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Synchronization of Time-Delay
Chua’s Oscillator with Application
to Secure Communication
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Abstract: In this paper, we use a Generalized Hamiltonian systems approach
to synchronize the time-delay-feedback Chua’s oscillator (hyperchaotic circuit
with multiple positive Lyapunov exponents). Synchronization is thus between
the transmitter and the receiver dynamics with the receiver being given by an
observer. We apply this approach to transmit private analog and binary in-
formation signals in which the quality of the recovered signal is higher than in
traditional observer techniques while the encoding remains potentially secure.

Keywords: Synchronization; time-delay-feedback Chua’s oscillator; hyperchaos;
passivity based observers; secure communication.

Mathematics Subject Classification (2000): 37N35, 65P20, 68P25, 70K99,
93D20, 94A99.

1 Introduction

Recently, chaotic synchronization has received much attention. Many synchronization
methods for chaotic oscillators have been proposed in the literature (see e.g. (Pecora and
Carroll 1990; Wu and Chua 1993; Feldmann, et al. 1996; Nijmeijer and Mareels 1997;
Special Issue, 1997; 2000; Fradkov, et al. 1998; Chen and Dong 1998; Cruz and Ni-
jmeijer 1999; 2000; Sira-Ramirez and Cruz 2001; Pikovsky, et al. 2001; Aguilar and
Cruz 2002) and references therein). Data encryption using chaotic dynamics was re-
ported in the early 1990s as a new approach for signal encoding which differs from the
conventional methods using numerical algorithms as the encryption key. As a result,

*Correspondence to: C. Cruz-Hernindez, CICESE, Electronics & Telecom. Dept., P.O.Box
434944, San Diego, CA 92143-4944, USA.

@ 2004 Informath Publishing Group. All rights reserved. 1



2 C. CRUZ-HERNANDEZ

chaotic synchronization plays an important role in chaotic communications. Different
methods have been developed in order to hide the contents of a message using chaotic
synchronization, such as chaotic additive masking (Cuomo, et al. 1993), chaotic switch-
ing (Parlitz, et al. 1992; Cuomo, et al. 1993; Dedieu, et al. 1993), and chaotic parameter
modulation (Yang and Chua 1996). However, it has been shown see e.g., (Short 1994;
Pérez and Cerdeira 1995) that encrypted signals by means of comparatively simple chaos
with only one positive Lyapunov exponent does not ensure a sufficient level of security.
For higher security the hyperchaotic oscillators characterized by more than one positive
exponents are advantageous over simple chaotic oscillators. Two factors that are of pri-
mordial importance in security considerations related to chaotic communication systems.
These are; the dimensionality of the chaotic attractor, and the effort required to obtain
the necessary parameters for the matching of a receiver dynamics.

One way to enhance the level of security of the communication system can consist in
applying proper cryptographic techniques to the information signal see e.g., (Yang, et
al. 1997). Another way to solve this security problem is to encode the message by using
high dimensional chaotic attractors, or hyperchaotic attractors, which take advantage
of the increased randomness and unpredictably of the higher dimensional dynamics. In
such option one generally encounters multiple positive Lyapunov exponents. However,
the synchronization of hyperchaotic oscillators is a much more difficult problem (see e.g.
(Brucoli, et al. 1999; Peng, et al. 1996; Cruz, et al. 2002) and Aguilar and Cruz 2002
for the discrete-time context). Most of the previous work done on hyperchaotic synchro-
nization has been concentrated on finite-dimensional oscillators described by ordinary
differential equations. Thus, the number of positive Lyapunov exponents is limited by
dimension of the state space.

As alternative way of constructing synchronized hyperchaotic oscillators can be based
on delay differential equations, such oscillators have an infinite-dimensional state space
and can produce hyperchaotic dynamics with an arbitrarily large number of positive
Lyapunov exponents. It has been known that even a very simple first-order oscillator with
a time-delay-feedback can produce extremely complex hyperchaotic behaviors (Mackey
and Glass 1977; Farmer 1982; Lu and He 1996). This property has already stimulated
the work on design of systems for secure communication which claimed to have low
detectability (Mensour and Longtin 1998; Pyragas 1998).

The objective of this paper is to extend the approach developed in (Sira-Ramirez and
Cruz 2001) to the synchronization of time-delay-feedback Chua’s oscillator (hyperchaotic
circuit with multiple positive Lyapunov exponents) through a Generalized Hamiltonian
systems and observer approach. Moreover, we apply this method to transmit and retrieve
private/secure analog and binary information signals using hyperchaotic additive masking
and hyperchaotic switching, respectively. We can enumerate several advantages over the
existing synchronization methods:

e It enables synchronization be achieved in a systematic way;

e It can be successfully applied to several well-known chaotic or hyperchaotic os-
cillators;

e It does not require the computation of any Lyapunov exponent;

e It does not require initial conditions belonging to the same basin of attraction.

The organization of the paper is as follows. In Section 2, we obtain the synchronization
of the time-delay-feedback Chua’s oscillator through a Generalized Hamiltonian systems
and observer approach. In Section 3, we present the stability analysis related to the
synchronization error. In Section 4, we give an application to secure communication
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of private analog and binary information signals. Finally, Section 5 is devoted to some
concluding remarks and suggestions for further work.

2 Synchronization of Time-Delay Chaotic Oscillator

Consider the following dynamical system described by

z=f(x,z(t—1)), (1)

where z (t) = (x1,...,2,)T € R" is the state vector, f is a nonlinear function, and 7
is the time-delay. The system (1) provides an example of infinite-dimensional oscillator
with multiple positive Lyapunov exponents (generating extremely complex hyperchaotic
signals). Following the approach developed in (Sira-Ramirez and Cruz 2001), the time-
delay oscillator described by equation (1) can be written in the following Generalized
Hamiltonian canonical form,

0H O0H "
%—I—S(x)%—l-f(:r,x(t—ﬂ), reR (2)

i =J(x)
where H(x) denotes a smooth energy function which is globally positive definite in R™.
The column gradient vector of H, denoted by 0H/dz, is assumed to exist everywhere.
We use quadratic energy function H(z) = % 2T Mz with M being a, constant, symmetric
positive definite matrix. In such case, 0H/0x = Muz. The square matrices, J(z) and
S(z) satisfy, for all € R™, the following properties, which clearly depict the energy
managing structure of the system, J(z) + J7 (x) = 0, and S(z) = ST (x). The vector
field J(z) O0H/Ox exhibits the conservative part of the system and it is also referred to
as the workless part, or work-less forces of the system; and S(x) depicting the working
or nonconservative part of the system. For certain systems, S(z) is negative definite or
negative semidefinite. In such cases, the vector field is addressed to as the dissipative
part of the system. If, on the other hand, S(x) is positive definite, positive semidefi-
nite, or indefinite, it clearly represents, respectively, the global, semi-global, and local
destabilizing part of the system. In the last case, we can always (although nonuniquely)
discompose such an indefinite symmetric matrix into the sum of a symmetric negative
semidefinite matrix R(z) and a symmetric positive semidefinite matrix A'(z). And where
F(z,z(t — 7)) represents a locally destabilizing vector field.

In the context of observer design, we consider a special class of Generalized Hamilton-
ian systems with destabilizing vector field and linear output map, y(t), given by

i:j(y)%—lj—I—(I—i—S)%—Ij—l-f(y,y(t—T)), r e R",
(3)

oH N
QZC%7 y € R™,

where S is a constant symmetric matrix, not necessarily of definite sign. The matrix 7 is
a constant skew symmetric matrix. The vector variable y(t) is referred to as the system
output. The matrix C is a constant matrix.

We denote the estimate of the state vector x(t) by £(t), and consider the Hamiltonian
energy function H(§) to be the particularization of H in terms of £(t). Similarly, we
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denote by n(t) the estimated output, computed in terms of the estimated state £(t).
The gradient vector OH (£)/0€ is, naturally, of the form M¢ with M being a, constant,
symmetric positive definite matrix.

A dynamic nonlinear state observer for the Generalized Hamiltonian system (3) is
readily obtained as

S=J(y)%—lg+(f+5)%—lz+f(y,y(t—7))+K(y—n)7 £ eR”,
_ooH )
n= 8—57

K is a constant matrix, known as the observer gain.
The state estimation error, defined as e(t) = x(t) — £(t) and the output estimation
error, defined as ey (t) = y(t) — n(t), are governed by

i—gw Xy ars-ke)2EL ccwe,
Oe Oe (5)
ey:C%—i], ey, € R™,

where the vector, 9H/de actually stands, with some abuse of notation, for the gradient
vector of the modified energy function, 0H (e)/de = OH/dx—0H /I = M(x—&) = Me.
We set, when needed, Z+ S = W.

Remark 1 Note that the error state dynamics described by equation (5) is independent
of time-delay 7, i.e. equation (5) is a simple linear ordinary differential equation.

Definition 1 Synchronization problem: We say that the receiver dynamics (4)
synchronizes with the transmitter dynamics (3), if

lim [z(t) = £(@)] = 0, (6)

t—oo

no matter which initial conditions 2(0) and £(0) have. Where the state estimation error
e(t) = x(t) — &(t) represents the synchronization error.

Example 1 Time-delay-feedback Chua’s oscillator The state equations of “standard”
or “classic” Chua’s oscillator are given by

Ciiy = G(w2 — 21) — F(x1),

Coiy = G(x1 — x2) + 3, (7)
Lig = —x2 — Roxs,
with nonlinear function
1
F(z1)=bx1+ = (a—=b)(|z1 + 1| — |z1 — 1|), a, b<0. (8)

2



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 4(1) (2004) 1-13 5

T

R Chua's oscillator

ssin(ovi(t-1)) W

+

Figure 2.1. Time-delay-feedback Chua’s oscillator.

The classic Chua’s oscillator (7)—(8) can only produce low-dimensional chaos with one
positive Lyapunov exponent. The time-delay-feedback Chua’s oscillator considered in
this paper is shown in Figure 2.1, and can be described by (Wang, et al. 2001):

Ciiy = G(w2 — 1) — F(21),
Coy = G(x1 — x2) + 23, 9)

Li‘3 = —X9 — RQLL'3 — w(:vl (t — T)),

with F'(z1) given by (8) and where the time-delay term is taken as
w(z1(t — 7)) =€ sin(ox1 (t — 7)), (10)

with € and o are two positive constants, and 7 represents the time-delay. Clearly, the
maximum amplitude of the time-delay term is ¢, i.e.

|w(z1(t —7))| <e. (11)

For arbitrarily given € > 0, the time-delay-feedback Chua’s oscillator (9) can be chaotic
for sufficiently large o and 7, even if the corresponding standard Chua’s oscillator (7)
has stable period orbits.

The time-delay-feedback Chua’s oscillator is characterized by the following parameters:
R =1910Q, Ry =16, C; = 10nF, Cy = 100nF, L = 18.68mH, G, = —0.75mS,
Gy = —0.41mS, B, =1V, and 7 = 0.001. These values assure the existence of very
complex hyperchaotic behavior. Figure 2.2 shows several different types of attractors
from the time-delay-feedback Chua’s oscillator for 7 = 0.001:

(a) e =0.07 and 0 = 0.4;
(b) e =0.2 and 0 = 0.5;
(¢c) e=0.5and o = 3;
(d e=lando=1.
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Figure 2.2. Several different types of chaotic attractors from the time-delay-
feedback Chua’s oscillator for 7 = 0.001: (a) ¢ = 0.07 and 0 = 0.4. (b) ¢ = 0.2
and 0 =0.5. (c)e=05andoc=3. (d)e=1and o =1.

The state equations describing the time-delay-feedback Chua’s oscillator (9) in Hamil-
tonian canonical form with a destabilizing vector field (transmitter circuit) is given by

G G
i 0 0 0 —or a0 — F(z1)
) . | 0H OH e
i | =10 0 5| —+|-& -S& o0 |=—+ 0 (12)
.2 - LC»> ) C.C> Cz o
is 0 -+ 0 * T —tw(@ (t-1)
00 B z

taking as the Hamiltonian energy function

1
H(z) = 3 [C12? + Cox3 + L3 (13)
and gradient vector as
Cl 0 0 I Clxl
OH
8_ = 0 Cg 0 X9 = Cgl‘g
z 0 0 L T3 Lzs

The destabilizing vector field evidently calls for z1(¢) to be used as the output, y;(t), of
the transmitter circuit (12). The matrices C, § and Z, are given by

-G _G 0

CZ C1Cs 0 0 0
1 1
C:[C_l 0 0]7 S= % —C% 0 ) = g 01 L(C)fz
0 0 & TICs
L2

The pair (C,S) is neither observable nor detectable. However, the pair (C, W) is
observable. The system lacks damping in the z3(¢) variable, and either in the 1 (¢) or
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0 131 1 15 2 2‘5 3 35 4 45 5
time
Figure 2.3. Time-delay-feedback Chua’s oscillator state trajectories and synchro-

nized receiver trajectories.

the xo(t) variable as inferred from the negative semi-definite nature of the dissipation
structure matrix, S. If x1(t) is used as output, then the output error injection term can
enhance the dissipation in the error state dynamics. The receiver circuit is designed as

G G
: el 0
Hl=10 0 |22 | ¢ ¢ o |Z&&
é 0 1 02 85 C1C> C% n 35
3 - _ I
—C%F(y) k1
+ 0 + | k2 | ey,
—zw(y(t —1)) ks

where the gain vector K = (ki, ko, k3)T is chosen in order to guarantee the asymptotic
exponential stability to zero of the state reconstruction error trajectories (synchronization
error e(t)). From (12) and (14) the synchronization error dynamics is governed by

0 ko k3 _ G4+Ciky  2G—Coks _ k3
é1 2C1 2C1 C? 2C1C> 2C1
e | = | =22 ¢ 2 | OH | scc _c o |22 (15)
2| = 201 LC: | He 2C1C> c? e
€3 ks 2 0 _ ks 0 _Ro

2C LCo 20, T

With 2(0) = (-1, —0.1, 1) and &(0) = (0,0,0) we obtain the following numerical
results. Figure 2.3 shows the time-delay-feedback Chua’s oscillator state trajectories
and synchronized receiver trajectories. Figure 2.4 illustrates the time behaviors of the
synchronization error trajectories e;(t) = x;(t) — &(t), i = 1,2,3 for ky = ko = k3 = 5.
To ease the numerical simulations we resorted the following normalized version of the
time-delay-feedback Chua’s oscillator:
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-1 Il 1 1 Il 1 Il 1 1 1
1) 05 1 15 2 25 3 35 4 45 5
time

Figure 2.4. Synchronization error trajectories e;(t) = x;(t) — &(t), i =1,2,3.

&1 = awy —x1 — f(x1)),
Ty = x1 — T2 + T3, (16)
i3 = —fry — yrs — Besin(oz1(t — 7)),

where the nonlinear function is given by
1
flx1) =bxy + 5 (a=b)(Jx1 + 1| —|z1 — 1))

with a = 10, 8 = 19.53, v = 0.1636, a = —1.4325, b = —0.7831, 0 = 0.5, £ = 0.2, and
7 =0.001.

3 Synchronization Stability Analysis

In this section, we examine the stability of the synchronization error (15) between time-
delay-feedback Chua’s oscillator in Hamiltonian canonical form (12) and nonlinear state
observer (14).

Theorem 1 (Sira-Ramirez and Cruz 2001) The state x(t) of the nonlinear sys-
tem (12) can be globally, exponentially, asymptotically estimated by the state &(t) of an
observer of the form (14), if the pair of matrices (C,W), or the pair (C,S), is either
observable or, at least, detectable.

An observability condition on either of the pairs (C,W), or (C,S), is clearly a suffi-
cient but not necessary condition for asymptotic state reconstruction. A necessary and
sufficient condition for global asymptotic stability to zero of the estimation error is given
by the following theorem.
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(1) Gt

Receiver

A 4

Transmitter

& @) +mi)

Thaotic system

Hii) :CP —

i)
Figure 4.1. Chaotic secure communication system with two transmission chan-
nels: m(t) is the private message to be hidden and transmitted. x1(t) is the syn-
chronizing signal. x2(t) + m(t) is a hyperchaotic signal, and 7i2(t) is the retrieved
message at the receiver end.

Chaotic system .

Theorem 2 (Sira-Ramirez and Cruz 2001) The state x(t) of the nonlinear sys-
tem (12) can be globally, exponentially, asymptotically estimated, by the state £(t) of the
observer (14) if and only if there exists a constant matriz K such that the symmetric
matrixc

W—KC+W-KC"=[S-KC+[S—-KC"=2|S~ %(KC+CTKT)

is negative definite.

4 Application to Chaotic Communications

In this section, we apply the Hamiltonian synchronization of time-delay-feedback Chua’s
oscillator to send secret messages. In particular, we propose two hyperchaotic communi-
cation schemes to transmit analog and binary information signals using two transmission
channels and using a single transmission channel, respectively.

4.1 Secret communication using two transmission channels

The secret analog communication system is achieved by using the hyperchaotic addi-
tive masking technique. With this scheme, we obtain faster synchronization and higher
privacy; one channel is used to send the hyperchaotic synchronizing signal z1(t) from
the transmitter (12), with no connection with the secret message m(t). While the other
channel is used to transmit hidden message m(¢) which is recovered at the receiver end
by means of the comparison between the signals z2(t) + m(t) and &(t). Figure 4.1
shows the hyperchaotic secure communication system with two transmission channels.
Figure 4.2 shows the secret message communication of an audio message: the private
signal information to be hidden and transmitted m(t), audio message (top of figure),
the transmitted hyperchaotic signal x2(t) + m(t) (middle of figure), and the recovered
audio message () at the receiver end (bottom of figure) which is obtained after a short
transient behavior.
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Figure 4.2. Transmission and recovering of an audio message: Private message to
be hidden and transmitted (top of figure). Transmitted hyperchaotic signal x2(t) +
m(t) (middle of figure). Recovered audio message at the receiver end 711(t) (bottom
of figure).

4.2 Secret communication using a single transmission channel

As second communication scheme, we propose the secret binary communication system
using a single transmission channel, this objective is achieved by hyperchaotic switching
technique (see e.g. Parlitz, et al. 1992; Cuomo, et al. 1993; Dedieu, et al. 1993 for chaotic
systems). In this technique, the binary message m(t) is used to modulate one or more
parameter of the (switching) transmitter, i.e. m(t) controls a switch whose action changes
the parameter values of the transmitter. Thus, according to the value of m(t) at any
given time ¢, the transmitter has either the parameter set value p or the parameter set
value p’. At the receiver m(t) is decoded by using the synchronization error to decide
whether the received signal corresponds to one parameter value, or the other (it can
be interpreted as an ‘one’ or ‘zero’). To transmit m(t), let 3 be the parameter to be
modulated in the hyperchaotic Chua transmitter (16), the parameter « and ~ were fixed.
We use a ‘modulation rule’ to modulate m(t) as follows

Bt) = B+r-m(t),
where 7 = 0.41 while the private message is defined as
mit)=10101101000011011110---.

The following results illustrate the transmission of m(t) for ¢ = 10 sec, when [ is
switched between ((1) = = 19.53 and ((0) = § = 19.12. Figure 4.3 shows the
chaotic secure communication system by chaotic switching. While Figure 4.4 shows
the transmission and recovering of secret binary message: the private message m(t)
(top of figure), the transmitted hyperchaotic signal x;(¢) (middle of figure), and the
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Figure 4.3. Chaotic secure communication system using chaotic switching.
T T T T
196 B
19.4 4
m(t)
192 —
19 Il Il 1 1 1 Il Il Il 1
1] 20 40 G0 80 100 120 140 160 180 time 200
10 T T T T
sl ]
0 WWM\W\W WWW‘W\N ‘[V\NJW\ M/W
o or A/Mkuvvmf i
s 4
a0 I 1 1 1 L 1 1 1 L
0 20 40 B0 80 1an 120 140 160 180 time 200
002 T T T T T T T
oo -
&b o —’W\M‘—MMFMM J\fmﬂ‘%—
001 4
00 I 1 1 1 L 1 1 1 L
1] 20 40 B0 80 100 120 140 160 180 time 200
Figure 4.4. Transmission and recovery of a secret binary message: Binary private

signal to be hidden and transmitted m(t) (top of figure). Transmitted hyperchaotic
signal z1(t) (middle of figure). Recovered binary message at the receiver end by
synchronization error detection e1(t) = z1(t) — £1(t) (bottom of figure).

recovered binary message at the receiver end (bottom of figure) by synchronization error
detection e1(t) = z1(t) — &1 (¢).

5 Conclusions

In this paper, we have approached the problem of synchronization of time-delay-feedback
Chua’s circuit from the perspective of Generalized Hamiltonian systems developed in
(Sira-Ramirez and Cruz 2001). The approach allows one to give a simple design pro-
cedure for the receiver circuit given by a nonlinear observer, and clarifies the issue of
deciding on the nature of the output signal to be transmitted. The suggested approach
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has been successfully applied to a secure communication schemes to transmit analog and
binary secret messages. Simulation results have been reported to illustrate the capability
of the proposed approach, and shows great potential for actual private/secure communi-
cation systems in which the encoding is required to be secure. Because of the increased
complexity of the transmitted signal as well as the adoption of infinite-dimensional Chua’s
oscillator with multiple positive Lyapunov exponents.

In a forthcoming article we will be concerned with a physical implementation of the
method with a specific quantization of the degree of safety of the proposal in actual
communication systems.
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Abstract: In this paper, exponential stabilization for three classes of uncer-
tain nonlinear systems with time-varying delay is investigated. A continuous
feedback control is constructed for each class of systems, under which global
exponential stability of the feedback-controlled system can be guaranteed.
Our results are shown to be generalizations of several results reported in re-
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main results.
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1 Introduction

Any physical dynamic system inherently contains, more or less, some delay phenomena
because energy in the system propagates with a finite speed. Typical systems with
time delays include turbojet engine, microwave oscillator, control of epidemics, inferred
grinding model, and population dynamics model [6,7,17]. It is noted that for many
stable systems the introduction of arbitrarily small time delay into the loop of systems
can cause instability [4,10]. Furthermore, the system uncertainties could be present due
to mathematical model errors, temperature varying, and element life. Thus, feedback
control of uncertain time-delay systems is crucial for practical design of control systems;
see, e.g., [2,7-9,13-17,19,20] and the references therein. We wish to point out that
many systems whose dynamics contain a term that is affine-linear in control have been
investigated in the past; see, e.g., [1,3,11,14,18—20]. The generalization allowing some
systems whose dynamics contain a term which depends on the square of the control in
addition to an affine term has been considered in [12].

@ 2004 Informath Publishing Group. All rights reserved. 15
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Uncertain input nonlinearity considered in this paper is a general expression on un-
certainties and control, that is a generalization of uncertain input nonlinearity for many
time-delay systems. Moreover, we allow the dynamics of the system containing the term
which depends on the control order up to (r — 1), where r is a positive integer greater
than three.

The paper is organized as follows. In Section 2, some preliminaries are provided.
Exponential stabilization for three classes of uncertain nonlinear systems are considered
in Section 3 to Section 5, respectively. An illustrative example is provided in Section 6
to demonstrate the use of our main results. Finally, summary follows in Section 7.

