified should be described by

z(0) =1, (4.41)
Yo = ¢ (4.42)

In (4.42), we have used the notation that y; represents a time-shift and re-
striction of y in the interval [t — r,t) defined as

y(0) =yt+6), —r<6<0,
and ¢ : [-r,0) — R™.

For the pair (1, ¢), we also define the norm as

1, &) = max{llpll, _sup [lo(O)[}

—r<6<
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We can describe the general Lyapunov-Krasovskii stability condition for the
system described by (4.39) and (4.40) as follows, which is also similar to a
neutral time-delay system.

Theorem 4.3. Consider the system described by (4.39) and (4.40) with
p(D) < 1. Let u,v,w : R =R be continuous and nondecreasing functions.
In addition, u(s) and v(s) are positive for positive s, and w(0) = v(0) = 0. If
there exists a continuous differentiable functional V' : (1, ¢) such that

u(|[9]]) < V(@ ¢) < v(l|(¥, 0)]]),
V (1, ¢) < —w(®),

then the trivial solution of the system is stable. If, in addition, w(s) > 0 for
s > 0, then it is asymptotically stable.

We can prove the above in a very similar way to the standard neutral
time-delay system (for example, Theorem 1.1 in Chapter 8 of [18]) using the
fact that p(D) < 1.

4.9.2 Fundamental Solutions

As in the case of the sytem (4.7), a complete quadratic Lyapunov-Krasovakii
functional is essential to give nonconservative stability conditions, and the
analytical construction of such a Lyapunov-Krasovskii functional is based on
the fundamental solutions.

We will write the solution of the equation

&(t) = Az(t) + By(t —r) + 0(¢)1, (4.43)
y(t) = Cx(t) + Dy(t — r), (4.44)

with zero initial conditions

z(0) =0, yo =0, (4.45)
as
x(t) = X (1),
y(t) = Y (t)
Similarly, the solution of
x(t) = Ax(t) + By(t —r), (4.46)

y(t) = Cx(t) + Dy(t —r) + 6(t)I, (4.47)



164 Kequin Gu and Silviu-ITulian Niculescu

with zero initial conditions (4.45) are denoted as
(t) = Xy (1),
y(t) = Yy (1)

We also agree that X, (t) = 0,Y,(t) = 0,X,(t) = 0,Y,(t) = 0 for t < 0.
The solutions (X, (t), Y, (t), X,(t), Y, (¢)) are known as the fundamental so-
lutions of the system described by (4.39) and (4.40). (X, (t),Y%(t)) can also
be regarded as the solution of (4.39) and (4.40) with initial condition

x(0) =1, yo = 0.

Similary, (X, (t),Y,(t)) may be regarded as the solution of (4.39) and (4.40)
with initial condition

<

N
<

=
Il

0(OI, —r<6<0.

With this interpretation in mind, we may write X, (¢) and Y, (¢) in terms
of X,(t) and Y,(t). Indeed, it is easy to see that the solution of (4.46) and
(4.47) in the interval [0,7) is x(t) = 0, y(t) = 6(¢). Now consider the interval
[r,2r), y(t — r) is zero except the impulse at ¢t = r, producing a step of B at
time ¢ = r. Therefore, solution is x(t) = X, (t — r)B and y(t) = Y, (t — r)B.
Continuing this process yields

Z DFX, (t —kr —1)B (4.48)
[t/r
Z DFX,(t — kr —7)B, (4.49)
25 (t — kr) D’“rZDk (t—kr—1r)B (4.50)
[t/r [t/r

—Z(St—ker—F Z D*Y,(t — kr —r)B, (4.51)

where [t/r] represents the largest integer not to exceed t/r.

With the fundamental solutions, it is easy to write the general solutions of
(4.39) and (4.40). Let the solution of (4.39) and (4.40) with initial conditions
(4.41) and (4.42) be denoted as

w(t) = x(t, 9, 9),
y(t) = y(t, 9, ).

Then, using linearity, it is not difficult to see that
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(1), ) = X (8 + i X, (t + 0)(0)do, (4.52)
0
U(t0,0) = Yoo+ [ Y,(t+0)0(0)dd. (4.53)

Using Expressions (4.48) and (4.50), they can also be expressed as

o [(t+0)/r]—1

z(t, 0, ) = X (t)h + / > DFX,(t+0—kr—r)Bo(0)do, (4.54)
-r k=0
y(t, v, ¢) = Yo (t) + DGt — [t/r]r —r)
0 [(t+0)/r]-1
+ / DY, (t + 6 — kr — r)Bo(6)do. (4.55)

k=0

It can be observed from the above discussions that, for continuous ¢(6), x(t) is
continuous. However y(t) is in general discontinuous. This is typical of neutral
time-delay systems. Also, for the system to be stable, a necessary condition
is that the spectrum radius of matrix D is less than 1, p(D) < 1, another well
known fact for neutral time-delay systems.