2 Preliminaries

For convenience, we define some notation that will be used throughout this paper as
follows:

Ry — Set of all nonnegative reals.

R — Set of all real numbers.

R™ — n-dimensional real space.

Rmxm — Set of all real n by m matrices.

I — Unit matrix.

AT — Transpose of matrix A.

I A] — Spectral norm of matrix A.

[l]| — Euclidean norm of = € R™.

Amin (P) — Minimal eigenvalue of symmetric matrix P.
Amax (P) — Maximal eigenvalue of symmetric matrix P.
C — Set of all continuous functions from [—H, 0] to R™.
V.V(t,xz) — Gradient of smooth scalar function V' (¢, z).
|al — Absolute value of real number a.

v — Means “for every.”

Consider the following nonlinear time-delay dynamic system:

@(t) = f(t,ze), Vt>to>0, (1)
o, (1) = 0(t), te[-H, 0], 2)

where z € R™, x4(s) = z(t+s), Vs € [-H, 0], H >0, with ||z¢||ls = sup |z(t+7)],
<r<0

and 6 € C is a given initial function. The function f: Ry x C — R™ is supposed to be
completely continuous and to satisfy enough additional smoothness conditions to ensure
the solution z(to, 0)(t) through (g, #) is continuous in (to,0,t), t > to > 0, in the domain
of definition of the function [8].

Definition 2.1 System (1) is said to be globally exponentially stable with convergence
rate a > 0 if, for each 6 € C and ty € Ry, we have

[ (to, O)()[| < c(to, [10]ls) exp(—a(t —to)) forall &>to >0,

where ¢(+) is a bounded function depending on ¢y and ||0]|s.



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 4(1) (2004) 15-30 17

Lemma 2.1 Assume there exist a sufficiently smooth function V(t,x) and positive
constants A1, A2, A3, p, €, and 3, with > A3/Aa, such that for all x € R™, t >ty > 0,

MllzlP < V(E, ) < Aolz]?, (3)
and the derivative of V' along solutions of (1) satisfies

éKﬁé?QD::VAdax@»—%vaﬁjw@»-f@wm)S—Aﬂu@mp+6€ﬁﬁ (4)

then system (1) is globally exponentially stable with guaranteed convergence rate

1= A3/(A2p).

Proof See Appendix A.

Lemma 2.2 For any nonnegative integers i and j, define 0! = 1, il = 1x2x3x...x1,
and C’; =4l/[j{i — )Y, i > j. Then, for any nonnegative integers i, j, and r, the
following inequalities are true:

(a) CIZ§>CIZ), V3<i<j<r,

(b) 3CI23 —2C}+Cj?>3C25, V3<j<r-—2.

j—3>

Proof See Appendix B.

3 First Class of Systems
Consider the following uncertain system with a time-varying delay:

&(t) = F(t,z(t)) .
+ Gt z(t),z(t — h(t))AV(t, x2(t), z(t — h(t)),u(t)), t>tg>0, ®)
x, (8) = 60(t), te[—H,DQ0], (6)

where x € R™, h(t) is a delay argument with 0 < h(t) < H, u € R™ is the input vector,
and 6 € C is a given initial function. The functions F, G, and A¥ (uncertain input
nonlinearity) are assumed to be continuous with F(¢,0) =0, t > tg > 0.

Before presenting our main results, we make some assumptions as follows.

Assumption (A1) [18] There exist a sufficiently smooth function W (¢, z(¢)) and
positive constants A1, A2, A3, and p such that, for all x € R™, t >ty >0,

Adf]|” S W(t x) < Aoflx]]”, (7)
and the derivative of W along solutions of #(t) = F(t,x(t)) satisfies

dW (t, x(t))

= VWt z(t) + Ve W(ta(t)) - F(t,z(t)) < =Asfa(t)]”. (8)
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Assumption (A2) [12] There exist positive continuous functions fi(¢,z,y),
f2(t,z,y), and nonnegative continuous functions f5(¢t,z,y), ..., fr(t,2,y) such that for
all t >ty >0, z,y € R", and u € R™,

ut AVt y,u) > —fit L y)lull + otz )l = L y)lull,  (9)
=3
with

3 ay) =D YT T ) 5 (G y) it ). (10)
j=3

Remark 3.1 For r =3, r =4, and r = 5, inequality (10) becomes, respectively,

f3 = 4f1fs, (11)
fg?’ Z4f1f2f3+8f12f4, (12)
fat,x,y) > Af1f2fs+ 8f2fafs + 16 £} f5. (13)

It is interesting to note that (13) reduces to (12) by setting f5 = 0 and (12) reduces to
(11) by setting f4 = 0. Similar statement can be made for higher .

Theorem 3.1 System (5) satisfying Assumptions (A1)~(A2) is globally exponen-
tially stabilizable with convergence rate 1 = Ag/(A2p) under the control

u(t) = _7(t7 :E(t)7 CC(t - h(t)>) K(t7 .’L'(t), CC(t - h(t)))7 (14)

where

V(t; x(t), z(t = h(t)))

_ 2f3(t, x(1), x(t — h(t)))
fa(t, 2 (@), 2(t = h(0))[f1 (8, 2(8), 2(¢ = RO)IK (&, (), 2(¢ = h(®))]] + ()]
(15)
e*(t) = 3exp(—ft), (16)
K(t,x(t), a(t — h(t) = G (t,x(t), o(t — h(t)) Vo W (¢, (1)), (17)

with B> A3/\a.

Proof Let W (t,x(t)), satisfying (7)—(8), be a Lyapunov function candidate of the
system (5) with (14)—(17). The time derivative of W (¢, z(t)) along trajectories of the
closed-loop system is given by

W =VW 4+ VIW(F +G-AV) < —\3]jz|P + VIWG - AT, (18)

From (9) and (14), we have

KT AU > — fir|[K ]+ B2 K2 = S f K
j=3
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which implies

K" AV < A K| = | K7+ 7K. (19)

Jj=3

Applying (19) to (18) with (15)—(17), we have

W < =Xallzl” + AIK] = K2+ f7 K.

Jj=3

In the following, the proof is made by setting r =3, r =4, and r > 5, respectively.
For r = 3, we have

W < =Xsllz]|P + Al K| — fAI1 KN + f392) 1 K2

2f> f2| K ||? 4fsfHK]?

(AIK+e*) " fBAIK] +e*)?

_ BRI = e P AIE] + ) = 203 UK K+ )
FBAIK] +e%)?

= Asflz|” + e

+ (= e

= ~Xallall” + K] -

20
AfsfFHIE|? 2

I +e%)?
_ KPR — 4h1fs) — KPS e + 3| K| f1fFe 0 — 9fFe "
BRIE] +e)?

+

— As|z||P 4 e~ Pt
By using the fact that 2ab < a? + b? for any a, b > 0, one has

9672[#
4

3e— Bt
2

3K fuf2e > = 2 [2 K] } < e [(flnfm? n (21)

From (11), (20), and (21), we have

—[|K|Pf3(f3 — 4f1fs) — (27/4) f3e=30!

W= FRIE] + )

“aflallP 4+ e < <Nglla]]P + e,

Next for r = 4, we have

W < =Xszl|” + A K] = 91K+ 72K+ £ K |*

| KA fE(fS — dfifafs — 8f2f1) + | K|IPfie PU(Afs — Af1fafs(3)) + 2T f5e 4Pt
K| +e)3

— As||z||P + e Pt
(22)
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From (12) and (22), we have

W< K| fE(fS — 4fifofs — 8f2fa) + A K| fie P (f3 — Afifafs) + 27 fe 7"
- BANK] +e)?
“Xs||z||P + e Pt < —Ag|z||P 4+ 7P
Finally for r > 5, we have

W < =sllal” + A = Al K2+ f K

Jj=3
2 2| K ||12 T (Vi1 g 20D ki
F2f2K| @7 fifr VK]
(Kl +e) = B (Al K| +ex)

= =Xsllzll” + AlIK] - 7 + (e e

3 (ANKN = e PO AIEN +3e 7)1 — 2£5 7 I (AIE] + 3¢5 2
3 (ALK + 3e=ftr=

T

) @) LIV £ (fall K|+ 3ePryr—d

G= —Bt

+ — — Xgl|z||P + e
TN K[| + 3=ty

IIKITff( 1 ZB2<-7‘1>ff_2f§_'jfj)
j:

3 (A K A+ 3e=ftyr=

r—1 9 i i
IKIIT‘le‘ﬁtffl[fz?1(301”_;?—203?_22)— > 2 ij<3crfj>]
j:

3 (A K ]+ Be=ftyr=

r—2 ) ) ) . _ e o r— J i— i—2pr—1i r—i
) |K||ﬂe<”>ﬁf3“1ff[£ {30 20O - 22V AT, fl-(?»cy-l-)]
J= =

3 (ANK+3e=t)rt

CKIPf S TPRNE — 20T ROy ) Kl A (8) R TR (-2 4+ O
3 (ANK] A+ ety

r—2 r—1,—rpBt
3
_ - 2 ( ) € _)\3Hx||p+€7ﬁt
3 (K| A+ 3e=st)r—t

Il s (557 = S 20018 )
j:

3 (ALK + 3Pty

r—1 . . .
K|t fr [ B8 - % 201 f72 (170 £(3(r — 5))
J:

3 (A K]+ Be=ftyr=

r—2 . . . ; _ r— r— r— J i— i—2pr—1 r—1
_23|K||-7e-<T—-7>Bt3T-J-1ff[5 (3O 20 G N2 AT GG D)
J= =

3 (ALK + 3Pty
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K2 f5 R B) e 2P (r — 4)(r = 5)] + 1K f5~ " f1(3)" e VP (r — 4)
3 (A K ] + 3e=ftyr=

r—2 r—1_—rBt
_ 3 (3) e - o
T AL K| 4 3e—Btyr—t Asl|z||P 4+ e P -

By (23), Lemma 2.2, and the fact that 3r —8 > 3(r — j), V3 < j <r —1, one has

IKIITf{< ey 2(-7‘1>ff_2f5_'jfj>
W< - i
T 1 e P
r—1 . 9 i
Rl S  aali]
p2

3 (A K]+ 3e=ftyr=

— (3r—8)-

r—2 . . . : _ r— r— r— J i— i—2 pr—1i
Z?) |K|[7e(r=)Btgr=i=1 ] (305722 - 203'712 +C; 2)[ 3 - _2332( V2
J: 1=

3 (ANK] A+ ety

_ I K||2f5 = f2(3) 3e =28 (r — 4)(r — 5)] + || K| f5 L f1(3) "2~ ("= DB (r — 4)
2T_1(f1HK|| + 3e—ptyr—1

r—2(3)r71677~ﬁt B -
R T ey el e S =aflall e
2 1

This completes our proof in view of Lemma 2.1.

Remark 3.2 In [18], exponential stability can be guaranteed via nonlinear state feed-

back control for system (4) with G(¢, z(t), z(t — h(t))) = G(¢, z(t)), AV(¢, z(t), z(t —
B(1)), ult) = ult) + €t a(t), lEE 2 ()] < p(t,2(t)), p = 2, where &(-): R x R" —
R™ and p(-,-) is a nonnegative continuous function. In this case, there exists a positive
continuous function p(t,x) > p(t,z), Vt > t9 >0, x € R™, such that

uPAV(t @, 2t = h), w) = ul]* + u" €t 2) = =5t @) |l + [ul®.
In view of (9), we have
flzﬁ(tvx)v f2:17 .f3:07 SRR fr:ov

and (10) is satisfied. Hence, global exponential stability can be guaranteed by memoryless
controller (14) with f; = p(t,x) and fo = 1 by Theorem 3.1. However, our global
exponential stability result holds for more general systems.

4 Second Class of Systems

Consider the following uncertain system with a time-varying delay:
i(t) = Aw(t) + BAD(, a(t), o(t — h(D), u(t), ¢ =10 >0, (24)
Loy (t) = a(t)v te [_Hv 0]7 (25)

where x € R™, h(t) is a delay argument with 0 < h(t) < H, (A, B) is stabilizable, where
A€ R"™™ Be R"™™ and A®, representing uncertain input nonlinearity, is assumed
to be a continuous function satisfying the following assumption.
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Assumption (A3) There exist positive continuous functions fi(t,z,y) and
f2(t,x,y) such that for all t > t; >0, z, y € R, and u € R™,

uTAD(t, @,y u) = = filt, 2, y)|ull + falt 2, y)|ul.

Since the pair (A, B) is assumed to be stabilizable, we can find a matrix M € R™*"
such that A = A — BM 1is a Hurwitz matrix and the following Lyapunov equation

ATP 4+ PA=-2I, (26)

has a unique positive definite symmetric solution P.

Theorem 4.1 System (24) satisfying Assumption (A3) is globally exponentially sta-
bilizable with convergence rate 1 = /\max(P)’1 under the control

u(t) = =(t, x(t), x(t — h(t))) K(z(t)), (27)

where

V(t,2(t), 2(t = h(t)))
_ 2(f1(t x(t), a(t — A(t))) + | M ()]
Fat,x(t), 2t — h(O))[(Fa(t, 2 (1), 2(t = (1)) + | M) 1K ()] +*(2)]
e*(t) = 3exp(=ft),

K(z(t)) = 2BT Px(t),

with B8 > 2/Amax(P), and P is the solution of (26).
Proof System (24) can be rewritten as
i(t) = Az(t) + B[AD(t, (), z(t — h(1)), u(t)) + Mxz(t)], t>te>0.
In the following, we use Theorem 3.1 to prove this theorem. Choose
F(t,I) = /I.’,E, G(tv x(t)v I(t - h(t)» = B7
AU (t, 2(t), z(t — h(t)), u) = Mz + AD(¢, z(t), z(t — h(t)), u).
Let W(t,z(t)) = 2T (¢t)Pz(t), then we have
Amin(P)||2]> < W(t,2) < Amax(P)||z]?, Vt>t9 >0, z€R", (28)

and the derivative of W along solutions of &(t) = Az(t) is given by

AW (t, z(t))

-2 = a()" (AP + PA)(t) = 2]2(0)]” (29)

In view of Assumption (A3), we obtain

uTAU(t, z, 2(t — h(t), u) = u" Mz + uTAdD(t, z, z(t — h(t)), u)

. i 30
> (| Ml + fi(t, 2(t), a(t = h(O))] - Jull + f2(t 2(t), 2(t — h())) - [[ull*. &
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Comparing (28)—(30) with (7)—(9), one obtains

A1:Amin(})); AQZAmax(Iv)v )\3:25 p:25
A=IMz|+fi, fa=fo, f3=0, ..., fr=0,

and (10) is satisfied. The rest follows immediately from Theorem 3.1.

In the following remarks, we show that the preceding result is a generalization of
several results reported in recent literature.

Remark 4.1 In [1], practical stability can be guaranteed for system (20) with
AD(t, z, z(t — h(t)), u) = D(@)z +u+ E(q)u+v(q), |E(q)] <1, where A is a Hurwitz
matrix, D(-), E(), and v(-) depend continuously on their arguments, and the uncertainty
q belongs to a compact set (). In this case, we have

utA® = u'(D(q)z +u+ E(q)u+v(q)) = —(ppllzl| + po) - [ull + (1 = pg) - ||ul|?
> —(ppllzll +pv) - lull + (1 = pp) - [[ul,

where j, > 0, f, = p, = max||o(q)ll, pr = max||E(q)]| < 1, and pp = max | D(q)].
q9€Q q€Q qeQ
By the preceding theorem, global exponential stability can be guaranteed by memoryless

controller (27) with fi = ppl|z|| + p» and fo =1 — pg.

Remark 4.2 In [3], global practical stability can be guaranteed for system (24) with
AD(t,x, x(t — h(t)), u) = u+ e(t,z,u) and |le(t,z,u)]| < ko + k1||z|| + k2||u|, where
ko, k1,ke € Ry and kg < 1. In this case, we have

uPA® = (u+ et 2, u) = (ko + ki) - Jull + (1 k) - [[ul®
> (ks + kallz]]) - flull + (1 = ka) - JJul?,
where k3 > 0 and ks > ko. By the preceding theorNem7 global exponentia} stability can
be guaranteed by memoryless controller (27) with f; = ks + ki||z|| and fo =1 — ko.

Remark 4.3 In [11], global exponential stability can be guaranteed by a linear control
for system (24) with A® = D(q)z + v + E(q)u, ||[D(q)]] < 46, § € Ry, and 6 =
Amin(ET(q) + E(q)) > —1, Vq € Q, where D(-) and E(-) depend continuously on their
arguments, and the uncertainty g belongs to a compact set (). In this case, we have

uTAD = uT(D(¢)z + u + E(q)u)
> —(8lll) - lull + (1 +65/2) - Jul?
> =0y +8ll2ll) - full + (1 +6p/2) - [lul,
where J; is a any positive constant. By the preceding theorem, global exponential sta-

bility can be guaranteed by memoryless controller (27) with f = 6; + ||| and fo =
140p/2.

Remark 4.4 In [14], global practical stability can be guaranteed via a linear control
for system (24) with A®(t, z, z(t — h(t)), u) = ¢(u) + a(t, z,u), 7 |ul? < uT¢(u), and
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la(t, z,u)|| < ko + k1||z|| + k2llu||, where ko, k1,k2 € Ry and ko < 7. In this case, we
have

WTAD = 0" (6(w) + alt, z,u)
> (ko + kallzl) - Jull + (1 = ko) - ]
> — (ks + kille]) - Jull + (1 = ko) - [lull?.

where k3 > 0 and ks > kg. By the preceding theorem, global exponential stability can
be guaranteed by memoryless controller (27) with f1 = ks + k1]|z|| and fa =1 — k2.

Remark 4.5 In [19], global exponential stability can be guaranteed by a composite
control for system (24) with A® = u + £(t,x) + &M (t, z(t — h(t))), €, 2)| < p(t, ),
and ||€"(t,z(t — h(t)))|| < d||z(t — h(¢))||, where § >0 and p(-,-): Ry x R® — R, isa
bounded continuous function. In this case, we have

AP =" (u+&(t, x) + " (¢, 2(t - (1))
> —(p(t, z) + 8|zt — h(®)]) - ull + [[u]?
> —(pr(t, ) + 8wt — h(E)) - llull + Jull?,

where pi(t,x) > p(t,z) and pi(t,z) > 0, Vt > to > 0, © € R". By the preceding
theorem, global exponential stability can also be guaranteed by controller (27) with

fi = pi(t,2) +8]le(t — h(t)| and fo =1.

5 Third Class of Systems

Consider the following uncertain system with a time-varying delay:

#(t) = Az(t) + Ayt — h(t)) + Af(t, (), 2(t — h(t))) .
+ BAD(t, 2(t), z(t — h(t)), u(t)), t >ty >0, (1)

x,(t) = 0(t), te[-H,0], (32)

where x € R™, h(t) is a delay argument with 0 < A(t) < H, u € R™ is the input
vector, 6 € C is a given initial function, A, A; € R™*™, and B € R"™™ are constant
matrices, (A, B) is stabilizable, rank(B) = n, A® is assumed to be continuous and
satisfies Assumption (A3), and the mismatch uncertainty A f is assumed to be continuous
and satisfies the following assumption.

Assumption (A4) There exists a nonnegative continuous function ¢(¢,z,y) such
that for all ¢t > ¢y, >0 and z,y € R",

[Af (2, y)ll < q(t, 2,y).
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Theorem 5.1 System (31) satisfying Assumptions (A3) and (A4) is globally expo-
nentially stabilizable with convergence rate 1 = Amax(P)~% under the control

u(t) = —(t, 2(t), z(t — h(t))) K(z(t)), (33)
where
2%
falt, x(t), x(t — b)) 1| K (x(t)| +e*(t)]
fi=BY(BB")  Aw(t — (1) + | BY(BB™) g + | M| + fi,
£*(t) = 3exp(—pt),
K(z(t)) = 2BT Px(t),

V(t, x(t), 2(t = h(t))) =

with B > 2/Amax(P), Mis a matriz such that A = A — BM is Hurwitz, and P is the
solution of (26).

Proof Since rank(B) = n, the matrix BBT is nonsingular. System (31) can be
rewritten as
i(t) = Ax(t) + BBT(BBT) ' [Aix(t — h(t)) + Af(t,x(t), x(t — h(t)))]
+ B[A®(t, z(t), z(t — h(t)),u(t)) + Mx(t)], t>tg>D0.

Define

AU (t, x(t), z(t — h(t)),u) = BY(BBT)'Ayz(t — h(t)) + Af(t, z(t), z(t — h(t)))]
+ Mz + AD(t, z(t), z(t — h(t)), u),

then we have

uT AT (L, 2, 2(t — h(t)), u) > —[||BY(BB) ' Azt — h(t))||
+(IBY(BBT) Mg + M| + fi] lul + follull*

Hence the result follows in view of Theorem 4.1.

Remark 5.1 In [13], global exponential stabilization has been considered for a class of
uncertain systems with multiple time-varying delays and input deadzone nonlinearities.
If they consider only single time-varying delay, their system can be put in the form of (26)
with Q(tvxvy) = a0||$H + a1||y||7 Aq)(taxvy>u) = A¢3(t7x7y) + ¢(u)7 HA@g(t,LE,y)H <
f(t,z,y), where y = x(t — h(t)), ao,a1 € Ry, A®P3(-) and f(-) depend continuously
on their arguments, ¢(u) = [¢1(u1),. .., dm(um)]t with each ¢;(u;) € D(u;,dy,ds)
representing the input deadzone nonlinearity, and D(u;,d1,dz2) is defined in [13] with
dy >0, do > 0. In this case, we have

Jul®

uAD = uT[AD3 + ¢(u) — dou + dou] > —|jul| - [|APs|| + ||é(u) — daul|] 4 do
> —|lul| - [f + mdido] + dalul® > —|[ul| - [f + mdido] + dal|ull?,

where dy >0, di > d;. By the precedir}g theorem7~ global exgonential stability can also
be guaranteed by controller (33) with f; = f + mdids and fo = ds.
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6 Example

Consider the following uncertain system with a time-varying delay:

0 [_2;1;1 + 27173 + 2I1I2\/W]
x =
—2x9 — x%xg — ZC%\/W (34)

. [m(b‘ - ?(t))} [a(t) + (b(t) + c(t)|z1 (¢t — h(t))u+ d(t)u?],

—x7

where u € R, © = [v1,22]T € R?, h(t) = 2+ cos(2t), —1 < a(t) <1, 4 < b(t) < 4.5,
1<e(t) <2, =2 <d(t) <2 for all ¢t >ty >0. Comparing (34) with (5), one has

)

F(t, 2(t)) [—2x1 + 23122 + 22122/ |71 22| ]
7:L. =
—2x9 — 23wy — 23/ |2172]

Gt a(t), #(t - h(1))) = [‘““ - 2‘(”)} ,

—x7

AV (L, 2(t), o(t — h(t),u) = a(t) + (b(t) + c(t)|z1 (t — h(t)))u + d(t)u®.

Choose a simple quadratic functional

W(t,z) = 27 B 2] -

Then (7) and (8) are evidently satisfied with A\ =2, Ao =4, p =2, and A3 = 8. In
view of (9), we have
uTAU(t, x,x(t — h(t)),u) = a(t)u + (b(t) + c(t)|z1 (t — h(t))))u® + d(t)u
> —ul + (4 + |21 (¢ = R(O))ul* — 2lul*.
This suggests that in (9) we choose f1 =1, fo =4+ |x1(t — h(t))|, f3 =0, and f, =2.
It is easy to show that (10) is satisfied with r = 4. According to (16) with §=2.1 >

A3/A2 =2, we have
e*(t) = 3exp(—2.1t).

By (17) and (15), we obtain
K(t, 2(t), z(t — h(t))) = 4z1 ()2 (t — h(t)) — 822 (t)x2(t),

2
b2t =) = o T RN (R (@ 2 (0), 2 — R+ ()

Finally, owing to (14), it can be readily obtained that
u=—y(t,x, x(t — h(t))) (4 ()2 (t — h(t)) — 8x225). (35)

By Theorem 3.1, we conclude that system (34) with control (35) is globally exponen-
tially stable with guaranteed convergence rate n = 1. With, e.g., a(t) = 1, b(t) = 4,
c(t) =1, d(t) = 2, and z1(t) =4, z2(t) = =2, Vt € [-3,0], state trajectories of the
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Figure 6.1. State trajectories of feedback-controlled system of (28).
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Figure 6.2. Typical control signal for system (28).

feedback-controlled system and control signal are depicted in Figure 6.1 and Figure 6.2,
respectively.

7 Summary

In this paper, exponential stabilization for three classes of uncertain nonlinear systems
with time-varying delay has been considered. A continuous state feedback control has
been proposed in each case for exponential stability of feedback-controlled systems. Guar-
anteed convergence rate has also been provided. Our results have also been shown to
be generalizations of several results reported in recent literature. Finally, a numerical
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example has been provided to illustrate the use of our main results. It is interesting
to consider the problem of exponential stabilization for more general uncertain systems
with time-varying delay.
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Appendix A
Proof of Lemma 2.1 Let

Q(t,x) = V(t, z) exp(Ast/A2). (B1)
From (3), (4) and (B1), we have

dQc(z? x) _ dVC(l?:v) exp(\st/Aa) + A3Q/ Ao

[(—X3/A2)V + € exp(—t)] exp(Ast/Az) + A3Q/ Ao (B2)
eexp[—(8 — Az/A2)t].

IN

Set § = 8 — A3/A\2 > 0. Integrating both sides of (B2), we have, for all ¢t > t; > 0,

Q(t, 2(t)) — Qlt, 2(t0)) < —26exp(—5t) — exp(—3to)]
=6 exp(—6tg) — exp(—0t)] < ed ' exp(—dty) < ed ' =e(B— A3/ X)L

This implies that, for all ¢ > tq > 0,

Q(t,z(t)) < Q(to, z(to)) + (B — Az/A2) !
= V(to,x(to)) exp()\gto//\g) + E(ﬁ — )\3/)\2)_1 (B?))
< A2|0)1Z exp(Asto/A2) + (B — As/A2) ™" = alto, [|6]]s).

From (3), (B1), and (B3), we have, for all ¢t > tq > 0,

2 (to, 0) ()] < [(1/A1) V (£, 2(0)]V? = [(1/A1) exp(—Ast/X2) - Q(t, x(t))]/?
[(a/ A1) exp(—Ast/A2)]"P = c(to, [|0]]s) exp(—nt)

<
< c(to, [|6]]5) exp[=n(t — to)],

where c(to, ||0]|s) = [a(to, [|0]]s)/M]"P and 5= A3/(Aap) > 0.
This completes our proof.
Appendix B
Proof of Lemma 2.2 For any integers 4, 7, and r such that 3 <7 < j < r, one has

[(r=3)x(r—4)x...x({F=-3+1)]>[(r—i)x(r—i—1)x...x({F—i+1).
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This implies

(r —3)! (r—il o
G-l 2 G = G v3sisi<r

r—3
Ci=5 =
and _
Ci§=1=0Cj7}, vV3<i<j=r

Hence statement (a) is true. Now for any integers j, r such that » > 5 and 3 < j <r—2
one has

3CIZ 2077+ Ci =303

:% 3j<j—1)—2j<r—j>+<r—j><f—j—1>‘3W
(r—2)! 30,20 pa 2 ; i3 2 '

= e gl N 8 (67 64 2) - (357 4 377 + 29)]
(r—2)!

= W[—?’f’ + (6r — 3)5% — (4° = 6r +2)j + (r° = 3r® 4 21)].

For any given r > 5, consider the following continuous function
g(y) = =3y> + (6r — 3)y? — (4r* —6r +2)y+ (r* —=3r> +2r), ye[3,r—2].
The derivative of g(-) is given by

d
d—yg(y) = —9y% 4+ (12r — 6)y — (472 — 67 + 2).

Furthermore, the roots of the equation ¢(y) = 0 is given by

2r—1—+2r—1 b 2r—14+2r—1
a= = .

3 ’ 3

With given r > 5, define

g1(r) = g(a) = % (r® —3r2 +4-22r - 1)V 2r +1),
g2(r) = g(b) = % (r® = 3r2 +4+202r —1)V2r + 1),
g3(r) = g(3) = > — 1502 + T4r — 114,

ga(r) = g(r —2) =2r —12r +16 = 2(r — 2)(r — 4).

Clearly we have
g1 (5) = 07

d 1 1
591(7&) =5 [3r® — 6r —6v/2r — 1] > 9 [3r(r —5) + (9 — 6,/2)r] >0, Vr=>5,
92(r) > g1(r) > g1(5) =0, Vr>5,
ga(r) >0, Vr>5.

Moreover, by Sturm’s theorem [5], it is easy to show that gs(r) > 0, Vr > 5. Conse-
quently, g(y) >0 for all y € [3, r — 2] and for each r > 5. This completes the proof of

statement (b).
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Abstract: In the paper the application of hierarchical Lyapunov functions is
proposed for qualitative analysis of solutions of discrete-time system. General
results of analysis of quasi-linear discrete system are applied to the analysis
of robust stability of large-scale neural system in the case of unperturbed and
perturbed equilibrium state. The obtained results are compared with those
obtained via the application of vector Lyapunov function in this problem. It
is shown that the application of hierarchical Lyapunov function allows us to
extend the boundaries of the parameter values of the neural network for which
the exponential stability of its solutions takes place. The examples illustrating
the efficiency of the proposed approach are given.
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stability; hierarchical Lyapunov function.
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1 Introduction

Discrete-time uncertain systems are satisfactory models for investigation of real pheno-
mena in populational dynamics, macroeconomics, for simulation of chemical reactions,
and also for analysis of discrete Markov processes, finite and probabilistic automata and
others.

One of the most actively developed areas in recent years is the dynamics of neural
systems [1— 3] which are described by discrete-time equations (see [4, 5] and the references
therein). Along with the investigation of such systems under diffrent assumptions there
has been a considerable interest in the development of general approaches in stability
analysis of discrete-time uncertain systems, which will be admissible in the stability
analysis of neural networks.

@ 2004 Informath Publishing Group. All rights reserved. 31
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The aim of this paper is to develop a method of analysis of exponential stability of
neural systems with nonperturbed and perturbed equilibrium states based on hierarchical
Lyapunov function.

The paper is arranged as follows.

In Section 2 the uncertain quasilinear system is considered. To decrease the order
of subsystems this system is decomposed. For each component and subsystem auxiliary
norm-like functions are constructed and robust bounds are given.

In Section 3 the uncertain neural system with nonperturbed equilibrium state is lin-
earized and the results of Section 2 are applied.

In Section 4 similar problem is solved for the uncertain neural system with perturbed
equilibrium state.

In final Section 5 two numerical examples are given.

2 Uncertain Quasilinear System

We consider the discrete-time system with uncertainties and perturbations of the form
S: z(t+1)=(A+ AA)x(7) + g(z(1)), (2.1)

where 7 € T, = {to + k,k =0,1,2,...}, to € R, z € R", z, = 0 is an equilibrium
of (2.1), g: U — R™is a continuous vector function, U C R™ is an open subset containing
Te. A € R™™ is a constant matrix, AA € R™"™ is an uncertain matrix. The only
knowledge we have regarding the matrix AA is that it lies in the known compact set
S C R™™. In paper [5] robust stability results were established for the system (2.1)
via scalar quadratic Lyapunov function. Unlike this paper we shall apply vector and
hierarchical Lyapunov functions composed of norm-like components.

2.1 Vector approach

Assume that the system (2.1) is decomposed into two interconnected subsystems

Sit w4+ 1) = (Ai + AA) zi(7) + (B + AB;) (1) + gi(z(7)),

- e (2.2)
27]21721 Z#]

Here z; € R™, A;, B; and AA;, AB,; are submatrices of the known and uncertain

matrices
(A B (A4, AB
A_<B2 A2> and AA_<AB2 AA2>’

respectively, with A;, AA; € R™*"™ B; AB; € R">*"i 4,5 =1,2,i# 7, 9= (91,93)%,

gi: U — R™ are continuous vector functions.
From (2.2) we extract the independent subsystems

Sit xi(t+1)=(4; + AA) (1), i=1,2, (2.3)

with the same designations of variables as in system (2.2).
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Assumption 2.1 We assume that:

(1) there exist unique symmetric and positive definite matrices P; € R™*™  which
satisfy Lyapunov matrix equations

ATPA; — P = -Gy, i=1,2, (2.4)

where G; € R™*™ are arbitrary symmetric and positive definite matrices;
(2) there exists a constant v € (0;1) such that

IBull | Ball < 72 papia,

where p; = (O'I%[(B - Ini)al%/[(Pi) + UM(Pi))il, P; are solutions of the Lya-
punov matriz equations (2.4) for the matrices G; = I,,,, I, are n; X n; identity
matrices, 1 = 1,2;

(3) lim 3y —o llg(2)l/ll] = 0.

Here [|B;|| = supy,, <1 |Biwil, l|zill = (2Tx;)% are the Euclidean norms of vectors

x;, and o7 (P;) are the maximum eigenvalues of P;.
Let P; be determined as solutions of the Lyapunov matrix equations (2.4) for G; = I,,.
We define the constants

(P)) ™, i=1,2,

g ol

o = 01%4(3)/% = (0’1%4(3' —In)+o

I

1 1 1
a=oy(P)og(P), b= o (P)oy (P)([|Bill + [ Bal]), (2:5)
1 1
¢ =7 a1az — o (P)oZ (P)|Bi]l | Ball, e = ((b* +4ac)? —b)/2a.
Theorem 2.1 We assume that for the uncertain system (2.1) the decomposition
(2.2), (2.3) takes place and all conditions of Assumption 2.1 are satisfied. If the inequali-

ties
HAAl” < (1 — V)i and ”BZH <€ 1=12,

are true, then the equilibrium x. =0 of (2.1) is global exponentially stable.
Proof For nominal subsystems
zi(t+1) = Ay (1), i=1,2,
we construct the norm-like functions
T 1 .
vi(a;) = (v; Pwy)2,  i=1,2, (2.6)

and the function
’U(,T) =div (J,'l) + dovg (,TQ),

where di, do are some positive constants.
Similarly to the proof of Theorem 3.1 from paper [6] for the first diffrences Av ;(x;)
of the functions (2.6) along the solutions of the system (2.1) we obtain the estimates

Avi(wi)| g < —(i = o3 (PIAA D]l + o3 (P IBsl| + 1ABi ) 15| + o5 (P)  gi )]l
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1,7 =1,2, 14 # j, and the estimate
Av(x)‘sz d"Wz+ §(z),
where d = (dy,d2)%, z = (1], |lz2]))T, W € R?*? is a matrix with the elements

{az——a%mnmn, it =
Wi = 1
—oy (B)(IBill + |ABi), if i#j,

the function §g: R™ — R is such that lim, o [|g(x)]|/|z| = 0.

It was shown [6] that condition (2) of Assumption 2.1 implies that the matrix W is an
M-matrix [7]. Then there exist positive constants d; and dy such that the vector d"W
has positive elements [8].

Using the trivial inequalities ||z;|| > v; (xi)/al%/[(Pi), i = 1,2, for the first diffrence of
the function v(z) along the solutions of the system (2.1) we get

=

doo 2, (P
Av(@)] o< — i — [ AA ] — 2T gt AR, )] dion (a)
dlaf/[ P1
dyo? (P i (2.7)
(o — [ AAs] — BIUP) (g AB, ) davs () + 5(a)

dgd& P2
< —w(d1vi(71) + dave(22)) + g(v) = —wv(z) + (),

where .
. djoir(P))
PR o2 {MZ ladl == oy

(13,1 + |ABJ»|>}.

P
i O pp\ L

The choice of the constants d; and do implies w > 0. Let us assume that w > 1, then

[

d.o2,(P; o ) )
i ad - BB G AR 21 = 12i4)  (28)

oy (B
If [[AA]l = [[AAs]| = [[AB1|| = [[ABz|| = ||Bi]| = || B2|| = 0, the system (2.1) is
written in the form

zi(T+ 1) = Ajzi(1) + gi(2(7)), 1=1,2.

It is known [9] that the equilibrium @ = 0 of this system is exponentially stable.
Let at least one of the numbers ||AA;|, ||AB;l|, or ||B;|]| be not equal to zero, for
example, ||AA;|. Then the inequalities (2.8) give

I

doo 2, (P
i1 [Ad ]+ 2P g ARy > 1,

dlafz[(Pl

but

<1

— )

1
M1 =z T
oi(Pr = In)oi (P1) + om(Pr)
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since opr(P1) > 1. We get the contradiction, from which it follows that 0 < w < 1.
Using the condition (3) of Assumption 2.1 for the function g(z) we get the estimate

§(x) = dio 2, (P) g1 (21)]] + dao2y (Po)llga(ws)]| < <dlo%4<P1> +doo 2, (Py))lg(x)]
+ do

1 1
< Oé(dlaM(Pl +d2UM (P2))llz]| < a(diog (P, o3 (P2)) (1]l + llz2ll)

)l (
< oa(dlaM(Pl —I—dQO'M PQ )< T Il) 1)12 I2 )
om(P1)) Uﬁm (Pz))

! bt
dioa(Py) dzU%(Pz)

a(dio},(Pr) + d2of(P2)) max {

1
where o2, (P;) are minimum eigenvalues of the matrices P;, « is a small positive number
such that for the constant

5 1 1 1 1
O =w—a(dio}(P1)+ do}(P2)) max{ T ) T }
dio(P1)) deoi(Pz)

the inequality 0 < @ < 1 holds.
Using (2.7) we get the estimate

Av(z)| < —wv(x)

for all z belonging to sufficiently small neighborhood of the origin UcuU , which implies
global exponential stability of the equilibrium z. = 0 of (2.1) (see [10]).
The proof of Theorem 2.1 is complete.

2.2 Hierarchical approach

Now in the framework of hierarchical approach we decompose each subsystem (2.3) into
two interconnected components

Cig: ay(7 +1) = (A + AAy) w55 (7) + (Bij + AByj) war(7), (2.9)
where Ti; € R™i, R™ = R™! x R™?2, Aij,AAij € Rnijxnij, Bil,ABil S Rnilxnﬂ,
Bi?u AB%? S Rnwxnﬂu i7j7k = 17 27 j 7& k?

_(Aa Ba [ AAq ABa
Ai= (Bn AiQ) ’ Adi= (ABiQ AAip )

We assume that the matrices B; and AB; have a block structure:

B; = <M1§11; Mlﬁ%) AB; = <AM113 AM%)
My My, AMu AM;y
where M), AM{) € Rk i gk 1=1,2, i #1.
We take from (2.9) the independent components
Cij : LL’ij(T + 1) = (A” + AA”) LL’ij(T>, i, =1,2. (210)

with the same designations of variables as in system (2.9).
We denote g; = (934,95, - -, gl-Tni)T and introduce the following assumptions.
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Assumption 2.2 We assume that:
(1) there exist unique symmetric and positive definite matrices P;;, which satisfy the
Lyapunov matrixz equations

ALPj Ay — Pij = —Gyj, i=1,2, (2.11)

]
where G;; are arbitrary symmetric and positive definite matrices;

(2) there exist constants v; € (0,1) such that

| Birll | Bizll < ¥ mirpiz, i=1,2,

1 1 _
where pi; = (03 (Pyj — En,,)oi(Pij) + om(Pij)) . Here and over P;; are
solutions of the Lyapunov matriz equations (2.11) for the matrices Gij = I,
In,; are mi; X ng; identity matrices.

We construct the auxiliary functions v; on the base of the functions wv;;(z;;) =
(LL'EPUJJU)% by formulae ’Ui(,Ti) = dilvil (le) + diQ’UiQ (,Tig), 1= 1, 2.
We consider 2 x 2 matrices W; = ( ](.l)) with the elements

(1) Yilij, for j = ka
Wik = 1 _ :
=05 (Pig)(|Bj|| + &), for j#k.

Here 0 <€ < ¢,

1 1 1 1
aij = o5y (Pij)pi; = (03,(Pyy — Eig) + 03,(Py))

1 1 —1
pij = (03 (Pij = Eij)o, (Py) + om(Py))
e = (07 + 4aici)% —bi)/2a;, a;= 01%4(31)01%4(32), (2.12)

1 1
¢i = Yiania — 03 (Pi)oi (P)l|Bal | Ball, i,j=1,2,

1 1
bi = o3 (Pir)os; (Pi2)(|| Ball + || Bazll)-

Let us denote

T = mln{dzlwﬁ) + digwgl);dilw%) + dig’wgz)}, 1 =1,2,

1
2
. - (2.13)

m = — 1 1 1 1
(d1103,(Pi1) + d120 2, (P12)) (d2102;(P21) + da2o 2 (Pa2))

A method of optimal choice of the constant d;;, 7,7 = 1,2, is given in [6].
Assumption 2.3 Let HliHm llg(@)||/llz]] = 0 and for the submatrices M](;C) of the
x||—0

matrices B, the inequalities M = max ||MJ(,?H <m be realized for all i, j, k =1,2.
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Theorem 2.2 We assume that for the uncertain system (2.1) the two-level decompo-
sition (2.2), (2.3), (2.9), (2.10) is realized and all conditions of Assumptions 2.2 and 2.8
are satisfied. If the inequalities

IAAG]I < (1= 7)pi,  [AByl <&, |AMGP| <m-m

are fulfilled for all i,j,k = 1,2, then the equilibrium x. =0 of the system (2.1) is global
exponentially stable.

Proof Under the hypotheses of Theorem 2.2 analogous to the proof of Theorem 4.1
from [6] for the function v(z) = dyvi (1) + d2va(z2) we get the estimates:

A’U( )‘ = dlA’Ul :vl ’S +d2A’U2 ,TQ ’S < dTWz+g( ) (214)

where d = (d1,d2)", z = (||z1], |lz2])T, i = (g5, 95)T and W is 2 x 2matrix with the
elements

T, for 5=k,
1 . .
wit = {8 —dj103(Pp)@m + [|AMD ) + [ AMD])
1 . . )
—djo} (P)@m + |AMIP ) + | AMP]),  for j#k,

§(@) = di (Ao, (Pr)llgn (@) + iz (Po) | gra(@)]

1 1
+d (d2101?4(P21)||911(I)H + d220§4(P22)||922(I)H) :

Under the hypotheses of Theorem 2.2 the matrix W is the M-matrix and, according
to [7] there exist positive constants d; and dz such that the vector d™W has positive
components. That is

dTWZ = (7T1d1 — WQ1d2)||$1|| + (7T2d2 — w12d1)||:vg|\

> Y (midi —wudy)(llzall + llzil)/ V2

0.=1,2, i#j

midi —wjid; (v (zia)  vie(@i2) )
> ) _— +
- V2 ( >

1
oy (Pa) o3 (Pi2)

6,j=1,2,i#j
idi — wjid; 1 L
. Z T wjid; < . did;vi + 17dldzgvn> > wv(aj),
4,5=1,2,i#£] v2d; dinoyy (Pir) di205; (Pi2)
where
) { md; — wﬂd mid; — wﬂd }
w = o InlIl_ . '
6i=1.2,17#7 /2 d, dleM( 11) V2d; dz2UM( Pi2)

As the matrix W is the M-matrix, v € (0,1) and pu1; < 1,

midi — waida < Ust
T = T
V2didioy (Pr1)  V2duioi (Pr)

1 1
d11w§1) + dl?wé : < W§1) __mom_mpun

\/_dllaM(Pll) _\/igM(Pll) \/501%4(&1) V2
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and 0 <w < 1.
It follows from (2.14) that

Av(x)}sg —wov(z) + g(x).
As for sufficiently small « > 0 the estimate
~ 2 1 1
g(z) <ad d; (dilU&(Pil) + dwaiAPiz)) |l

=1

2
<ap™! Z d; (dilgz?/[(ﬂl) + dizaﬂ(Pm))U(I)
i—1

is realized in some neighborhood of zero U,

Av(z)] (< —av(z),

S

2
where @ = w — 04671 Z d; (dzlai(le) + diQU]%d(BQ)), 0<w<l1.
i=1

These conditions are sufficient [10] for the global exponential stability of the equilibri-
um z =0 of (2.1). The proof of Theorem 2.2 is complete.

3 Neural System with Nonperturbed Equilibrium

We consider discrete-time neural networks described by
2(t+1) = Ga(r) + Cs(Tx(r) + I), (3.1)

where 7 € T, = {to+k,k=0,1,2,...}, to € R,x € R", x = (v1,22,..., Tn) 7T, x; is the

state of ith neuron, x; € R, s: R" — R", s(z) = (s1(z1), 52(x2), . .-, sn(zn))h, 80 R —
(-1,1), T € R**™, G = diag{g1,92,---9n}, 9 € [-1,1], C = diag{c1,c2,...cn},
c; # 0 for all ¢ = 1,2,...,n. The functions s; are twice continuously diffrentiable

functions, they are monotonically increasing and odd.
Together with the system (3.1) we consider an uncertain system

z(t+1) = (G+AG)z(r) + (C+ AC)s((T + AT)xz(7) + (I + AI)), (3.2)

where AG,AC, AT € R"*", AI € R™ are uncertain matrices and a vector.
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3.1 Vector approach

In the framework of vector approach we decompose the neural system (3.1) into two
interconnected subsystems

1131'(7' + 1) = GZIl(T) + CiSi(nlilfl(T) + EQ.IQ(T) + Ii), i =1,2, (33)

where z; € R™, z; = (a1, %o, .. .xim)T, x;; represents the state of the ¢jth neuron,
Lij S R, S; R" — Rni, Sz(xz) = (Sil(Iil),SiQ(IiQ), . -75ini($ini))T7 Sij: R — (—1, 1),
Ti; € R*™, G; = diag{gi1, gi2,---9in. }» 9ij € [—1;1], C; = diag{ci1, ciz,... cin, },
cij # 0 for all ¢ = 1,2, j = 1,2,...,n;. The functions s;; are twice continuously
diffrentiable functions, they are monotonically increasing and odd.

Together with the system (3.1) we decompose the uncertain system (3.2)

1131'(7' + 1) = (GZ + AG1>$Z(7') + (Ol + AC’l)sZ((Tll + Anl)xl(T)

+ (Ti2 + ATig)xa (1) + (I + AL)). 34
Here AG;, AC; € R"*™, AT;; € R™*™, Al; € R™ are uncertain matrices and vector.