On the other hand, if p(D) < 1, then the system would be exponentially
stable if and only if X, (¢) and Y,(¢t) are exponentially bounded. Indeed, in
this case, for any given p(D) < v < 1, there exists a K > 0 such that

ID*|] < KA.
Also,

X, (t) < Me ", M >0, a >0,
Y, (t) < Ne™P', N >0, 8> 0.

Then for any bounded initial condition

1ol < L,
o)l < L, —r <6 <0,

we have
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[t/r]-1 0
l2(t, v, 0)| < MLe™* 4 3 Ko* [ MemoC=(2) B |Ldg
k=0 -r
[#/7]-1
=MLe '+ Y KMLr||B|lyFe (=2
k=0
[t/r]-1
= MLe ®" + KMLr||Bje~ (2" (ye*r)*
k=0
r\[t/r] _ 1

ar)
— MLeo 4 KMLy||Blleottn O 1
year —

[t/r] ea(r[t/r]—t—2r) _ e—a(t+2r)

= MLe=t + KMLr||B||L
yedr — 1

,y[t/r] ea(r[t/’r]fthr) 4 efa(t+2r)

< MLe **+ KMLr||B|
[yerr — 1

In the above, we have assumed ve®” # 1, which can be satisfied by properly
choosing ~. Since e®("lt/71=t=21) < 1 and e, 4[!/7] and e~ *(+27) all ap-
proach zero exponentially, ||z(t,%, ®)|| — 0 exponentially. Similarly, we can
show that ||y(t,, #)|| — 0 exponentially.

4.9.3 Lyapunov-Krasovskii functional
We will assume the system described by (4.39) and (4.40) is exponentially
stable. We will construct a Lyapunov-Krasovskii functional V(z(t),y:) such

that )
V(a(t),y:) = —a" (HWx(t), (4.56)

for any given positive definite matrix W. For this purpose, one may choose

V() = / T (b, YWl 6. (4.57)

In other words,

V(alt)p) = / T (€ alt), y) WelE, 2(t), ) de.

Then, it is easily shown that
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Vot = [ ol (6 ol0)0) Wl o(0). e
_ /m %[mT(ﬁ—|—t,¢,¢)W€v(€+tﬂ/}7¢)]df
0
:/ %[:@T(g+t7¢7¢)Wx(£+t7w7¢)}d£
0

. /Oo %[mT(g,x(t),yt)Wx(&x(t)»yt)]dﬁ
0
= 27§ x(t), y)Wa (S, x(t), y) [

V(x(t),y) = —zL () Wx(t). (4.58)

Using the general solution (4.52) and (4.53), V (¢, ¢) can be expressed in
an explicit quadratic form of (1, ¢). Indeed, using (4.52) and (4.53) in (4.57),
it is easily obtained that

0

V(th,d) = 6 Ussth + 207 / Usy(m)b(n)dln

-r

+f 0 0 8 (&)Uyy (&, )b (n)dcln, (4.59)
where
Upz = /0 h X)W x,(0)do, (4.60)
U= [ XEOWX,0 - n)as (4.61)
Uyy(€,m) = /OOO X, (0 — WX, (0 — n)db. (4.62)

These are clearly well defined and finite since both X, and X, are exponen-
tially decaying matrix functions. Also, it is easy to see that U,, is positive
definite.

4.9.4 Further Comments
The discussions so far established the following fact.
Proposition 4.8. If the system described by (4.39) and (4.40) is exponen-

tially stable, and p(D) < 1. Then, there ezists a quadratic Lyapunov-Krasovskii
functional in the form of
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0
V(x(t),y) = a" () Pa(t) + 2" - Qy(t+m)dn
0 0
+ / / YT (¢ + E)R(E n)y(t + m)dedy

0
+[ y" (t+n)S(n)y(t + n)dn,
such that

ellz()|]> < V(@(t), ) < MI[(z(t), y0)l I,

and .
Vi(x(t),ye) < —ellz(t)]]?,

for some £ >0 and M > 0.

The quadratic form of V' and its derivative makes it possible for discretiza-
tion in a similar scheme as described in [9]. It should be pointed out that even
for retarded time-delay systems, the above description has its advantages.
First, for systems with multiple commensurate delays, while it is possible to
use the scheme described in Chapter 7 of [11] to handle this case, the for-
mulation here is much simpler and the computation would be substantially
reduced. Second, in many practical cases, the delay occurs only in a limited
part of the system. For a system with single delay (4.7), this means that A,
has significantly lower rank than the number of states. In this case, we may
write A; = F'G, where F' has full column rank and G has full row rank. Then,
we can write the system as

&(t) = Aox(t) + Fy(t —r),
y(t) = Gx(t).

In this way, since the dimension of y is significantly lower than x, the dimen-
sion of LMI resulted from discretization is significantly reduced.

4.10 Conclusions

A number of basic ideas regarding Lyapunov approach of time-delay systems
are discussed. The main emphasis is on the presentation of main ideas and
motivations. The readers who wish to explore further are referred to references
for technical details.

Another interesting topic is dealing with uncertainties. The readers are
referred to [11] and [23].
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