Let z. = (z],,23.)"7 denote the equilibrium state of (3.1), si(x;) = diag{s}; (zi1),
Sig(Ti2),- -y Sin, (Tin, )}, 87 (i) = diag {sfy (wi1), 835 (wiz), - -, s, (Tin, )}, Lin = Supy, e pns
[si(zi)ll; Liz = supy, e gn. [|s7 (i)

All above assumptions concerning the matrices G;, C;, T;;, the vectors I; and the
functions s; are similar to the assumptions under which a scalar Lyapunov function is
applied to the neural systems of (3.1) type in paper [5]. Further we need assumptions
connected just with the decomposition of neural system.

Let us introduce the matrices

A; = Gi+ Cisi(Thzie + Tiowae + 1) Ty,

3.5
B; = Cisi(Tinwie + Tiowae + 1) Tij, 1,5 =1,2,1 # j, (3.5)

and the following assumptions.

Assumption 3.1 Assume that:

(1) for the matrices (3.5) the conditions (1) and (2) of Assumption 2.1 are satisfied;
(2) x is an equilibrium state of both (3.3) and (3.4).

We set

Bi =14 (ICill + ITsll) Lin + (1 + |z 1ell + Nz2e ) | Cill 1 T3] Lz,
6 = (Gl + 1T 1) Lax + (1 + [|wrell + lz2e ) |Cilll| Ts] Lz,

1
5T (8% +4(1 = y)piLla)? — Bi), 5L

(3.6)

N|=

K; = min{ ((62 +4eLin)? — 51)}

where 4,j = 1,2, i # j, the constants u;, € are computed by (2.5) for the matrices (3.5).
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Theorem 3.1 Let for the system (8.2) the decomposition (3.4) take place and all
conditions of Assumption 3.1 be satisfied. If the inequalities

max { [|AG|, [ACi|, [ATall, [ATy||, |AL]} < K, i=1,2, (3.7)
are true, then the equilibrium x. of (3.2) is global exponentially stable.
Proof We denote
fi(@) = Giwi + Cisi(Tinar + Tiowa + 1),
hi(z) = AG;z; + (C; + ACy)s; (T + ATz + (Tio + ATp)zs + (I; + AL))
— C;si(Tnwy + Tigxa + ).

As the functions f; and h; are twice continuously diffrentiable functions in the neigh-
borhood of the equilibrium z., the equations (3.4) can be written in the equivalent form

zi(T+1) —xe = fi(z(7)) + hi(z(7)) — fi(xe) — hilze)
_ Ofi(xe) dfilze)

oz, (i(T) — @ie) + oz, (;(1) — je) (3.8)
+ Ohi(z.) (2i(7) — Tie) + 3%58) (x;(1) — zje) + gi(x(T) — xe),

6:51-

where g;(z(7) — z.) are the higher-order terms with respect to (z(7) — ),

Ofin Ofir Ofi1 Ofir Ofin Ofi1

Ox;1 Oxiz " OTin, 0w j1 Ozjo 77 Owjn,

. Ofi2 Ofi2 Ofiz . Ofi2 Ofiz2 Ofi2
Ox;i | oo ’ 6Ij ........................ ’

Ofin;  Ofin, Ofin; Ofin,  Ofin, Ofin;

Oxi1 Oxi2 OTin; Owj1 Oz j2 am]nj

Ohi Ohy

and have an analogous form. We get

Ox;® Oz,
8{;5:66) = G; + Cis;(Tz1e + Tinwoe + I;) Ty = Aj,
% = Cisy(Tnzie + Tioxae + 1) Tij = By, i,j=1,2,i#j,
j
If we denote
Adi= ahé:ife)’ AB; = 61227?6)7 y(1) = 2(1) — =,

then the equations (3.8) are written in the form
yi(T +1) = (Ai + AA) yi(7) + (Bi + ABi) y;(7) + gi(y(7)) (3.9)
and the state y = 0 will be the equilibrium of the system (3.9). Letting

zi = (T + ATi1)z1e + (T2 + ATyo)xoe + (I; + AL,
t; = Tixie + Tipxoe +I;, 1=1,2.
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we find
= AG; + Cis;(zi)ATii + ACzs;(zz)(Tu + AT;) + Cl(s;(zz) — S;(ti))Tii

Similarly to [5] here we have used the formula

1
fla) = f (@a=1b) [ fa+&(b—a))ds
I

for the functions f = s;j,

1

1
Qi(zi,t;) = diag { sz + &t — 20)) dE, | sip(zi + E(ts — 2)) dE, .. .,
[E—

0

1
/s;’m (2i + &t — 21)) d&},

0
Ni(z —t;) = diag{zil —ti1, 22 — tio, oo, Zin; — tmi}, 1=1,2.

It is easy to see that

1

/ S €t — 2)) dE | < Lo,

[Qi(zi,ts)l| = sup

J=1,2,...,n;

(3.10)

[Ai(zi — )l < llzi = till < (1 + [|z1e]| + [[22]) K
Using (3.6), (3.7) and (3.10), we get
[AA:] < Ki + |Cill Lin Ki 4+ Lia (| T || + Ki) Ki + |Cil| Liz || 20 — ]| || Tl
< LK} + (14 (G|l + 1T D) Lix + 1 Cill | Tl Liz(1 + [lzell + l|22e]) K
=LK+ BiK; < (1 — 7). (3.11)
Similarly for i # j
ABZ' = (Cz =+ ACl)S;(Zl)(T” + ATZ]) C S (tz)
— Cisi(z) ATy + ACisi(z0)(Tyy + ATy) + Cilsh(z)s4(6))Ty
= Cisli(zi)ATij + ACiSQ(Zi)(Tij + ATU) + C; QZ( 23y 1) i(Zi — L‘i)Tij
and
IAB|| < L K7 + (([|Cill + 1 T3 Ly + [|Cil|Tij Lz (1 + |21 ]| + |2 ) K.
= Llllfl2 +6,K; <e. (312)
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It follows from (3.11), (3.12) and Assumption 3.1 that, for the system (3.9) all conditions
of Theorem 2.1 are satisfied. Hence the equilibrium y = 0 of the system (3.9) is global
exponentially stable, and it is equivalent to global exponential stability of equilibrium z,
of the system (3.2). Theorem 3.1 is proved.

3.2 Hierarchical approach

In the framework of hierarchical approach we decompose each subsystem (3.3) into two
interconnected components

2y (T +1) = Gijai (T )+Cw8u( Tiix11(7) + Tjaa1a(7)
(3.13)
+ Tj o (1) 4+ Tjswoa(T )+Iij), i,j=1,2.

— (T LT\T ij i — i i R g g g T ..
Here x; = (21, 2;5)", iy € R™9, R™ = R™ X R™2, x4; = (Tij1,Tij2, .- Tijny) s Tijl
represents the state of the ijlth neuron, z;;; € R,

T T Gin 0 Ca 0
= ) a= (5 o) a= (G o) nmunmT
Ty Ty 0 Gi 0 Ci

T;Z S Rn”X"P", Iij € R™i, Gij = diag{gijl,gijg,...gijnij}, giji € [ 1 1] Cij =
diag {cij1, cij2,---Cijny, }r it # 0, si(x) = (sa(wa)T, siz(@i2)™)T, sij: R™ — R,
Sij (Izg) = (Sijl(Iijl)a Sij2 (.IijQ), ceey Sijnij (:Eijnij))Ty the functions Sijl - R — (—1, 1), Sijl
are twice continuously diffrentiable, increasing and odd, 4,5, k,p=1,2, I =1,2,...,n ;.

Together with the system (3.3) we decompose the system (3.4) into interconnected
components

Lij (T + 1) (Gz] + AG”).’I]”( ) (CU + ACZ])SU (( + AT? 1)$11( )
+ (T_;Ql + AT]Z21)I12( ) (jﬂ2 + AT,LQ)ZZ?Ql( )
=+ (Tjg + AT;%)I22(T) + (Iij + Alij)), i,] = 1,2. (314)

Here AG;j;, ACyj, AT;S, Al;; are unknown matrices and a vector of corresponding
dimensions. The only knowledge about it is that it lies in some known compact sets.
Let us denote by z, = (25,7, 255, 25, T, 25, )" the equilibrium of system (3.13), and

S/ij (z5) = diag {S/ijl(xijl)v 5lij2(37ij2)a S ngnij (Iijnij )}

sij(wij) = diag {s7j1(xij1), 752 (Tij2), - - -+ Sijny, (Tijnis )}

Lj; = Supn“ sty (xij)ll, L = Supn“ l[s7; (i) I,
wi' 2] wi' 2]

tij = 319511 + T jo12 + T319€21 + T32$22 + Iij,
i = (Th + AT )z + (T + AT)5)z12
+ (Tﬁ + AT;%)IM + (T;S + ATji22)-T22 + (L;j; + ALj)
t5; = Thaty + Tjaaty + Tjias, + Tjias, + Lij,
Ziej = (Tﬁ + Alel)wil + (T;% + AT;%)xu
+ (T + ATy + (T35 + AT)as, + (I + Al).
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and the matrices
Aij = Gij + Cijsiy(85)T55,
Bij = Cisiy (t)Tjk, 1 # k, (3.15)
]l = CZJSZJ( )Tjifa i #p.
We need the following assumptions.
Assumption 3.2 We assume that:

(1) all conditions of Assumption 2.2 are satisfied for the matrices (3.15);
(2) the state z. is an equilibrium of both (3.13) and (3.14);

3) m= max||M;li)|| < m, where the constant m is computed by formula (2.13).

Let us denote

Bij = 1+ (ICyll + 1T Li; + IC5THIILE R
% = (I1Ci; | + IT;RIN LY + 1 Co5 N TSR LY Re, i # p B J#k,
Re =1+ |21l + llz%all + [[251 ]| + 23],
ol = (8% +400 =y L) — Bij) /2L,
af; = (((O)? +4&L)2 — 6% 2LY, j#k,
ady = ()2 +4mLi)?> — o%)J2LY,, i#p,

K’Lj - mln{o‘mvagjvamlv 1]2} i ]7k p7l - 1 2.

Here 0 < m < m—m and 0 < & < ¢ the constants p,j;, €; are computed for the
matrices (3.15) by formula (2.12).

Theorem 3.2 For the system (3.2) let the decomposition (3.4), (3.14) take place and
all conditions of Assumption 3.2 be satisfied. If the inequalities

max {[IAGy | [AC |, AT AL } < Ky, i =1.2.

are true, then the equilibrium x. of (3.2) is global exponentially stable.

Proof We denote

fij(x) = Gigig + Cijsij (ti5),
hij ({E) = AGijLL'ij + (C” =+ AC”)S” (Zij)—CijSij (tij).

For the functions f;; we get

Gij_'—CZJSZJ(fj)T;; :Aija Z.:paj:kv
Lfij(xe) = Cwsz]( ij)TJ?llc = Bij, i=p,jF#k,

i ij

Cisly (#5) T3 = My, i#p.
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Since the functions f;; and h;; are twice continuously diffrentiable in the neighborhood
of the equilibrium z., the equations (3.14) can be written in the equivalent form

g7+ 1) =y = Fi(o(r) + iy (a(0) = i) = hste) = D o) =y
8i-:z:e 81".7Ee 8i'iEe
+ 2D ) )+ P (0 (r) = ) + P () — )
8hz Te 8hz Te 8hz Te
# P () )+ T war) = ) + T (0 (1) = a5
+af;;7(:e)(xp2(7-)_x;2)+gij(‘r(7—)_:Ee)v i7j7k7p:1727 Z#puj#ku
p

(3.16)
where g;;(x(7) — x.) are the higher-order terms with respect to x(7) — z.. If we denote

Ohij(ze) Ohij(we)
AAy = T2 ARy = = 7))~ e
j 6(EU ) J axik: ) y(T) .I(T) Tes
AMS):%%W, g kp =12 i#p j#k
T

the equations (3.16) are written in the form

Yij (T + 1) = (Aij + AAy) yij (1) + (Bij + ABij) yir(7)

(@) (i) () (i) (3.17)
+(Mjy + AM) yp1 (1) + (M) + AMY") ypa(7) + 945 (y(7)),
1 #p, j # k, and the state y = 0 is an equilibrium of (3.17).
Then, as in proof of Theorem 3.1, we have
|yl < LLES + (1+ (1Csl + I TSI )
+||CinHT;;HL12jRe>Kij =LK} + BiKiy < (1= yi)pij,
18831 < £a + (U1 + ITEDEL + 1OuITh G RO Iy
= L}sz?j + 5;;CKZ] <&, J#k,
1AM < L5 + (05 |+ ITFINLY + I1CHNITT L, R ) Ky 520)

ZL%ijj+6ffKij§m<m—m, 1 #p.

It follows from (3.18) —(3.20) and conditions of Assumption 3.2, that for the system (3.17)
all conditions of Theorem 2.2 are fulfilled. Hence, the equilibrium y = 0 of (3.17) is global
exponentially stable, and it is equivalent to global exponential stability of the equilibrium
x. of (3.14). Theorem 3.2 is proved.

4 Neural System with Perturbed Equilibrium

The approach considered below may be used for the investigation of uncertain neural
systems with perturbed equilibrium.
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Assumption 4.1 We assume that:

(1) for the matrices (3.5) the conditions (1) and (2) of Assumption 2.1 are satisfied;
(2) ze is an equilibrium of (3.1), T is an equilibrium of (3.2), x. # Te.

We denote
— . 1 2 1 1 2 1
K; = min ((ﬁz + 2(1 — V)MiLil)z - ﬁi), ((61 + 26Li1)2 - 61) ,
2L 2L,
rij = Lo (| Cill + Ki) (1 T35 + Ki) (| T ll + | T2l + 2K3), 4,5 = 1,2, (4.1)
A =m A—ype € €
A
< min { 27”11 ' 2’[”22 ’ 27”127 2T21 ’

where the constants pi, g2 and e are computed by (2.5) for the matrices (3.5).
Theorem 4.1 For the system (3.2) let the decomposition (3.4), (3.14) take place and
all conditions of Assumption 4.1 be satisfied. If the inequalities
max { |AG, |AC]|, [ATull, IAT:ll, [ALI} < Ki, |2ie —Tiell < A, = 1,2,

are true, then the equilibrium T, of (3.2) is global exponentially stable.

Proof In the neighborhood T, the equations (3.4) can be written in the equivalent
form

2i(T +1) = Te = fi(2(r)) + hi(2(7)) = fi(Te) — hi(Te)

+ () + BN i)~ w30 + () 7

= (6{;%) + 6{;%) + 6h5fe) - agge) ) (@i(T) — Tie)
(e ot O ot}

+9i(x(r) = Te),  0,j=1,2,i#}j,

where g;;(z(7) — T.) are higher-order terms. If we denote

AA: — Ofi(Te) + oh;(z.) _ dfi(we) AB; = afi(@.) + Oh;(z.) _ dfi(ze)

v 8:51 8:51 8:51 ’ 6,Tj al'j al'j ’

y(T):I(T)_Eev 17]2172513&17

then the equations (3.4) are written in the form (3.9) and further the proof of Theorem 4.1
is analogous to the proof of Theorem 3.1.

Assumption 4.2 We assume that:

(1) for matrices (3.15) the conditions (1) and (2) of Assumption 2.2 are satisfied;
(2) x is an equilibrium state of (3.1), T, is an equilibrium state of (3.2), e # Te;
(3) m= maXHM;QH <m, the constant m is computed by formula (2.13).
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Let us denote

al] (( +2(1 _FYZ):LLZ]LZ‘])7 _61])/21;1]5
Z = (O + 2eLiy)? — 8i%) /2LYy, 5 # k,
o = (((05)* + 2~L*-)% - 5?1)/%, i,
K;j = mln{a a?al i, J,k,p,l=1,2. (4.2)

170 i3 “iglo 1]2

2
il = Lo (| Co || + Kij) (IT;7 || + K i5) < > ITE +4K>

v,§=1
=y & m , ,
<I>_m1n{ i ’2Tii’2—1'p , i#Dp, j#EK,
i ko 21

where 0 < m < m —m, 0 <€ < ¢, the constants y,; and ¢; are computed by (2.12) for
the matrices (3.15).

Theorem 4.2 For the system (3.2) let the decomposition (3.4), (3.14) take place and
all conditions of Assumption 4.2 be satisfied. If the inequalities
max {AGy . IACy ] AT AL } <Ky, gy ~F5l < . 0.5 =12

are true, then the equilibrium T, of (3.2) is global exponentially stable.

Proof As in the proof of Theorem 4.5, the equations (3.14) are written in the equiva-
lent form

sz(T+1)_I = fij(@(7)) + hij(2(7)) = fij(Te) — hij(Te)

— 8fij(xe) afz] (:Ee) ahz] (xe 6f1] xe
8:1717' 856” 8Iw 8Iw

— 8fij(xe) afz] (:Ee) ahz] (xe 6f1] xe
0xik 0xik 0xik 0xik

_ Ofij(xe) 3f” (Te) ah” (Te) 8f” Ze)
0xp1 0xp1 0z 0xp1

_ (afij(xe) 0fij(@e) 8hu(5178) _ dfij(we)

8Ip2 8$p2 8$p2 8:Ep2

) (e () ~T%)
+ gij(2(1) — Te), i,j,k,p=1,2, i#p, j#k.

If we denote

Ady = 0fi;(Te) 8h” (Te) B 8fij(:178)7 ABy; = 0fi;(Te) 8h” (Te) B 8fij(:178),

0zij 0zij 0xi; Oz, Oxiy, O
i afi'(fe) Ohi; (xe) 8fi'(xe) —
AM( = J J - J = — de
Jl O p Oxp O0xp y(r) = a(r) — =,

17]7k7pal:1727 Z#pu ]#k
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then the equations (3.14) take the form (3.17) and further the proof is carried out anal-
ogously to the proof of Theorem 3.2.

5 Numerical Results
Example 5.1 Let us consider the system

4
x1(T + 1) = — arctan (x1(7) + 0.005 z2(7) — 0.005) ,

™

7 1 1
xo(T+ 1) =—0.7522(7) + - arctan (% x1(7) 4+ x2(7) — ﬁ)’

with the equilibrium x, = (1;1)T and the perturbed system

4.04
x1(T + 1) = —— arctan (1.02 21 (7) — 0.0052 zo(7) — 0.025) ,
T

801 ) (5.1)

7 1
xo(T+1) = —0.7522(7) + . arctan (— x1(7) + 1.02 22(7) — 35000

350
with the equilibrium 7, = (1.01;1)7.

In the framework of scalar approach (see [5]), we have

K1 =0.0167, & =0.0942, AG =diag{0;0}, AC = diag{0.02;0},

T
701 0.02 -0.0102
Al = —0.02; ———— AT = .
( 0.02; 35000) ’ ( 0 0.02 >
As |AT| = 0.0302 > K1, we can not make the conclusion about exponential stability

of equilibrium state . = (1.01; 1)T of the system (5.1).
In the framework of vector approach the constants computed by (4.1) are

K; =0.0215, K =0.0205, & = 0.1054.
Then

max { [[AG1 |, [[AC:[|, [ATu ||, [[ATw2|, AL} = 0.02 < K,
max { [|AGz|, [|ACs|], [ATo1ll, [[ATo|, |AL] } = 0.02002 < K,
||Tle — xleﬂ =0.01< ‘I), ||TQ€ — Ige” =0< ‘I),

and, by Theorem 4.1, we can conclude that the equilibrium Z. = (1.01; 1) of the
system (5.1) is global exponentially stable.

In the framework of vector approach the constants computed by (4.1) are
K1 =0.0215, Ko =0.0205, & =0.1054.
Then
max{[|AGL ], [[ACL, [ATw |, [[ATwfl, [[AL |} = 0.02 < K,
max{||AGa||, |AC:||, ||ATs1 ||, || AT22]|, |AL||} = 0.02002 < K,
|Z1e — 21| = 0.01 < @,  [|Tae — Z2e]| = 0 < P,

and, by Theorem 4.1, we can conclude that the equilibrium Z, = (1.01; 1) of the system
(5.1) is global exponentially stable.
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Ezxample 5.2 Let the system have the form
r(t+1) = % arctan (211(7) — 0.01 221 (7) — 0.01),
x12(T+ 1) = —0.2212(7) + % arctan(z12(7) + 0.0129; (7) + 0.01),

1.6
x91(T + 1) = 0.6 — — arctan (0.01z11 () + 221 (7) — 1.99),
T

3
Toa (T + 1) = @aa(7) — - arctan(0.01212(7) + x22(7)),
T = ($11,$127$21,I22)T€ R z.=(1;0;-1;0)T,

T

)

2
s(:zc) = ;(arctanxll, arctan ris, arctan xsy, arctanxgg)

G = diag {0; —0.2; 0.6; 1}, C = diag {2; 0.6; —0.8; —1.5}, 1 = (—0.01; 0.01; 1.99; 0)",

2 0.02
= 0 = 0
T v
0 1 001 0 0 e - 0
= A:
0.01 0 1 ol’ _0.008 0 3m—4 0
0 001 0 1 m 0.03 Sk .
0o - o Iz
iy v

As a result of hierarchical decomposition we get

2 6—m 3r—4 T—3

An=—-, Ap= , Ao = , Ag =
T 57 51

By = Bia = By = By =0,

0.012 0.008 0.03
oM = U _
T

0.02

1 1
Ml(l):_ T’ MZ(I):

11 7T, 22 7T7

1 1 2 2
M1(2) = M2(2) = M1(2) = MZ(I) =0,

i 2 —_
R.=3, Ly =~ m=0009.

We get 71 = v2 = 0.5, ¢ =€ = 0.1 and do relevant computations

Py =1.6814, Pio =1.0342, Py =1.1354, Py = 1.0020,
p11 = 0.3633, pi12 = 0.8180, po; = 0.6546, po2 = 0.9549,
a; = 1.3187, ¢; =0.0980, a9 =1.0666, co = 0.1667,
€1 =0.2726, € =0.3953, m = 0.0504.

Ifeg =6 = 0.1, m = m —m = 0.0409 then we get the robust bounds

K11 =0.0269, Ko =0.0407, Ko =0.0304, Koo = 0.0393.
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1 A Result of Global Existence
Let us consider the first order functional differential equation
o(t) + (Lz)(t) = (Mz)(t), (1)

on the positive half-axis Ry = [0, 00). In equation (1), L and M stand for causal operators
acting on convenient function spaces (to be specified below), with L assumed to be linear
and continuous, while M is in general nonlinear. As we know (see [3], Chapter 3), a local
solution does exist for (1), under suitable conditions, satisfying the initial condition

z(0) = o, (2)

and being defined on some interval [0,T), T < oo. For instance, if we also assume the
linearity and continuity of M on the underlying space, then necessarily T = oo (see [3]).

@ 2004 Informath Publishing Group. All rights reserved. 51
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We shall now obtain an upper estimate for the solution of (1), (2). This estimate will
allow us to conclude that all solutions of (1), (2) are defined on the whole half-axis R.

In view of obtaining the estimate, we shall formulate and utilize certain assumptions
on the data. Also, we need to choose the space on which the causal operators L and M
are acting.

The assumptions are:

(H1) The operators L and M in (1) are causal operators on the space C (R, R™), with

L linear and continuous, while M is continuous and nonlinear.
(Hz) The operator L satisfies the condition

t

tﬂ@wﬁﬂwﬁzMw/MﬂW& (3)
0

0

for each t € Ry, with A(¢) a non-increasing function on R..
(H3) There exists a function m € L?(R4, R), such that

[(Mz)(t)] <m(t), a.e. on Ry, (4)

for every x € C(R4+, R™).

Remark 1 Condition (Hs3) is certainly very restrictive, and we shall use it in obtaining
an estimate for the solution of (1), (2). It is particularly useful with regard to the
boundedness of solutions. As we know, there are nonlinear maps/operators, such as

(Myz)(t) = exp{—[z(t)[}, =€ C(Ry,R),

(Maz)(t) = tan~ ' z(t), =€ C(Ry,R),

which can be easily used to get operators satisfying (4). For instance, in the case n =1,
one can take (Mx)(t) = m(t)(Miz)(t), with m € L?(Ry, R), i.e.,

/mQ(t) dt < 0. (5)
0

Let us now consider equation (1), under hypotheses (H;)— (H3) and let x(¢) be a local
solution of (1), (2). The existence of such a solution is guaranteed by our hypotheses
(see [3], Chapter 3). On the existence interval, we multiply scalarly (in R™) both sides
of (1) by z(t):

(x(t),2(t)) + ((Lx)(t),z(t)) = ((Mz)(t), (1)) (6)

Integrating (6) from 0 to ¢, we obtain

[ @ity ds+ [(@o.ats)ds= [(@ra).atnds. @)
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Taking into account (3) and (4), and noticing that for each € > 0,

t t

<o [m) st 5 [iato)? as (8)

0 0

/«Mw@w@mS

We derive from (7) the inequality:

t

S0 ~leoP) 430 [lePds < 5o [w?) ds+ § [lato)Pds. @)
0 0

0
From (9) we easily derive the Gronwall’s type inequality

t

oOF + A0~ d [ lo(s) P ds < faof? + 3 [ (o) ds. (10)

0

The inequality (10) provides, in the usual way, an estimate for z(¢) on the interval
of existence. In particular, under our assumptions, we have the fact that each solution
of (1), (2) remains bounded on the interval of (local) existence, which implies that all
solutions of (1), (2) are defined on the whole positive half-axis R .

The conclusion of the above carried discussion can be formulated as follows:

Theorem 1 Consider the initial value problem (1), (2), under hypotheses (Hy) -
(H3), and for arbitrary xo € R™. Then, there exists a solution x(t) of this problem,
defined on the whole positive half-azis R .

Remark 2 1If one looks at the inequality (10), it is easily seen that the conclusion of
Theorem 1 remains valid if (H3) is substituted by the weaker condition

m e L%OC(RJF?R)' (11)

¢
Indeed, in this case [m?(s)ds is bounded for any ¢ € Ry, which means the right hand
0

side in (10) remains bounded on any finite interval of R.

2 Dissipativity Conditions for System (1)

We shall now try to exploit further the inequality (10), under our hypotheses. Let us
assume that a strengthened version of the inequality (3), in the hypothesis (Hz), is valid.
Namely,

(Hy) There exists Ag > 0, such that

t t

/((Lx)(s),x(s)>ds Z/\O/|:17(s)|2ds, (12)

0 0

for any t € Ry, and = € C(R4+,R™).
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Returning now to the inequality (10), we notice it becomes

t

(D)2 + (20 — ) / ()2 ds < faol? + - / m?(s) ds, (13)
0 0

taking into account (H3). This is true as far as x(t) is defined.
Let us now consider the problem (1), (2), under hypotheses (H;), (Hs), and (Hy).
Since € > 0 is arbitrary in (13), we will choose it small enough, such that

2X0 — € > 0. (14)

The right hand side in (13) is a constant, which means that the left hand side of (13)
must be bounded on Ry. This means

2()] < C1, t€ Ry, (15)

and
t

/|:v(s)|2ds§02, te Ry,
0

which actually means x € L (R4, R")( L*(R+, R™), or
/|:E(s)|2ds <. (16)
0

From (15) and (16) we shall derive
lim|z(t)| =0, as t— oo, (17)

which proves the dissipativity of the system (1), under our hypotheses.
We need, yet, one more condition in order to derive (17). We shall formulate this
condition as hypothesis:

(Hs) The space L*°(R4, R™) is invariant for the operator L in (1).
Under hypotheses (H1), (Hs), (Ha4), and (Hs), the equation (1) shows that %(¢) can

be represented as a sum of two terms, one in L>°(R,, R") and the second in L?(R, , R™).
Say, @(t) = u(t) + v(t), with u € L and v € L?. Since for any ¢, s € Ry we have
t

t t

|z(t) — x(s)| = /i:(r) dr| < /U(T) dr| + /v(r) dr|, (18)
we can write ,
/u(r) dr| < k|t —s|, (19)
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for k =ess —sup |u(t)], t € Ry, and

<lt—sf? ( / |v<r>|2dr> . (20)
0

t

/ o(r)dr

S

[N

The inequalities (18)—(20) lead to

1
2

|z(t) —z(s)| < k|t —s| + (/ |v(r)|2d7> [t — s|%, (21)
0

which proves the uniform continuity of z(t) on Ry. Moreover, since z(t) € L*(R4, R"),
we see that |x(t)|? is also uniformly continuous on R .

Now using a fact which is known as Barbalat’s lemma (see, for instance, [4]), the
property (17) is proven.

Summing up the above discussion, we can formulate

Theorem 2 If hypotheses (H1), (Hs), (Ha4), and (Hs) are satisfied, then any solution
of the problem (1), (2) tends to zero at infinity.

Remark 3 We cannot term the result in Theorem 2 as a stability result of the zero
solution, because (1) may not admit the zero solution. It is rather a result of dissipativity
of the system (1).

With further assumptions, we can estimate |z(t) — y(¢)| in terms of |zg — yo|, and
other data of the system (1). We shall not pursue this problem here.

3 A Second Order Functional Equation

Results similar to those given in Theorems 1 and 2, but for second order functional
differential equations, can be found in the references [1] and [6]. We shall now consider
a second order equation, namely

B(t) + (La)(t) = (Va)(b), (22)

where L stands for a linear causal operator, continuous on the space C(R4, R"), and V
is also causal on C(R4, R™), generally nonlinear.
The initial conditions for (22) will be the classical Cauchy conditions, namely

z(0) =2% #(0) =°, (23)

with 20, v € R™.

Unlike the procedure in [4], at this time, we shall transform the problem (22), (23)
into an integral functional equation.

First, we notice that (22), under the second initial condition (23), is equivalent to the
first order equation

i(t) = X (t,0)0° + /X(t,s) (Vz)(s)ds, (24)
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where X (¢, s) is the Cauchy matrix associated with the linear operator L. This is obtained
by using the variation of parameters formula for equations of the form y(t) = (Ly)(t) +
f(¢), see [2], or [3].

Integrating both sides of (24) from 0 to ¢, ¢ € Ry, and considering the first condition
(23), we obtain the functional integral equation

x(t) = 20 + /X(S,O) v0ds + //X(s,u) (V) (u) duds. (25)
0 00

The equation (25) can be processed in a similar manner to that used in [5]. In order to
obtain local or global existence, it suffices to impose a growth condition on the operator
V. In [5], the following condition has been used:

t S 2 t
/ ( / (V) (w) du> ds < (1) / () 2 ds + u(t), (26)
0 0 0

with A and g non-decreasing on R,. Condition (26) is also sufficient for assuring the local
existence of solutions to (22), under conditions (23). We shall not pursue this direction
here. Instead, we will consider the problem of obtaining an upper estimate for the norms
of the solution to (22), (23).

In order to obtain this upper estimate, we need the following assumptions on the
data:

(i) There exists M > 0, such that

t

/|X(s,o)|ds <M, /|X(t,s)|ds <M, (27)
0 0

for 0<s<t< .
(i)
|(Vaz)(@)] < A(t) sup |z(s)], t€ Ry, (28)

0<s<t

where A(t) is a non-negative non-decreasing function on R .

Now from (25) we derive

0] < 21+ [ X0 0ds+ [ [1XGwllva)wldeds, (29
0 0 0

on the interval of existence for x(t).
The inequality (29) leads to

(0] < (12”1 + M) + M [ sup [(Va)(w)lds (30)
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and taking into account (28), we obtain

t
jz(t)] < (|2°] + M[v°)) +M/A(S) sup [z (u)| ds. (31)
o 0<u<s
Let us denote,
X(t) =suplz(s)], 0<s<t. (32)

Since the right hand side of (31) is non-decreasing in ¢, (31) and (32) imply

X(1) < (|x0|+M|v0|)+M/)\(s)X(s) ds, (33)
0

for all ¢ > 0 for which z(t) is defined.
The inequality (33) is a Gronwall type integral inequality, and implies

t

X(t) < (|2°| + M[v°]) exp (M/A(s)ds>, (34)

0

which means, on behalf of (32),

(1)) < (2% + M|o°) exp (M/A(s)ds).
0

The estimate (35) is actually valid on Ry, because it also implies the possibility of
continuing a local solution to (25) on the semi-axis R .

Let us point out the fact that the inequality (29) for |x(t)| could be also exploited in
obtaining other estimates for |z(t)].
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Abstract: In this paper we study the problem of H., control of singular lin-
ear continuous-time systems with parametric uncertainty. The system under
consideration is subjected to time-delay in state, and norm-bounded para-
metric uncertainty entering all matrices of the system and output equations.
First, the problem of robust stabilization of the underlying system is investi-
gated. Next, we address the problem of robust H., state feedback control in
which both robust stability and a prescribed H,, performance are required to
be achieved irrespective of the uncertainty and time-delay. It is shown that
the above control problem can be solved in terms of solutions of some linear
matrix inequalities.

Keywords: Singular continuous-time systems; parameter uncertainty; time-delay;
linear matriz inequality (LMI).
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1 Introduction

Time delay is commonly encountered in various engineering systems, which often occurs
in the transmission of information or material between different parts of a system and is
frequently a source of instability and poor performance (Malek-Zavarei and Jamshidi [15].
Transportation systems, communications systems, chemical process, power systems are
typical examples of time-delay systems. During the past years, the study of time-delay
systems has received considerable interest, see, e.g., Suh and Bien [30]. In the work
of Gutman and Palmor [8], nonlinear state feedback controllers have been considered
whereas Basher, et al. [9] has focused on memoryless linear state feedback. Recently,

@ 2004 Informath Publishing Group. All rights reserved. 59
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memoryless stabilization and H., control of uncertain continuous-time delay systems
have been extensively investigated. For some representative prior work on this gen-
eral topic, we refer the reader to Shen, et al. [21], Lee, et al. [12], Mahmoud and
Al-Muthairi [14], Nguang [18], Benjelloun, et al. [1], Kim, et al. [10], Moheimani and
Petersen [16], Li and de Souza [13] and the very recent book by Boukas and Liu [2].
The problem of robust stabilization for a class of time varying delay systems with both
Lipschitz and non-Lipschitz bounded uncertainties has been studied by Nguang [18] via
Riccati equation approach, and a memoryless state feedback controller is designed. In
the research conducted by Mahmoud and Al-Muthairi [14], quadratic stabilization of
continuous time systems with state-delay and norm-bounded time-varying uncertainties
has been considered. More recently, optimal quadratic guaranteed cost control for a class
of uncertain linear time-delay systems with norm-bounded uncertainty has been designed
by Moheimani and Petersen [16]. The issue of delay-dependent robust stability and sta-
bilization of uncertain linear delay systems has been tackled by Li and de Souza [13] via
a linear matrix inequality approach. However, to the best of authors’ knowledge, the
problems of robust stability and H, control of singular continuous-time delay uncertain
systems has not been fully investigated yet. In this paper, the problems of robust sta-
bility and control of a class of singular uncertain systems with unknown time delays in
both system state and output equations are addressed. We consider uncertain systems
with norm-bounded time-varying parameter uncertainty in all system matrices. We deal
with the problems of robust stabilization and robust H., control, where in the latter the
controller is required to guarantee both the robust stability and a prescribed robust H
performance, irrespective of the uncertainty and unknown time delay.

Notation. The notation in this paper is quite standard. R™ and R™*" denote, respec-
tively, the n-dimensional Euclidean space and the set of all n x m real matrices. The
superscript “T” denotes the transpose and the notation X > Y (respectively, X > Y)
where X and Y are symmetric matrices, means that X —Y is positive semi-definite (re-
spectively, positive definite). I is the identity matrix of appropriate dimension. Ls[0, 00)
is the space of square integrable functions over [0,00). || - | will refer to the Euclidean
vector norm.

2 Problem Formulation and Preliminaries

The system considered in this paper is assumed to be a state-space model as follows:

Ei(t) = [A+ AA@)]x(t) + [Aa + AA(t)]x(t — di(t))
+ [B 4+ AB(t)]u(t) + [Bw + ABy(t)w(t),
z(t) = [C+ ACH)]z(t) + [Ca + ACq(t)]z(t — di(t)) (2.1)
+ [D 4+ AD(t)]u(t) + [Dw + AD,, (t)]w(t),
z(t) = ¢1(t), Vt € [=di1(t),0],

where z(t) € R™ is the state, u(t) € R™ is the control, w(t) € R? is the disturbance
from L5[0,00), i.e., square-integrable, z(t) € R? is the controlled output, A, Ay, B,
By, C, Cyq, D and D,, are real-valued constant matrices of appropriate dimensions that
describe the nominal system, AA(t), AAq(t), AB(t), ABy(t), AC(t), AC4(t), AD(t),
and AD,,(t) are real time-varying matrix functions representing parameter uncertainties,
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and the matrix F is a singular matrix with rank (E) =r <n. d;(¢) > 0 is an unknown
time-varying time delay in state, ¢1(¢), t € [—d1(t), 0], is continuous vector valued initial
function. d;(t) satisfies the following condition:

0< dl(t) < 00, dq (t) < 61 < 1. (22)
The admissible parameter uncertainties in this paper is assumed to be modeled as

AA(t) AA4(t) AB(t) ABw(t)]

H
AC(t) AC4(t) AD(t) ADy(t) :[ l]F (O[By B2 B3 Ed,  (2.3)

H,

where Hy, Hy, E1, E2, FE3, E; and E5 are known real constant matrices, and F(¢) is an
unknown time-varying matrix function satisfying

IF@) <1, Vtelo,00). (2.4)

Remark 2.1 It should be noted that (2.1) encompasses many state space models of
delay systems and can be used to represent many important physical systems; for exam-
ple, power systems [29], singular space perturbation theory [31], circuits theory [17], and
also cold rolling mills, wind tunnel and water resources systems (see, e.g., [15] and the
references therein).

Remark 2.2 The parameter uncertainty structure as in (2.3) and (2.4) is an extension
of the so-called “matching condition” which has been widely used in the problems of ro-
bust control and robust filtering of uncertain systems (see, e.g., [3,19,22-27,33] and the
references therein), and many practical systems possess parameter uncertainties which
can be either exactly modeled, or overbounded by (2.4). The matrices Hy, Ho, E1, Eo,
E5 and E4 specify how the uncertain parameters in F'(t) affect the nominal matrices of
system (2.1). Observe that the unknown matrix F(¢) in (2.3) can even be allowed to be
state-dependent, i.e., F(t) = F(t,x(t)), as long as (2.4) is satisfied. It also should be
noted that the unit overbound for F(¢) does not cause any loss of generality. Indeed, F'(t)
can be always normalized, in the sense of (2.4), by appropriately choosing the matrices
Hy, Hs, F1, E5, F5 and F4. Furthermore, we may consider the more general structure
of the uncertainties in system (2.1), that is,

Ei(t) = Az(t) + Bu(t) + Agz(t — di(t)) + Bpw(t) + A1 (t, x, u),
Cz(t) + Du(t) + Cqz(t — di(t)) + Dypw(t) + Ao(t, x,u),

I
—~
~
~—
Il

where
A (t, 2, u)|| < asl|2|| + bilull,

. (2.5)
i=1,2, Vtel0,00), z€R", uweR™",

where a; > 0 and b; > 0, i = 1,2, are known constant numbers. In the work of Shi and
Shue [28], it has been shown that the set of the uncertainties satisfying (2.3) and (2.4)
is equivalent to the set of the uncertainties satisfying (2.5) after appropriately choosing
the constants a;, b; and the matrices Hy, Hy, F1, Fo, E3 and Fy.

Definition 2.1 For any given two matrices £ € R™*™ and A € R"*"™, the pencil
(E, A) is said regular if there exists a constant number « such that |aF + A| # 0 or the
polynomial [sE — A| # 0.
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In this paper, we assume that the nominal system (2.1) is regular, i.e., the pair (F, A+
Age=*%) is regular, where dy = max d1(t). This condition will guarantee the existence

and uniqueness of the solution for the nominal system (2.1). In addition, we assume
that the nominal system (2.1) is impulse free, which ensures the delay system has no
infinite poles. Throughout this paper, it is also assumed that the state is measurable
for feedback. In this paper, we are concerned with the problem of robust state feedback
control for the singular uncertain time-delay system (2.1) for all admissible uncertainties.
Our attention is to design a state feedback controller G:

u(t) = Kz(t), (2.6)

such that for a given scalar « > 0, for all non-zero w(t) € L2[0,00) and for all parameter
uncertainties satisfying (2.3) and (2.4)

sup < [E3IP > <. (2.7)
07#w€E L2[0,00) Hw”2

In this situation, the system of (2.1) with the controller (2.6) is said to have a robust
Ho performance (2.7). More specifically, our objective is to design a state feedback
controller G such that: the system of (2.1) with G is robustly stable and has a robust
Hoo performance (2.7). Here, robustly stable means that the uncertain system (2.1) is
asymptotically stable about the origin for all admissible uncertainties. In the remainder
of this section, we will establish stability and H., control results associated with the
nominal system of (2.1), i.e., the case when F(t) = 0.

Ei(t) = Az(t) + Aqz(t — di(t)) + Bu(t) + Byw(t),
2(t) = Cx(t) + Du(t) + Cyx(t — di(t)) + Dypw(t), (2.8)
z(t) = ¢(t), Vte[—di(t),0].

First we recall the following lemma.

Lemma 2.1 (Schur Complements) Given constant matrices M, L and Q of appro-
priate dimensions with M and Q are symmetric and Q > 0, then M + LTQL < 0 if

and only if
M LT -Q ' L
|:L —Q1:| <0 or |: LT M <O
Lemma 2.2 Let Tp,---,T, € R™*" be symmetric matrices. If there exists 0 < 75,

1 <7 <p such that
P
T() — ZTle > 0,
i=1

then we have
ETToe >0 (2.9)

P
holds for all € #0 satisfying To — > 7Ty > 0.
=1

(2
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Lemma 2.3 Let H be a symmetric matriz and D, E be matrices with appropriate
dimensions. Then, H+ DF(t)E+ETFT(t)DT < 0 holds for any FT(t)F(t) <1 if and
only if there exists a constant scalar € > 0 satisfying H +eDDT + %ETE < 0.

Lemma 2.4 Let G, U, V be given matrices with G being symmetric. Then there
exists matriz X such that

G+UXVT+VXTUT >0 (2.10)

if and only if
UlGU, >0, VGV, >0 (2.11)

hold, where Uy, V| are orthogonal complements of U and V respectively. UIGUJ_ >0
holds if and only if there exists a scalar o such that

G—-oUUT >0.

Throughout this paper we will make the following assumption.

Assumption 2.1 There exist a positive scalar p such that

= (®)]* < pll(t — di(6))]. (2.12)

Theorem 2.1 Consider the singular time-delay system (2.8) with all uncertainties
disturbance input w(t) = 0. Under Assumption 2.1, system (2.1) is asymptotically stable
for all di(t) > 0 satisfying (2.2), if there exist matrices P > 0 and Ry > 0 such that
the following inequality holds

ETPA+ ATPE+ R, —prl ETPA,
~ 0 2.13
AgPE —Rl + I <Y, ( )

where Ry = (1—-p1)R; > 0.

Remark 2.3 Before proving Theorem 2.1, we have the following observations:

1) If system (2.8) is stable, then (2.12) is satisfied with p = 1. If system (2.8) is
instable, assumption (2.12) means that increase rate of the system trajectory can
not, be greater than p.

2) With no loss of generality, we can assume F is of form F = <é ](\)]), where

I is the identity and N is a nilpotent. In this case, ETPA + ATPE + R; is
always infeasible. The purpose of introducing Assumption 2.1 is to overcome this
infeasibility.

Proof of Theorem 2.1 Let x, € C[—ds,0] be defined by x,(s) = z(t+s), s € [—d1,0].
Let us consider a Lyapunov functional candidate as

V(xe) 22T (t)ET PEx(t) + / (1) Ryx(7) dr. (2.14)

t—di (t)
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The derivative of the Lyapunov functional (2.14) along the trajectory of (2.1) is

V(x;) = &7 (t)ET PEx(t) + 27 (t)ET PEi(t)
+ 2T () Ryz(t) — (1 — dy (8))xT (t — dy () Ryz(t — da(t))
= [Ax(t) + Agx(t — di(t))]T PEx(t) + 27 (t) ET P[Az(t) + Agz(t — dy (1))]
+al () Riz(t) — (1= di ()" (¢ = di (1)) Raa(t — da(t))

<[ ™0 ] [Tt mE e ETRA [ T

Using Lemma 2.2, together with (2.13), implies that

L(t f(?l(t))r {ETPA Z§;§E+Rl Eig?d] L?(t f(?l(t))} <0,

holds for any z(t) # 0 satisfying (2.12), which concludes the stability of system (2.8).

Remark 2.4 Theorem 2.1 provides a delay independent stability criteria since in-
equality (2.13) does not include the unknown delay d;(t). However, we have used the
information 8; on dj(¢), which seems the best we can do. It should be noted that when
E = I, Theorem 2.1 will reduce to the result in [4]. Furthermore, when A; = 0 and
E = I, the inequality (2.13) becomes the standard necessary and sufficient condition of
stability for the non-singular systems without time-delay.

Next, we conduct the Ho, analysis for the nominal system (2.1) (setting F(t) = 0).

Theorem 2.2 Consider the singular time-delay system (2.1) with all uncertainties
being zero. Under Assumption 2.1, for a given constant v > 0, system (2.1) is asymp-
totically stable and has an Hoo performance v for all di(t) > 0 satisfying (2.2), if there
exist matrices P > 0, Ry > 0 and a scalar 7 > 0 such that the following inequality
holds

ETPA+ATPE+ R, —prl ETPA; ETPB, CT

ATPE ~Ri+7I 0 CF
B PE 0 —er o opr| <O (2.15)
c Cu D, I

where Ry = (1-031)Ry1 > 0.

Proof We first show that the stability of the closed-loop system (2.1) under the
condition of (2.15). Again, let us define a Lyapunov functional candidate as

V(xe) 22T (t)ET PEx(t) + / 2T (T)Ryx(7) dr. (2.16)

t—di(t)
Note that the negativeness of (2.15) implies

T T _ T
ETPA+ ATPE + Ry —prl  ETPA, } 0. 2.17)

ATPE ~Ry + 71



NONLINEAR DYNAMICS AND SYSTEMS THEORY, 4(1) (2004) 59-71 65

which combined with Theorem 2.1 implies that the system is internally asymptotically
stable, i.e., system (2.8) is asymptotically stable with w(¢) = 0. Next, we analyze the
H, performance of the closed-loop system (2.1). Without loss of generality, we assume
the system has a zero initial condition. Taking the derivative of the Lyapunov functional
(2.16) along the trajectory of (2.1), we have
V(x¢) = il (t)ET PEx(t) + 27 (t)ET PEi(t) + 7 (t)Ryx:(t)
— (1= di ()" (t — di (t)) Raa(t — da (1))
= [Ax(t) + Agx(t — di(t)) + Buw(t)]" PEx(t)
+ 2T (t)ET P[Az(t) + Agz(t — di(t)) + Buw(t))]
+ ;vT(t)Rlx(t) - (1 — dl (t)){ET(t —di (t))Rl,’E(t —d (t))
< [Ax(t) + Agz(t — di(t)) + Buw(t)]T PEx(t)
+ 2T (t)ET P[Az(t) + Agz(t — di(t)) + Buw(t)]
+ 2T Ryz(t) — 2T (t — di(8) Raz(t — di(£)) 2V (x).

Let us define performance function

J = /[zT(t)z(t) — 2wl (t)w(t)] dt. (2.18)
0

Then for any 0 # w(t) € L2[0,00), one has
(2.19)

Substituting V(x(t)) into (2.19), we obtain

J< / ¢ (1) Z¢(t) dt,
0
where
) =[z"(t) «"(t—du(t)) w'(t)]"
H ETpPA;+CTC; ETPB,+CTD,
Z=|AYPE+CYC CTCy—(1-p1)Ry CTD, ,
BIPE + DIC DIy —~*I + DI D,
where

H=E"PA+ ATPE+C"C + R;.
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Therefore, using Lemma 2.1, (2.15) implies J < 0, that is, ||z(¢)]|2 < v]Jw(t)||2. There-
fore, system (2.8) is internally asymptotically stable and has an H,, disturbance atten-
uation 7. The proof ends.

3 Robust Controller Design

Substituting (2.6) into (2.1) yields the dynamics of the closed-loop system as follows:

Ei(t) = Ac(t)z(t) + Aq(t)z(t — di(t)) + [Bw + ABy(t)]w(t), 3.1)
z(t) = Co(t)x(t) + [Ca+ ACq(t)]z(t — di(t)) + [Dw + ADy (t)]w(t), '
where A.(t) = A. + H1F(t)E., C.(t) = C. + H2F(t)E. with A. = A+ BK, C. =
C+ DK, E. = F1 + E3K. By the same arguments as in the proof of Theorem 2.2, we
have the following result.

Proposition 3.1 Consider the singular time-delay system (3.1) with all uncertain-
ties being zero. Under Assumption 2.1, for a given constant v > 0, system (3.1) is
asymptotically stable and has an Ho, performance vy for all dq(t) > 0 satisfying (2.2), if
there exist matrices P > 0, Ry > 0 and a scalar 7 > 0 such that the following inequality
holds

AT(t)PE —Ri+7I 0 CT(t)
B\ PE " TR R
Celt) Ca(t) Du(t)  -I

Noting that the left hand side of (3.2) can be rewritten as
ETPA.+ ATPE + Ry — prI E~TPAd ETPB, CT

AYPE —Ry + 71 0 cr
BTPE 0 421 DT
C, Cy D, -1
ET PH,
0
+ F(t)(Ec B, Eu 0)
Hy
ETPH, T
0
+ 0 F(t)(EC E, E, 0)
Hy

Using Lemma 2.3, we conclude that (3.2) holds if and only if there exists a positive scalar
€ > 0 such that

ETPA.+ AT'PE + Ry — p7I E~TPAd ETPB, CT

ATPE —Ry + 71 0 cr
BTPE 0 2] DT
C. Cy D, I
ETPH, ET (33)
0 T mn 1| E;
te (H1PE 0 0 H2)+— 2 (E Es E 0)<0.
0 e | E;

Hy 0
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We therefore get the following proposition.

Proposition 3.2 For a given matriz K, if po is the solution of the following opti-
mization problem

W 34
s.t. (3.3) with v* replaced by p, (3.5)

then controller (2.6) robustly stabilizes system (2.1) and the closed-loop system has noise
attenuation level \/1g.

Since (3.2) in nonlinear with respect to design parameters K, P, it can not be used
to design a controller directly. To solve (3.3) using LMI toolbox, we will use an iterative
algorithm. For this purpose, let’s give the following equivalent forms of (3.3). Using
Schur complement, (3.3) hold if and only if

Jl ETPAd + EEZEQ ETPBw + EECTE4 Cér ETPHl
\ | A4PE +eEJE, —Ry + 71 +eETE, eETE, cr 0
¢, = | BIPE+<¢ETE, eETE, —ul +eETE, DI 0 <0,
C. Cq D, ;P
HTPE 0 0 HT  —el
(3.6)
where J; = ETPA, + ACTPE + Ry —prl + EECTEC, ¢ and T are positive scalars or
Jo ETPA; ETPB, CI+nETPHH] ET
ATPE —Ry + 71 0 cr EY
¢y = BTPE 0 —ul DT EF | <0,
C. +nHyH] PE Cy D, —I +nHyHYT 0
Ec E2 E4 0 —77[
(3.7)

where J, = ETPA, + ACTPE + Ry — p1l + nETPHlHlTPE, and 7 is a positive scalar.
Since ®5 can be rewritten as

Jo ETPA; ETPB, CF +nETPHH] ET
ATPE Ry + 71 0 or ET
Dy = BLPE 0 —ul DI ET
C +nHyH] PE Cq Dy —I +nHyHY 0
El E2 E4 0 —’I]I
ETPB I
0 0
+| o | &( oo o0 o0)+|o| K (B"PE 0 0 BT EY),
B 0
E; 0

where jg =FETPA+ ATPE + R, — prl + nETPHlHlTPE, it follows from Lemma 2.4
that (3.2) is equivalent to

Js ETPA, E'PB, CT+nETPHH] ET ¢ ETPBET
ATPE —Ry+ 71 0 cT ET
BLPE 0 —ul DT ET <0,
C +nHyHT PE Cq D, —I +nHyHY 0
E1 — €1EgBTPE E2 E4 0 —T]I — €1E3E§

(3.8)
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where J3 = ETPA+ ATPE+ Ry — prl +nETPHH] PE — 1 ETPBBT PE, and ¢, is
a positive scalar. Using Proposition 3.1 and noting that (3.2) is equivalent to (3.7), we
obtain the following theorem.

Theorem 3.1 If there exist matriz P > 0 positive scalars n, €1, T, p satisfying (3.8),
then there exists gain matriz K such that controller (2.6) internally stabilizes system (2.1)
and guarantees that the closed-loop system verifies noise attenuation level \/ji.

This theorem shows that (3.8) provides a LMI for the existence of linear memoryless
state feedback controller (2.6) that internally stabilizes system (2.1) and guarantees the
closed-loop system verifies noise attenuation level /. However, since the present of
E the conventional method to solve LMI can not be directly used here. The following
algorithm establishes an iterative algorithm to handle the controller design problem.

Algorithm 3.1 (Robust Controller Design Algorithm)

Step 1 Set an error bound g > 0 and give an initial Py > 0.
Step 2 With P given, solve the following optimization problem K and denote the optimal
v by vy,

min v
u>0,1n>0,7>0, K

s.t. Py < wl;

3

Step 3 With K obtained in Step 2, solve the following optimization problem to get P
and denote the optimal performance by vo

min v,
e>0,7>0, P>0

s.t. ®1 <l

If ||lvg —wva]] < 0o and v1 < 0, ve < 0, stop, else go to Step 2.

4 Tllustrative Example

To illustrate the validness of the algorithm developed in previous section, this section
gives a numerical example. Let us consider a system described by (2.1) with the following
system parameters:

SO o
o O OO

. 0.1 0

0 0.1 1 0.1 . 0 0.1 -0.1 0

0.1 0 -1 01]” -0.1 0 0 01 |’
02 01 -01 -1 0 0 -01 -0.1
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03 0 03 0
() (0 8)
0 —05 0o 1
0.2 0
Dy, = (1) 0(')2 , le(o —01 0 0.1)T7 Hy = —0.1,
0 1

E1:<0.1 0.1 0 0), E2:<O.1 0 0 0.1),
E3:<0.1 —0.1), E4:<0.1 o),
C:(l 0 1 0)7 Cd=(0.4 0 —0.1 0)7
D=(0 —01), Dy=(04 —0.1),
B=02 n5=1, =01, p=2.

With this set of data and choosing initial P = 0.4 % I, ¢y = 0.01, using Algorithm 3.1
. 15.9056 3.1213 9.7273  4.2990
yields K = (12.0251 2.5436  9.5698 —0.0953
(2.6) stabilizes system (2.1) with a guaranteed disturbance attanuation /.

), then the corresponding controller

5 Conclusion

This paper dealt with the class of singular continuous-time systems with delay. Under
the norm bounded uncertainties, the problems of asymptotic stability, stabilizability,
H, control and their robustness have been studied. Delay independent sufficient condi-
tions provided to solve all the problems. These conditions are in some sense restrictive.
Presently we are working on the more general delay-dependent conditions for the above
problems.
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Abstract: This study uses a relatively complex model to analyze the influence
of various system parameters on the attitude behavior of a rocket-type variable
mass system moving in a torque-free environment. Some of the parameters
studied include the system’s size, the nozzle expansion ratio, and the location
of the propellant within the system’s casing. Results obtained indicate that
the spin rate as well as the transverse rate can increase, decrease, or stay
constant depending on the choice of system parameters. Dramatic changes in
the character of these variables can result from relatively minor changes in a
rocket’s nozzle expansion ratio.
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1 Introduction

The behavior of mechanical systems with varying mass is of interest to scientists and
engineers because of the vast array of physical systems (both natural and engineered)
that exhibit variable mass characteristics. Aerospace systems have high visibility as
variable mass systems, and are the main focus of this study.

One of the earliest studies of the dynamics of variable mass systems was performed
by Buquoy [1]. He developed his “motion formula” for these systems, and presented so-
lutions to a large number of examples in this area. Another early and major contributor
to the field is Meshcherskii [8, 9], who essentially laid the foundation for the theoretical
study of variable mass systems in mechanics. The focus of practically all the early work
in this area was on the translational motion of such systems. This paper investigates the
rotational dynamics of rocket-type variable mass systems in a torque-free environment.

@ 2004 Informath Publishing Group. All rights reserved. 73
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Attitude dynamics studies of rotating bodies usually involve the derivation of the equa-
tions of motion of the system of interest, followed by some attempt at extracting useful
motion information from these equations. Strategies for the development of equations of
motion of mechanical systems, especially those with a solid base, have been presented
by a number of authors (see, for example, Kovalev [5], Eke and Wang [3]). For variable
mass systems in general, and rocket systems in particular, equation derivation can pro-
ceed along one of at least two different paths — the discrete model approach, and the
control volume method. When used in the study of rocket-type systems, the discrete
model approach introduces simplifying assumptions very early in the equation derivation
process. For example, it is common in this approach to consider that all the particles
leaving the system during a propellant burn, do so at the same velocity relative to the
main rocket body, and that this relative velocity is always parallel to the rocket axis.
This method was popularized by Thomson in the 1960’s [11—-13], and was effectively
used by him and others in the analysis of rocket motion.

The control volume approach starts by viewing the system, in a general way, as con-
sisting of solid and fluid phases contained in a region that is delimited by a closed surface
of constant or variable internal volume. Equations of motion for such a general variable
mass system are then derived using well-known methods of fluid and classical dynamics.
At this stage, the resulting equations are generally very complex, containing several sur-
face and volume integrals. They are then reduced to tractable forms by specializing them
to the specific system under study. Thus, unlike the discrete model approach, the control
volume method introduces most of its simplifying assumptions at the end of the equation
derivation process. Equations of motion derived in this way are now readily available in
the literature (see, for example, references [2, 3, 7]).

There are three basic types of physical model that have been used in the study of the
dynamics of rocket systems: the variable mass cylinder, the general axisymmetric model,
and the two-body axisymmetric system. The variable mass cylinder models a typical
rocket system as a simple right circular cylinder. Wang, Eke, and Mao [4, 6] exploited
such a simple-minded model to great advantage. Its main merit is its simplicity; yet,
surprisingly, it does capture a great deal of the important features of a real rocket. The
disadvantage is that it does not permit certain refinements in the study. For example,
the model does not include a nozzle, and so, nozzle effects cannot be explored. Nor is
it possible to study the effect of the geometric location of the propellant grain within a
rocket system, since the model normally views the whole of the cylinder as combustible.

The general axisymmetric model represents a rocket as an axisymmetric body (not
just a cylinder) of diminishing mass and inertia [7]. In this case, the manner in which the
system’s inertia properties vary with mass depletion is not known and cannot be precisely
determined. Because of this shortcoming, it is difficult to push analytical studies of the
system’s motion to their limit; one is thus limited to qualitative inferences in this case.
Some authors have tried to circumvent this difficulty by assigning simple, decreasing
functions of time to the mass, as well as to the axial and the transverse inertia. The
difficulty with such a strategy is that the transverse and axial inertia scalars vary in a
dependent manner as the system’s mass decreases. It is thus next to impossible to make
correct guesses for all the inertia functions as well as the system mass. This problem is
discussed in some detail in reference [6].

The two-body axisymmetric model is the most versatile of the three models mentioned
above. It separates the system into two parts — a constant mass part, and a variable
mass portion. In a rocket system for example, the fuel or propellant would represent
the variable mass part, and the other parts of the system outside the fuel would be the
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Figure 2.1. Two-body axisymmetric model.

constant mass section. Mass loss comes from the burning and expulsion of particles of the
propellant. The model can provide for the existence of a nozzle; there is some flexibility
in the geometric location of the fuel within the system; and various propellant depletion
geometries can be explored with this model. The goal of this study is to use this two
body axisymmetric model to examine how the attitude motion of a rocket system is
influenced by substantial mass loss and by changes in various system parameters, and to
compare the outcome with results obtained in previous studies that used much simpler
models. In particular, we wish to explore the effect of the nozzle on attitude motion —
a study that has not as yet been done, and that could not really be done with a less
sophisticated model than the one employed here.

2 Equations of Attitude Motion

As stated earlier, the model used for this study is the two-body axisymmetric system as
shown in Figure 2.1. B represents the entire system with the exception of the propellant,
and it is assumed to constitute a constant mass, axisymmetric rigid body. For the
purposes of this study, the fuel F' is also assumed to be a rigid body, whose shape at
ignition is that of a uniform, right, circular cylinder, with its axis aligned with that of
the main body B. F is shown in a partially burned state in the figure; it is assumed to
burn in such a way that its unburned part is always axisymmetric with respect to the
longitudinal axis z of the original, unburned, cylindrical fuel. The overall system, that
is, the combination of B and F is designated S and has its mass center at S*. B* and
F* are the mass centers of B and F respectively.

One version of the vector equation of attitude motion for the type of variable mass
system under study here is given as equation (1) below. This equation comes from Eke
and Wang [3], and is, in its simplified form, equivalent to versions of rotational equations
derived by other authors [2,7,12]

dl
M=TIa4+wxIl-w+ (=] w+ [ plpx (wxp)](v-n)dS
<dt> C/ (1)
d
+ [ pwx(pxv)dV+— [ p(pxv)dV + [ p(pxVv)(v-n)dS.
/ dt/ C/

C C
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In this equation, M is the sum of the moments of external forces on the system S about
the system mass center, S*; I is the system’s instantaneous central inertia dyadic; p is
the position vector from S* to a generic particle of the system; p is the mass density;
v is the velocity of a generic particle relative to B; C' is a fictitious outer shell that
encloses the whole system; n is a unit vector that is normal to, and pointing outwards
of the surface C; and w and « are, respectively, the inertial angular velocity and angular
acceleration of the main body B of the system. All the vector and dyadic time derivatives
are taken in the reference frame of the rigid body B.

There are at least two arguments that can be used to bring equation (1) down to
a manageable form. First, one can exploit the symmetry of the system and assume
that at steady state, the motion of gas particles inside the system’s combustion chamber
is symmetric relative to the z-axis, and that whirling motion (helical motion) of these
particles relative to B is negligible. Because of these assumptions, the last three terms
on the right hand side of equation (1) vanish (see details in [3]), and the equation reduces
to

M:I-a—i—wxl-w—i—(%-w)—i—/p[px(wxp)](v-n)ds. (2)
c

A second argument that can be used to obtain the same result is based on the fact that
there are situations where the velocity v of the gas particles can be considered negligible
within the system’s boundary but not at an exit from the boundary, such as the nozzle.
An example is an inflated balloon with a small hole. Velocities of gas particles within the
balloon are negligible in magnitude compared to those of gas particles leaving through
the hole. Whenever v can be considered negligible within a system’s boundary, but is
finite and forms a symmetric field at each exit from the system, equation (1) reduces
once more to equation (2). It is reasonable to assume that such is approximately the
situation for the system under study.

Equation (2) can be broken down into three scalar components by expressing each
of the terms on the right hand side of the equation in terms of the unit vectors b;
(i = 1,2,3) shown in Figure 2.1. Assuming that the velocity distribution of the gas
particles as they leave the nozzle exit plane is uniform as shown in Figure 2.1, we have
that

v-1n =u = const (3)

over the nozzle exit. If we then restrict the study to the case of zero external moment
(M = 0), equation (2) takes the scalar forms

Iy + [I'—m<z§+%%>}w1+[(J—I)W3]w2_0, (4)
Iy + [i—m (ﬁﬁ%ﬂ wo — [(J = Dws]w; =0, (5)
gia+ (7 - mf) s =0, (6)

where m represents the instantaneous mass of the system, I and J are, respectively, the
central transverse and spin moment of inertia for the system, z. is the distance from S* to
the nozzle exit plane, R; is the radius of the circular nozzle exit area, and w; (i = 1,2, 3)
are the scalar components of the inertial angular velocity of B in the b; (i = 1,2,3) unit
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vector basis. We note here that the unit vectors b; are assumed fixed to the body B.
Details of the transition from equation (2) to (4), (5), and (6) can be found in several
places, including Morris [10].

Equations (4) through (6) can be non-dimensionalized as follows. First, we note that
the rate, m,., of mass depletion from the system can be written as a surface integral

M, = —m = /(v -n)pdS = mpuR? = const, (7)

where p is the mass density of the fluid products of combustion — considered constant
over the nozzle exit plane. The time, t;, taken for the mass mp of the propellant to go
from its initial value, mpg, to the final value of zero (that is, burnout) can be expressed
as

tb:mFO/mr. (8)

We choose as dimensionless time variable, the quantity 7 given by
T =t/ty = (m;/mpo)t, 9)

where ¢ is time measured from the beginning of the propellant burn (ignition). We then
note that 7 = 0 at propellant ignition, and 7 =1 at burnout. Furthermore,

dr 1

— == 10

dt ty ( )
so that the time derivative of any quantity can be written as

di-) _dl) dr 1 d) 1. (11)

dt  dr dt  t, dr &

(I):

where a prime (') indicates derivative with respect to 7. We define other dimensionless
quantities as

m= m/mpo, I= I/mFoRQ, J = J/mFORQ, and w; = w;ty (Z = 1,2,3) (12)

and use these to convert equations (4)—(6) to

I, + {I’ — [(%)2 + %2] }wl +[(J = Dwslms = 0, (13)
I, + {I’ — [(%)2 + %2] }wg +[(J = Dwsl@y =0, (14)
" Joh + <J’ - m’%Q) w3 = 0. (15)

In these equations, R is the external radius of the cylindrical propellant, and [ is the

ratio Ry /R.
From equation (15),
m(n) [ fem
- pl / z d], (16)
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where
_ 52
w(r)=J —m’;. (17)
By defining a dimensionless, complex angular velocity

Wr = w + w2, (18)

where i = v/—1, equations (13) and (14) are combined to give

28 - {exp [—/T@(h] } lexp <i/T®dT> , (19)
where .
and

0 = [(J/I) - 1]ms. (21)

The function ¢(7) determines the magnitude of the transverse angular velocity vector,
O(7) governs the frequency, and (1) [see equation (17)] tells us whether the spin rate
will increase or decrease with 7. We will limit this study to an examination of how the
spin rate and transverse angular velocity magnitude vary with propellant burn.

3 Spin Motion

We now take an in depth look at the spin rate, to see how it is affected by mass loss or
propellant burn. It is clear from equations (16) and (17) that expressions for the system’s
mass and inertia as functions of the dimensionless time variable 7 are needed in order to
make progress with the study of the spin rate. On the other hand, these functions can
only be determined if a propellant depletion geometry is stipulated. For this study, we
choose to examine the case of a burn that is an idealization of a common burn pattern in
solid rocket motors. In this burn, which is often referred to as radial burn, it is imagined
that the propellant has the shape of a hollow cylinder at ignition. The interior surface
is ignited, and the fuel then burns radially outwards in a uniform manner, so that the
interior surface always remains cylindrical. Figure 3.1 shows an intermediate shape for
the propellant during such a burn. We now proceed to determine the elements that are
needed to express the function 1 in equation (17) in terms of the variable 7.
From Figure 3.1, the mass of the fuel just before ignition is

Mpg = pprL(R® —15) (22)
and the mass mj at a general instant during the burn is

mp = pprL(R* —1?). (23)
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Figure 3.1. Rocket with radially burning propellant.

Here, L is the length of the cylindrical fuel, pp is the mass density of F, g is the initial
internal radius of F', and r is the internal radius at some general instant after ignition.
From equations (8), (22), and (23),

2.2
ty = Mpo _ Mpo _ B™ =15

= N = . 24
my. Mg i(ﬂ) 24
dt
Equation (24) is integrated to give
R2 2
) =+ = 04 (25)

so that

G- b @] -revn e

where v is the ratio ro/R. We thus have from equations (22), (23), and (26), that the
non-dimensional mass M for the propellant is

mp _ pprL(R® —1?) 1—(r/R)*
mp = = = =1-r7, 27
" Mmpy  pprL(R?—15) 1 (rg/R)? 27)
which yields
m =mp=—1. (28)

In a similar way, we use equations (26) and (27) to show that the dimensionless axial
inertia of the propellant F' is given by

s L+ (E)] - [ e a-m e

The overall system axial moment of inertia is thus given, in dimensionless form, as

1+92 5 1-9",

j:jB+jF:jB+ T (30)

2 T 2
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y(t)A

Figure 3.2. Possible shapes for (7).

Equations (28), (30), and (17) lead to

o) = |5 -]+ 07 1m 1)

3.1 Qualitative discussion

The function 1(7) is linear in 7 with slope (72— 1), which is negative for the burn we have
selected. Hence 9(7) decays linearly with 7, and ¥(0) = 5%/2—~+2, with ¥(1) = 5%/2—1.
1(0) is almost certain to be positive for real rocket systems, since, for these systems one
would expect v < 1 and B > 1. For example, picking such conservative numbers as
v =0.5, and 8 =1 still results in ¥(0) > 0. On the other hand, ¥ (1) can, conceivably,
take on a value that is either positive or negative depending on whether or not the
quantity 3, which we shall refer to in the remainder of this paper as the nozzle expansion
ratio, is greater than or less than v/2. Figure 3.2 summarizes the behavior of the function
(1) for three values of 3. We conclude from this figure that the spin rate will always
decrease initially. This trend will continue all the way to burnout if the nozzle expansion
ratio is greater than some threshold value, 8, (v/2 for radial burn). If 3 happens to be
less than (r,, then, the decreasing trend in the spin rate will be reversed at some point
during the burn, and the spin rate will increase for the remainder of the burn. The point
at which this change in trend occurs is (¢ = 0)

T=(62/2=9%)/1=). (32)

For a variable mass cylinder with no nozzle, § = 1, and only one scenario (8 < )
is possible. As explained above for this case, the spin rate will decrease initially until 7
attains a value given by equation (32). After this, the spin rate increases till burnout.
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Figure 3.3. Spin rate for radial burn.

By substituting § = 1 into equation (32), and putting the resulting value for 7 into
equation (26), we find that the minimum value of the spin rate will occur when the

ratio r/R = 1/+/2. This is the same result obtained in [6] for the simple variable mass
cylinder.

3.2 Closed form solution

If equations (30) and (31) are substituted into equation (16), a closed form solution can
be obtained for equation (16) as follows:

w3 () _ [ I* — ]
ws3(0)  [II2 = [y* + (L =2)7]? (33)
-5 P+ A=) 17’
X exp{T {tanh ! 0 tanh ™! ﬁ] },
where
O=4/2Jp(1 —~+2+1). (34)

The curves shown in Figure 3.3 come from equation (33), and they confirm the initial
negative slope of the spin rate, and the fact that the spin rate can change from a decreas-
ing to an increasing function of 7 during a propellant burn, for small values of the nozzle
expansion ratio. It would appear, from equation (33) that besides the parameters v and
3, the axial inertia Jp can also play a role in the behavior of the spin rate. Figure 3.4
is obtained from equation (33), and shows how a change in axial inertia Jp for the main
body B affects the spin rate. The smaller the value of Jp the more the spin rate curve
deviates from that which is expected from a constant mass rigid body; that is, a constant.
This is certainly in agreement with engineering intuition. However, the basic character
of the spin rate curve is not affected by a change in Jg. It turns out that a change in
the ratio v of the initial internal radius to external radius of the fuel without a change
in Jp has minimal effect on the spin rate.
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Figure 3.4. Influence of spin interia on the spin rate.
3.3 Stable spin

It is not desirable to have the spin rate grow substantially, nor is it acceptable for the spin
rate to decrease excessively during a propellant burn. In one case, the system’s structural
integrity can become impaired, and in the other case, there is loss of spin rigidity. It is
therefore useful to find ways to limit variations in spin rate during a burn. One way to
accomplish this is to force the spin rate at the end of the burn to be the same as that at
ignition; that is, @3(1) = @3(0). From equation (33), we have

ws(1) _ [I? — o -3 1 SN L
- = {Hz —T | =Py tanh i tanh Tl(= 1, (35)

which leads eventually to

_ [ II-In[(IT? — %) /(I1? — 1)]
Bo = \/tanh_l(l/ﬂ) - tanh_1(72/H)' (36)

Equation (36) gives the value of the nozzle expansion ratio that will bring the spin
rate at burnout back to its value at ignition, and in so doing, limit the overall variation
in the spin rate. Figure 3.5 shows that the necessary nozzle expansion ratio is sensitive
to the axial inertia Jp of the main rocket body, especially at low values of Jg. Figure 3.6
gives an indication of the level of sensitivity of the spin rate to deviations in the choice
of 8. This figure also shows that when 3 is taken to be 0, the difference between the
extreme values of the spin rate is not as large as when 3 # [p.
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4 Transverse Angular Speed

The system’s central transverse moment of inertia can be written, in non-dimensional
form as o -
I:IB+IF+(me2:mFCLQ)/mF()RQ, (37)

where the subscripts B and F' refer to the main body and the fuel respectively, and the
distances a and b as well as other distances such as L, L; (i = 1,2,3) are as shown in
Figure 3.1. The transverse inertia of B is Ip = IB/mFORQ. Keeping in mind that we
are assuming a radial burn for the fuel,

- Ir 1 1/»r 2 1 L 2 1_’_72_’_(1_,}/2)7_ 52
Ir=—=m —— | — — | = = (1— haly
L— mFLU(R) 1 <R) } ( 7)[ 1 T3] (3%

The distances a and b can be expressed as

L
o= _MBL3 (39)
mp+mprp
and I
p— M3 (40)
mp+ mpg

Substituting equations (38), (39), and (40) into (37), we obtain, after some algebra,

7 1+ 4+ (1 =27 2] mp(l—1)53
I=Iz+(1 T)[ 1 T R (41)
so that )
2 2 2 _—
po Jr+t0-79)r 0 ([ Wl
I= { 2 Tt mp+1-—71) | (42)
The distance I
ze:Ll—I—E—I—a. (43)
Hence, equations (43), (39), and (27) give
Ze _ (mp +mp)(01 +6/2) + Mpds _ (mp+1—7)(01+6/2) + mpds (44)

R mp+mg mp+1—71
where § = L/R, and 6; = L;/R (i = 1,2, 3). From equations (20), (28), (42), and (44),

2 2 2 2 —
_ [P A =AD)r] o P°_2mpdy (6
(p(T)——|: 2 :|+6+651+61+4+m3+1—7' 2+51. (45)

4.1 Qualitative discussion of transverse motion
The transverse angular speed is given by [see equation (19)]

= exp l—/@dT]. (46)

0

’wT(T)
wr(0)
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The function I decreases with 7 but is always positive. Hence, the sign of ¢(7) determines
whether the transverse rate increases or decreases with the burn. We can rewrite equation
(45) as

@(1) = p1(7) + 2(7) (47)
where ) )
or(r) = — [M} (48)
and 52 ) 5 5
o
QDQ(T)ZE-I—(S(Sl-F(S%-F%‘F#(54—51). (49)

The function ¢ is clearly negative, since v < 1. On the other hand, s is positive because
d, 01, 03, B and Mg are all positive quantities for real rocket systems, and 0 < 7 < 1. At
7 =0, p1 = —v?/2; and, since v = ro/R would be expected to be less than 1/2 for a
real system, |¢1| < 1/8. Similarly, w2 > $%/4 > 1/4 in practice. Hence, (0) is likely to
be positive. As 7 varies between 0 and 1, ;1 decreases linearly with 7 while @9 increases
with 7. It appears unlikely that ¢o will ever become less than ¢; in absolute value, or
that ¢ will change sign from positive to negative during the propellant burn. Thus, the
transverse angular speed is likely to decrease between ignition and burnout.

There are several factors that can change this state of affair for the transverse angular
speed. They include small values of what may be referred to as the propellant aspect
ratio d = L/R, low values of the nozzle expansion ratio 3, proximity of the propellant
grain to the nozzle (41), and closeness of the propellant center of mass to that of the
rocket’s main body. These can lower the value of 2 to the point where |p2| < |p1| and
@ < 0. Of these, the parameters that a rocket designer has most control over are § and .

We note here that relatively recent studies [4, 6] that used the cylinder model came
to the conclusion that a “fat and short” propellant grain (i.e. low ) can cause the
transverse angular speed to grow without bounds for a radial burn. This paper arrives
at the same result, but adds another component that the nozzle expansion ratio can
also have an important damping influence on the transverse angular speed. In fact, a
large enough expansion ratio can, single-handedly, reverse the potential for a runaway
growth in transverse rate. For instance, the maximum value that ¢ can have during a
radial burn is [see equation (48)] —1/2, and this occurs at 7 = 1. Hence, it suffices that
B> +/2 [see equation (49)] to guarantee that ¢ > 0 and that @y will decrease with the
burn.

Figure 4.1 is obtained by numerical integration of equation (46), and shows the trans-
verse angular speed as a function of the time variable 7. This figure confirms that a
low value of J, coupled with a small # can indeed cause the transverse rate to reverse
its initial decreasing trend sometime during the burn, and increase continuously through
burnout.

5 Modified Radial Burn

So far, what has been presented is a general study of the radial burn. We now move
briefly to the case where the system mass center, S*, does not shift relative to the rocket’s
main body B. In other words, we assume that, prior to ignition, the mass centers B*
of the rocket body and F'* of the solid fuel are coincident, so that S* is also located at
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Figure 4.1. Transverse angular speed.

the same point. During a radial burn, F'* does not shift relative to B. Hence, all three
points F*, B* and S* remain coincident throughout the burn. This can be accomplished
in a real system by balancing the system in such a way that S* and F* (or F* and B*)
coincide prior to propellant ignition. Our interest here is to see whether there is anything
to be gained, from the point of view of attitude dynamics, in balancing the system in
this way:.

As before, the focus here is again on the functions ¢(7) and ¥(7) given in equations
(45) and (31) respectively. In this case, the parameter d3 becomes zero. The function
1 is unaffected, but the last term of @2 (a positive term) drops. Thus, ¢(0) is reduced
somewhat but remains positive. It is now slightly easier for ¢(1) to become negative,
leading to a possibility of transverse rate increase during a propellant burn. The ex-
pression for (1) remains as given in equation (31), so the spin rate is unaffected by
the proposed change. Overall, we can state that there is no advantage whatsoever in
balancing the system in such a way as to avoid system mass center shift. In fact, such
an action renders the system more sensitive to divergence in transverse angular speed.

6 Conclusion

This study deals with the dynamic behavior of spinning bodies of the rocket type, that
lose mass while moving in a torque-free environment. The attitude behavior of systems
of this type is known to be influenced by the manner in which mass loss affects the
geometry of the system. One specific mass loss scenario — the radial burn — was studied.
This scenario assumes that the propellant of the rocket system is a hollow cylindrical
solid whose internal radius grows uniformly as the propellant burns. This appears to
restrict the study to rockets with solid propellants. However, the results of this study
can in fact be applied to some systems with liquid propellant. When liquid propellant
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is used in rocket systems that spin, it is generally distributed in several tanks positioned
symmetrically with respect to the spin axis. As the solid portion of the system spins,
centrifugal effects cause the liquid propellant to move outward and the overall behavior
of the fuel system becomes very similar to that of a solid propellant undergoing radial
burn.

Results obtained indicate that the spin rate always begins by decreasing with propel-
lant burn. If the ratio, 3, of the nozzle exit radius to the external radius of the propellant
grain is greater than v/2, then the spin rate will continue to decrease until propellant
burnout. If, however, the value of 3 is less than /2, the spin rate attains a minimum
value during the burn, begins to increase as the burn proceeds, and continues this trend
through burnout. The value of the nozzle expansion ratio thus plays a pivotal role in
determining the character of the spin rate curve.

The transverse angular speed will normally decrease with propellant burn. However,
there are circumstances under which growth in transverse angular speed becomes pos-
sible. Such a situation can arise if the ratio of the length of the propellant grain to
its radius is very small at the same time that the nozzle expansion ratio is also small.
In this case, the curve of the transverse rate as a function of propellant burn decreases
initially, but flattens out sometime during the burn, and then rises for the remainder of
the burn. This study brings out the important role that the nozzle expansion ratio can
play in determining how both the spin rate and the transverse angular speed evolve with
propellant burn.

Balancing a rocket system so that its mass center does not shift during propellant
burn actually renders the system more prone to growth in transverse rate if the nozzle
expansion ratio is low. Another way of viewing this is that studies that assume no shift
in system mass center will in general produce conservative results.
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Abstract: In this study, an industrial sliding-mode servo control system is
developed for the motion control of a direct-drive-type elevator-door ser-
vomechanism. The mechanical structure and dynamic analyses of an elevator-
door mechanism with an indirect field-oriented induction servomotor drive is
described initially. Moreover, a newly designed total sliding-mode control
(TSMC) system, which is insensitive to uncertainties in the whole control
process, is introduced. In addition, numerical simulation and experimental
results due to specific position and velocity profiles are provided to verify
the effectiveness of the proposed control scheme with regard to parameter
variations and external disturbance. Furthermore, the merits of the TSMC
system are exhibited in comparison with computed torque control (CTC) and
conventional sliding-mode control (CSMC). The salient features of this study
are 1) the controlled system has a total sliding motion without a reaching
phase and no chattering torque, and 2) this simple control strategy is easily
implemented by hardware/software to an industrial servo controller.
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1 Introduction

Most nonlinear mechanism systems comprise driven motors, coupling gears and the non-
linear mechanism. Therefore, complex modeling procedures are usually required to design
a suitable control scheme. Besides, there are many uncertainties such as system parame-
ter variations, external disturbance, friction force and unmodelled dynamics to influence

@ 2004 Informath Publishing Group. All rights reserved. 89
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the prior-designed control characteristics in industrial applications. Though many mod-
ern control techniques have been designed to control the nonlinear mechanism systems
by using complex control laws with high control efforts, degraded control performances
are often resulted due to the existence of uncertainty [1]. Thus it is natural to explore
other nonlinear controls that can circumvent the problem of uncertainties and achieve
better compensation and global stability [2] —[4].

Sliding-mode control (SMC) has been demonstrated to be an effective nonlinear robust
control approach for controlling electric drive systems since it provides system dynamics
with an invariance property to uncertainties once the system dynamics are controlled
in the sliding mode [2]—[3]. It offers a fast dynamic response, a stable control system
and an easy hardware/software implementation. However, this control strategy produces
some drawbacks associated with the large torque chattering that may excite mechanical
resonance and unstable dynamics. Besides, the insensitivity of the controlled system to
uncertainties only exists in the sliding mode, but not during the reaching phase. Thus
the system dynamic in the reaching phase is still influenced by uncertainties. To keep
robustness in the whole sliding- mode control system, several researchers have focused on
eliminating the effect of the reaching phase [5]—[8]. A newly-designed sliding curve, that
is chosen as close as possible to time-optimal trajectory, was proposed in Harashima, et
al. [5] and Hashimoto, et al. [6] to keep robustness from the initial point to final point.
Gao and Hung [7] partially shaped the reaching law to specify the system dynamics in
the reaching phase. However, the system dynamics are still subjected to uncertainties.
Therefore, this study adopts the idea of total sliding-mode control [8] to get a sliding
motion through the entire state trajectory. In other words, no reaching phase exists
in the control process. Thus the controlled system during the whole control process is
insensitive to the occurrence of uncertainties.

In the past several decades, dc motors have been widely used in factory automation
as high-performance drives. However, the mechanical commutators and brush assembly
make dc motors much more expensive than ac motors. Besides, the use of mechanical
commutators may produce undesired sparks that are not allowed in some applications. As
compared with de motor, an induction motor (IM) is robust, cheap and easily maintained.
These characteristics make it desirable to employ them in variable-speed or servo system.
However, its control characteristics are more complicated than the dc motors. In the
scalar control techniques, the transient dipping of flux reduces the torque sensitivity with
slip and lengthens the response time. In order to overcome the foregoing limitation, the
field-oriented control technique has been widely used in industry for high-performance IM
drive [9] —[10]. With the field-oriented control approach, the dynamic behavior of an IM
is rather similar to that of a separately excited dc motor. Thus, the IM has been adopted
widely as a driver in the elevator system recently [11]. However, a traditional open-loop
scalar (constant V/f ratio) controller with a gear transmission is always utilized in the
control of elevator car or automatic door. The motivation of this study is to develop a
total sliding-mode servo controller for a gearless elevator-door mechanism actuated with
direct-drive-type IM [12]—[13].

2 Mechanical Structure and Dynamic Analyses
The mechanical structure and drive system of an elevator-door servomechanism is de-

picted in Figure 2.1, which is composed of a direct-drive-type induction servomotor,
single-side-opened elevator door, belting and weighting mechanisms. In Figure 2.1, the
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Figure 2.1. Mechanical structure and drive system of elevator-door servomecha-
nism.

symbols m, and mso represent the masses of door and counterweight, respectively; rq
and ro denote the radiuses of belting and weighting wheels, respectively; 6,. is the rotor
position of the induction servomotor; x is the moving position of the door, [ is the total
length of the moving path, and g is the gravity acceleration.

A Direct-Drive-Type Induction Servomotor

The vocabulary “direct-drive” means that the transmittal mechanism is passed through
belts directly without a gearbox. The configuration of an indirect field-oriented in-
duction servomotor drive system is depicted in Figure 2.2(a) [8]. It consists of an in-
duction servomotor coupled with a mechanism, a ramp comparison current-controlled
pulse-width-modulation (PWM) voltage source inverter (VSI), a unit vector generator
(where 6, is the position of rotor flux), a coordinate translator, a speed control loop and
a position control loop. The induction servomotor used in this drive system is a three-
phase Y-connected eight-pole 150W 60Hz 220V /3.3A type. The current-controlled VSI
is implemented by insulated gate bipolar transistor (IGBT) switching components with
a switching frequency of 15kHz. The mechanical equation of an induction servomotor
drive can be represented as

JO,.(t) + BO,(t) + Ty, = To, (1)

where J is the moment of inertia; B is the damping coefficient; T, represents the load
torque and external disturbance; T, denotes the electric torque. With the implementation
of field-oriented control [9] —[10], the induction servomotor drive system can be simplified
to a control system block diagram as shown in Figure 2.2(b), in which the electric torque
can be represented as

T. = Kyiy, (2)
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Figure 2.2. (a) Indirect field-oriented induction servomotor drive. (b) Simplified
control system.

with )
3n, Lz, .,
Ky = Tp . Lass (3)

where K is the torque constant; ig is the torque current command; iy, is the flux current
command; n, is the number of pole pairs; L,, is the magnetizing inductance per phase;
L, is the rotor inductance per phase; w, is the rotor speed; 6} and w;} are the rotor
position and speed commands.

B Dynamic Model of Elevator-Door Servomechanism

The Newtonian motion law is utilized to derive the dynamic equation of the elevator-
door servomechanism in this subsection. Since the belt makes the electric torque convert
into the linear driving force and the control object is the door position, the conversion
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relationship between the rotor position and door position is
0,(t) = z(t)/r1. (4)
Substituting (4) into (1) and using (2), one can obtain
Ji(t) + Ba(t) = i Kyig, — mTyL. (5)
Consider (5), the in the elevator-door servomechanism is
Ty, =T+ Ty + T+ Tqy, (6)

where T; = (m1+mg)r1Z represents the load inertia torque; T, = magrisgn () denotes
the weighting torque, in which sgn (-) is a sign function; Ty = pumig exhibits the friction
torque between the hang roller and guide rail, in which p is the friction coeflicient; Ty is
the external disturbance torque. Combined (5) with (6), the complete dynamic equation
of the elevator-door servomechanism can be obtained as

Z(t) = Ap(t) + BpU(t) + Cp + Dy, (1)
where U(t) = i;.(t) is the control input, and

Ap = —B[J +7ri(m1 +m2)] !,

By = i K [J + 13 (my +ma)] " >0,

Cp = —[J +ri(mi +m2)] " [rimosgn (&) + pmi]rig,

D, =—r[J + T%(ml + mg)]fle,
Note that, the unmodelled dynamics, e.g. the friction existing in the belting mechanism,
can be considered as the external disturbance torque. The most important parameters

that affect the control performance of the elevator-door servomechanism are the external
disturbance torque T,; and the variations of motor parameters.

3 Total Sliding-Mode Control

Consider the system parameters in nominal conditions without external disturbance
torque, rewriting (7) as follows can represent the nominal model of the elevator-door
servomechanism:

x(t) = Apnjc(t) + Bsz(t) + Cpna (8)

where A, By, and Cy,, are the nominal values of A,, B, and C),, respectively. Consider
(8) parametric variation, external disturbance and unpredictable uncertainties for the
actual elevator-door servomechanism

E(t) = (Apn + AA)&(t) + (Bpn + AB)U(t) 4+ (Cp + AC) + D, + 3
= Apnd(t) + BpuU(t) + Cpr + W (1),

where AA, AB and AC denote the uncertainties introduced by the variations of motor
parameters; 3 represents the unstructured uncertainty due to nonideal field orientation in
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Figure 3.1. Block diagram of TSMC system.

transient state, and the unpredictable dynamics in practical applications; W (t) is called
the lumped uncertainty and is defined as

W(t) = AAz(t) + ABU(t) + AC + D, + 5. (10)
Here the bound of the lumped uncertainty is assumed to be given; that is,
W) < p, (11)

where p is a given positive constant. The control problem is to find a control law so
that the state y can track specific desired trajectories in the presence of uncertainties.
To achieve this control objective, define the tracking error e = x — x,,, in which z,,
represents a desired position specified by a reference model. The presentation of TSMC
for the elevator-door servomechanism is divided into two main parts and is depicted in
Figure 3.1. The first part addresses performance design. The object is to specify the
desired performance in terms of the nominal model, and it is referred to as baseline model
design. Following the baseline model design, the second part is the curbing controller
design to totally eliminate the unpredictable perturbation effect from the parameter
variations and external disturbance so that the baseline model design performance can
be exactly assured. Define a sliding function S(¢) as follows [8]:

¢
S(t) =C(E)— C(Ep) — / % AE dr, (12)
0
where C(FE) is a scalar variable designed as 3ET — [0 B,!]; Epis the initial state of
E(t), and
E=[ & A_< 0o 1 ) (13)
-K, -K,

in which K, and K, are positive constants. Note that, since the function S(¢) = 0 when
t = 0, there is no reaching phase as in the traditional sliding-mode control [2] —[3]. Then,
the TSMC law is assumed to take the following form:

U(t) = Ue(t) + Us(t) + Us(t) (14)
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with
Ue(t) = =By, [Apn(t) + Cpal, (15)
Us(t) = B, [X(1) = Kpe(t) — Kyé(t)], (16)
Un(t) = —KS(t) — pBylsen (S(1)), (7)

where K is a positive constant. The first controller, U, is used to compensate for the
nonlinear effects and attempts to cancel the nonlinear terms in the model. After the
nonlinear model is linearized, the second controller, Uy, is used to specify the desired
system performance. The objective of the third controller Uy is to keep the controlled
system dynamics on the surface S(¢t) = 0. That is, curb the system dynamics onto
S(t) = 0 for all time. Thus U, is called a curbing controller, which is a constant plus
proportional rate control scheme providing a measure for the reduction of chattering [14].
Substitute (14), (15) and (16) into (9), the state variable form can be obtained as

follows: .
E = AE + B,,[Uy(t) + B,/ W (t)], (18)

where B,,, = [0 Bp,]T. Now S(t) = 0 when ¢ = 0. To maintain the state on the
surface S(t) =0 for all time, one only needs to show that

S(t)S(t) <0, if S(t)#0. (19)

Differentiating S(t) shown in (12) with respect to time and using error dynamics shown
in (19) yields

... oC .. aCc . oC . -
$(t) = g7 B — 5z AE = 50 {AE + Bu[Us(t) + By, W(1)] — AE} o0

=Us(t) + B,/ W (t).
Multiplying S(¢) by (20) and inserting control U, shown in (17) into (20) yields

S(1)S(t) = SO)[Us(t) + B, W(1)] < S()Us(t) + B, 1S W (1)]

21

= —KS?(t) — pB,,, [S(t)| + B, |S(t)| [W(t)] < —~KS*(t) <0. .
Thus the sliding mode can be assured throughout the whole control period. Wai [8]
presented an adaptive sliding-mode control system to control the position of an induction
servo motor drive, where a simple adaptive algorithm was utilized to estimate the bound
of uncertainties in the curbing controller of total sliding-mode control system for reducing
the chattering torque. However, the adaptation law for the bound of uncertainties is
always positive and tracking error introduced by any uncertainty will cause the estimated
bound growth. It implies that the curbing controller will result in large chattering with
time gradually. This results that the IM will eventually be saturated and the system
may be unstable. Wai [15] described the dynamic responses of a recurrent-fuzzy-neural-
network (RFNN) sliding- mode controlled permanent magnet synchronous servomotor,
where a RFNN bound observer was utilized to adjust the uncertainty bounds in the
curbing controller of total sliding-mode control system. Although it can solve the problem
of parameter divergence, this control scheme seems to be more complicate such that it is
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difficult to implement in practical applications. Compared the modified control strategy
used in this study with our previous works [8, 15], it can reduce effectively the chattering
phenomena without any auxiliary algorithms such that this simple control scheme can be
easily implemented in industrial applications. The effectiveness of the proposed TSMC
system is verified by the following numerical simulation and experimental results.

4 Numerical Simulation and Experimental Results

For numerical simulations, the parameters of the elevator-door mechanism are designed

as follows:

my = 20kg, mg=15kg, ¢=98, p=0.1,
) ) (22)
ry=1417x 107"m, 1ry=4.2x10""m, [=1.2m.

Moreover, the parameters of the direct-drive-type induction servomotor system are
K; = 0.4851Nm/A, J =478 x 107 >Nms?/rad, B = 5.34 x 10" *Nms/rad, (23)

where the overbar symbol represents the system parameter in the nominal condition. In
addition, the gains of the proposed TSMC control system are given as

K,=14, K,=49, p=01 K =S80. (24)

Properly choosing the values of K, and K, the desired nominal system dynamics such
as rise time, overshoot, and settling time can be easily designed by a second-order sys-
tem, €+ K,é+ Kye = 0. Moreover, the fixed bound p and the constant gain K in
the curbing controller are determined roughly to achieve the superior transient control
performance in both simulation and experimentation considering the requirement of sta-
bility and the possible operating conditions. Note that, introducing the constant gain K
into the curbing controller can tune the convergent speed of the tracking performance
and ensure the stability as the selection of a small value p for reducing the chattering
phenomena induced by the sign function in the curbing controller. Two simulation cases
including motor parameter variations and external disturbance torque in the mechanism
are addressed as follows to verify the robust characteristic of the TSMC system: Case 1:
J=J, B= B, Ty, = INm occurring between 14s-16s; Case 2: J =3 x J, B =3 x B,
T7, = 1Nm occurring between 14s-16s. The control objective is to make the door position
and velocity follow the specific reference profiles under the occurrence of uncertainties.
The door position command is obtained based on the velocity profile of the elevator door.
The door is moving from the left/right side to right/left side with +0.2m/s reference
velocity.

In the simulation, firstly, the computed torque control (CTC) system that is equal
to baseline model design (U. + Us) is demonstrated for comparison. The simulated
results of CTC system at Case 1 and Case 2 are depicted in Figure 4.1. The position
tracking are depicted in Figures 4.1(a) and 4.1(c), and the associated velocity response
are depicted in Figures 4.1(b) and 4.1(d). From the simulated results, favorable tracking
responses shown in the beginning of Figures 4.1(a) and 4.1(c) only can be obtained at
the nominal condition, and poor tracking responses are resulted owing to the motor
parameter variations and external disturbance torque. Though large control gains (K,
and K,) may solve the problem of delay or degenerate tracking responses, it will result
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Figure 4.1. Simulated results of CTC system: (a) position tracking at Case 1;

(b) velocity response at Case 1; (c) position tracking at Case 2; (d) velocity response
at Case 2.

in impractical large control efforts. Therefore, the control gains are difficult to determine
due to the unknown uncertainties in practical applications, and are ordinarily chosen as
a compromise between the stability and control performance.

Secondly, the conventional sliding-model control (CSMC) designed by Slotine and
Li [2] as follows is introduced to compare the control performance of the TSMC system:

U = Ueq + U’r (25)

in which Ueq = U, + U is the equivalent control and U, = aBZjnlsgn (Sr) is the hitting
control, where Sy, = é+ \e; A is a positive constant; « is the hitting gain that is selected
to satisfy the sliding condition. The simulated results of CSMC system (A = 5 and
a = 8) at Case 1 and Case 2 are depicted in Figure 4.2. The position tracking are
depicted in Figures 4.2(a) and 4.2(c), and the associated velocity response are depicted
in Figures 4.2(b) and 4.2(d). Compared Figure 4.2 with Figure 4.1, the CSMC system
got the better control performance than the CTC system, especially under the occurrence
of uncertainties. However, the chattering velocity responses show in Figures 4.2(b) and
4.2(d) are caused by the large selection of hitting-control gain, «. Although the chattering

phenomena can be reduced with small hitting-control gain, it will result in degenerate
control performance.
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Figure 4.2. Simulated results of CSMC system: (a) position tracking at Case 1;
(b) velocity response at Case 1; (c) position tracking at Case 2; (d) velocity response
at Case 2.

Now, the designed TSMC system is simulated under the same cases, and its results are
depicted in Figure 4.3. The chattering phenomenon does not exist in the velocity response
of the TSMC system as shown in Figures 4.3(b) and 4.3(d). Moreover, the robust control
performance of the TSMC system, both in the conditions of motor parameter variations
and external disturbance torque, are obvious as shown in Figures 4.3(a) and 4.3(c).
According to the above numerical simulation, the TSMC system yields the superior
control performance than the CTC and CSMC systems.

The experimentation of the CTC, CSMC and TSMC systems for an actual elevator-
door servomechanism are provided here to further demonstrate the advantage of the
proposed TSMC control system. The PIC16F877 single chip micro-controller produced
by Microchip company is used as a main CPU which has a 2ms control loop to implement
the TSMC algorithm and a 0.2ms interrupt loop to execute current control inner loop
with field-oriented mechanism. In the experimentation, a braking machine is driven by a
current source drive to provide a disturbance torque, and an iron disk is coupled to the
rotor shaft of an induction servomotor taking as an inertia varying mechanism.
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Two experimental conditions are given to verify the robust control performance. One
is the disturbance condition that is the nominal motor inertia with 1Nm disturbance
torque occurring between 14s-16s. The other is the perturbed condition that is the in-
creasing of the motor inertia to approximately three times the nominal value with 1Nm
disturbance torque occurring between 14s-16s. The experimental results of CTC, CSMC
and TSMC systems at disturbance and perturbed conditions are depicted in Figures 4.4
and 4.5, respectively. Note that, there are slight difference between the numerical sim-
ulation and experimental results due to the existence of unpredictable uncertainties in
practical applications. It can be seen from the experimental results that the TSMC sys-
tem tracks well with the specific position and velocity profiles during the whole operation.
Consequently, the proposed TSMC system is more suitable to control the elevator-door
servomechanism considering the existence of uncertainties.
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Figure 4.4. Experimental results of CTC, CSMC, TSMC systems at disturbance
condition: (a) position tracking of CTC system; (b) velocity response of CTC sys-
tem; (c) position tracking of CSMC system; (d) velocity response of CSMC system;
(e) position tracking of TSMC system; (f) velocity response of TSMC system.

5 Conclusions

This study has successfully demonstrated the application of a total sliding-mode con-
trol system to control the motion of an elevator-door mechanism with an indirect field-
oriented induction servomotor drive directly. First, the mechanical structure and dy-
namic analyses of an elevator-door servomechanism was introduced. Moreover, the the-
oretical bases and stability analyses of the proposed TSMC systems were described in
detail. In addition, simulation and experimentation were carried out using a specific
reference profile to verify the effectiveness of the proposed control strategy. Compared
with the CTC and CSMC systems, the TSMC system results in reduced chattering with
robust control performance. The major contributions of this study are the successful de-
velopment of a TSMC system, which has a total sliding motion without a reaching phase,
and the successful application of the proposed TSMC system to control the motion of
the elevator-door servomechanism considering the existence of uncertainties.
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Abstract: In this paper, we study stability and Lo gain properties for a
class of switched systems which are composed of a finite number of linear
time-invariant symmetric subsystems. We focus our attention mainly on
discrete-time systems. When all subsystems are Schur stable, we show that
the switched system is exponentially stable under arbitrary switching. Fur-
thermore, when all subsystems are Schur stable and have Lo gains smaller
than a positive scalar v, we show that the switched system is exponentially
stable and has an £y gain smaller than the same v under arbitrary switch-
ing. The key idea for both stability and Lo gain analysis in this paper is
to establish a general Lyapunov function for all subsystems in the switched
system.
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1 Introduction

By a switched system, we mean a hybrid dynamical system that is composed of a family
of continuous-time or discrete-time subsystems and as a rule orchestrating the switching
among the subsystems. In the last two decades, there has been increasing interest in the
stability analysis and controller design for such switched systems. The motivation for
studying switched systems is from the fact that many practical systems are inherently

@ 2004 Informath Publishing Group. All rights reserved. 103
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multimodal in the sense that several dynamical subsystems are required to describe their
behavior which may depend on various environmental factors [1], and that the methods of
intelligent control design are based on the idea of switching among different controllers
[2—-5]. For recent progress and perspectives in the field of switched systems, see the
survey papers [3, 6] and the references cited therein.

As also pointed out in [3,6], there are three basic problems in stability and design
of switched systems: (i) find conditions for stabilizability under arbitrary switching;
(ii) identify the limited but useful class of stabilizing switching signals; and (iii) construct
a stabilizing switching signal. There are many existing works concerning Problem (ii)
and (iii). For example, references [7—10] considered Problem (ii) using piecewise Lya-
punov functions, and references [11-13] considered Problem (ii) for switched systems
with pairwise commutation or Lie-algebraic properties. References [14—15] considered
Problem (iii) by dividing the state space associated with appropriate switching depend-
ing on state, and references [16, 17] considered quadratic stabilization, which belongs to
Problem (iii), for switched systems composed of a pair of unstable linear subsystems
by using a linear stable combination of unstable subsystems. However, we see very few
dealing with the first problem, though it is desirable to require arbitrary switching in
many real applications. Reference [18] showed that when all subsystems are stable and
commutative pairwise, the switched system is stable under arbitrary switching. There
are some other results concerning general Lyapunov functions for the subsystems in a
switched system, but we do not find any explicit answer to Problem (i) except [18]. In
this paper, rather than considering for a given switched system the condition for stabiliz-
ability under arbitrary switching, we are interested in the following question: What kind
of switched systems are stable under arbitrary switching? Specifically, is there a switched
system whose subsystems are not commutative pairwise, yet it is stable under arbitrary
switching?

For switched systems, there are a few results concerning Lo gain analysis. Hespanha
considered such a problem in his Ph.D. dissertation [19], by using a piecewise Lyapunov
function approach. In [20], a modified approach has been proposed for more general
switched systems and more exact results have been obtained. In that context, it has
been shown that when all continuous-time subsystems are Hurwitz stable and have Lo
gains smaller than a positive scalar v, the switched system under an average dwell time
scheme [7] achieves a weighted Lo gain 7, and the weighted £, gain approaches normal
Lo gain if the average dwell time is chosen sufficiently large. However, the results obtained
in [19] and [20] are conservative, and it is supposed that the main reason is in the use
of piecewise Lyapunov functions. Recently, reference [21] considered the computation
of L5 gain for switched linear systems with large dwell time, and gave an algorithm by
considering the separation between the stabilizing and antistabilizing solutions to a set of
algebraic Riccati equations. Noticing that these papers deal with the class of switching
signals with (average) dwell time, we are motivated to ask the following question: Is
there a switched system that preserves its subsystems’ Lo gain properties under arbitrary
switching?

For the above questions concerning stability and L2 gain, we give a clear (though
not complete) answer in this paper. More exactly, we will show that a class of switched
systems, which are composed of a finite number of linear time-invariant symmetric sub-
systems and called shortly switched symmetric systems, will preserve their subsystems’
stability and Lo gain properties under arbitrary switching. We take such symmetric
systems into consideration since they appear quite often in many engineering disciplines
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(for example, RC or RL electrical networks, viscoelastic materials and chemical reactions)
[22], and thus belong to an important class in control engineering.

Though our discussion is applicable also to continuous-time switched systems with
some modifications, we focus our attention mainly on the following discrete-time switched
system

zlk + 1] = Ay [k] + Boywlk],  z[ko] = wo,

2[k] = Coy2lk] + Dyywlk, D

where z[k] € R™ is the state, w[k] € R™ is the input, z[k] € RP is the output, ko > 0 is
the initial point and xg is the initial state. o(k): Zy — Iy = {1,2,..., N} is a piecewise
constant function, called a switching signal, which is assumed to be arbitrary. Here, Z
denotes the set of all nonnegative integers not less than kg, and A;, B;, C;, D; (i € Iy)
are constant matrices of appropriate dimensions denoting the subsystems, N > 1 is the
number of subsystems. Throughout this paper, we assume that all subsystems in (1.1)
are symmetric in the sense of satisfying

A, =AF, B,=0CFf, D;,=D} Viely. (1.2)

It should be noted here that the assumption (1.2) does not cover all symmetric subsys-
tems, which are usually defined in the form of transfer functions, and a more general
definition is that T;A; = AiTTl-, T,B; = Cl-T , D = D;F holds for some nonsingular
symmetric matrix T; [22—24]. However, (1.2) represents an interesting class of symmet-
ric systems [25], and for the benefit of this paper we are concentrated on such kind of
symmetric systems.

We will say the switched system (1.1) is ezponentially stable if ||z[k]|| < p*=ko||zo||
with 0 < g < 1 holds for any k > k¢ and any initial state xg, and will say the switched

k k
system (1.1) has an Lo gain v if > 2T[j]z[j] <42 3. wT[j]w[j] holds for any integer
Jj=ko J=ko
k > ko when xy = 0. These definitions are also valid for all the subsystems in (1.1).
This paper is organized as follows. In Section 2, assuming that all subsystems are Schur
stable, we show that there exists a general Lyapunov function for all subsystems, and
that the switched system is exponentially stable under arbitrary switching. In Section 3,
assuming that all subsystems are Schur stable and have £, gains smaller than a positive
scalar v, we prove that there exists a general Lyapunov function for all subsystems in
the sense of Lo gain, and that the switched system has an L5 gain smaller than the same
~ under arbitrary switching. Finally we give some concluding remarks in Section 4.

2 Stability Analysis

In this section, we set w[k] = 0 in the switched system (1.1) to consider stability of the
system under arbitrary switching. We first give a preliminary result.

Lemma 2.1 Consider the discrete-time symmetric system
z[k 4+ 1] = Az[k], (2.1)

where z[k] € R™ is the state and A is a constant symmetric matriz. The system (2.1)
is Schur stable if and only if
A% < I (2.2)
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Proof Since A is a symmetric matrix, there exists a nonsingular matrix @) satisfying
QT = Q! such that
QTAQ = diag {\1, A2, ..., Mn}, (2.3)

where \;, i = 1,2,...,n, are A’s real eigenvalues (noticing that the symmetric matrix
A has only real eigenvalues), and thus

QTA’Q = diag {\?, A2, ..., A2} (2.4)

The discrete-time system (2.1) is Schur stable if and only if |\;| < 1, ¢ = 1,2,...,n,
which is equivalent to

QTA2Q < I (2.5)

according to (2.4). Since QQT = I, the inequality (2.5) is equivalent to (2.2). This
completes the proof.

Remark 2.1 Lemma 2.1 implies that if all 4;’s in (1.1) are Schur stable, there exists
a general Lyapunov matrix P = I for all A;’s, satisfying the LMI

ATPA; —P <0, Viecly. (2.6)

Hence, V(z) = 2Tz serves as a general Lyapunov function for all subsystems in (1.1).
Now we state and prove the main result in this section.

Theorem 2.1 When all subsystems in (1.1) are Schur stable, the switched symmetric
system (1.1) is exponentially stable under arbitrary switching.

Proof Since all subsystems in (1.1) are Schur stable, according to Lemma 2.1, the
matrix inequality

A? <1 (2.7)

holds for all ¢ € T, and thus there exists a scalar € € (0, 1) such that
A2 < (1—e)I, Yiely. (2.8)
Now, we consider the Lyapunov function candidate
V(z)=2Tx. (2.9)
According to (2.8), we obtain for any integer k > ko that

V(z[k]) = 2T [k z[k] < (1 — €)a [k — 1]z[k — 1]

(2.10)
=1 =¢V(z[k—1])
holds under arbitrary switching, and thus
V(z[k]) < (1= o)V (2[ko]) (2.11)

which means

k)]l < (VT = &)™l (2.12)

Since this inequality holds for any initial state z, the switched system (1.1) is exponen-
tially stable.
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Remark 2.2 For the continuous-time switched symmetric system
.I(t) = Ao’(t)'r(t)v (213)

where A; = AT, i € Ty, are constant Hurwitz stable matrices, we easily see that 4; < 0

7 7

holds for all ¢, which implies that the general Lyapunov matrix P = I satisfies the LMI
AP+ PA; <0, VielIy, (2.14)

and thus the switched system (2.13) is exponentially stable under arbitrary switching.

3 L5 Gain Analysis

In this section, we assume 2y = 0 in the switched symmetric system (1.1) to study the
Lo gain property of the system under arbitrary switching. First, we state and prove a
lemma which plays an important role in the discussion of this section. We note that the
idea of this lemma and its proof is motivated by Lemma 2 of [25], where continuous-time
symmetric systems are dealt with.

Lemma 3.1 Consider the discrete-time symmetric system

zlk + 1] = Az[k] + Bwlk]

z|k] = Cz[k] + Dw[k], (3-1)

where x[k] € R™ is the state, w[k] € R™ is the input, z[k] € RP is the output, and A,
B, C, D are constant matrices of appropriate dimensions, satisfying A= AT, B=CT,
D = DT. The system (3.1) is Schur stable and has an Ly gain smaller than v if and

only if ;o 5 .

A -I 0 B
BY 0 —~I D
0 BT D —4I

< 0. (3.2)

Proof Sufficiency The condition (3.2) means that the matrix inequality

—-P PA PB 0

AP —-P 0 COT

BTP 0 —I DV
0 C D —I

<0 (3.3)

is satisfied with P = I. Hence, according to the Bounded Real Lemma [26] for discrete-
time LTI system, the system (3.1) is Schur stable and has an Lo gain smaller than ~.

Necessity  Suppose that the system (3.1) is Schur stable and has an £5 gain smaller
than . Then, there exists a matrix Py > 0 such that

-P, P,A PB 0

AP, -Py 0 B

B'P, 0 —I D
0 BT D —4I

<0, (3.4)



108 GUISHENG ZHAI, XINKAI CHEN, MASAO IKEDA AND KAZUNORI YASUDA

where C' was replaced by BT.

Now, we prove that P =T is also a solution of the above matrix inequality (i.e., (3.4)
holds when replacing Py with I). Since Py > 0, there always exists a nonsingular matrix
U satisfying UT = U~! such that

UTRU = %y = diag {01, 09, ..., 0},

3.5
o; >0, 1=1,2,...,n. (3:5)

Pre- and post-multiplying (3.4) by diag {U™, U™, I, I'} and diag {U, U, I, I}, respectively,
we obtain _ o
—Yp YA XoB 0

AYy =%y 0 B
B 0 - D
0 B D —vI

<0, (3.6)

where A = UTAU, B = UTB. Furthermore, pre- and post-multiplying the first and
second rows and columns in (3.6) by X3! leads to

-5t Ayt B 0
0

DI B Y >, 'B
—=T <0. (3.7)
B 0 —I D
0 B'x;' D I

In (3.7), we exchange the first and second rows and columns, and then exchange the
third and fourth rows and columns, to obtain

-5t StA 2B o

Ayt =xgt 0 B

D

— < 0. 3.8
B'sgt 0 Al (3:8)
0 B' D ol
Since o7 > 0, there always exists a scalar A; such that
0<M <1, Mo+(1-X\)o'=1 (3.9)

Then, by computing A1 x (3.6) + (1 — A1) x (3.8), we obtain

¥ A BB 0
iy, -, o0 B
B'S, 0 - D

0o B D -~

<0, (3.10)

where

21:diag{)\lal—i-(l—Al)afl,/\lag—i-(1—Al)agl,...,Alan—l—(1—/\1)051} ( )
3.11
£ diag {1,59,...,5,} > 0.
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In the similar way to obtain (3.8), we can obtain from (3.10) that
-t xtA 2'B o

AT -2t 0 B

B's;! 0 -4 D

0 B' D ol

< 0.

Since g5 > 0, there exists a scalar Ay such that

0< X <1, XaGo+(1—X)a, ' =1.

Then, the linear combination A2 x (3.10) + (1 — A2) X (3.12) results in

~Yy SA B0
A%, -%, 0 B
B'S, 0 -4 D

0 B D oI

<0,

where
s A2n 4 (1= X2)5, '}

¥y = diag {1, XaGa + (1 — X2)ay L, ...
2 diag {1,1,...,0,} > 0.

By repeating this process, we see that %, = I also satisfies (3.6), i.e.,

-I A B 0
A -1 0 B 0
B 0 - D |°

0 B D —+I

Pre- and post-multiplying this matrix inequality by

diag {U,U,I1,I} and diag{U*,U", 1,1},

respectively, we obtain (3.2). This completes the proof.
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(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

Now, we assume that all subsystems in (1.1) are Schur stable and have L4 gains smaller

than +. Then, according to Lemma 3.1, we have
-1 A; By 0
A, -1 0 cr
BY 0 —I D
0 Cl Di —’}/I

<0

for all ¢+ € Zy, which is equivalent to

1 1
A2+ 2CrCi -1 AB,+-CID;
i i <0.

1 1
B;TAZ + —=D;C; B;I‘Bl + —Dg —~I
Y Y

(3.17)

(3.18)
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We compute the difference of the Lyapunov function candidate V(z) = zTx along
the trajectory of any subsystem to obtain

V(xk+ 1)) = V(z[k]) = 2" [k + 1z[k + 1] — 27 [k]2[k]
= (Asz[k] + Biw[k))" (Asz[k] + Byw[k]) — " [k] x[k]
A2 -1 ATB;] [ z[k]
Bl A, B?BJ Lﬂﬂ}
FCICi SCID: | [alk]
lDiCi lD? — ’}/I
e

— [T W] [

< —[a"[k] w[k]]

_ _% (2" [k]2[k] — v*w " [KJw[k]) ,

where (3.18) was used to obtain the inequality, and the trivial case of z[k] =0, w[k] =0
is excluded here.

For any piecewise constant switching signal and any given integer k > ko, we let
ki,...,k (r > 1) denote the switching points of (k) over the interval [ko, k). Then,
using the difference inequality (3.19), we obtain

Vialk]) = Valk]) < - J§<ZT[j]z[j] — 2w [fluwlj])
Velk )~ Velk 1) < —= _; TR -G
Vialkl) = V(afkol) < — kz (=" [j120] = 2" ilulj])
We add all the above inequalities to get to
V(x[k]) = V(xlko]) < —% 210 (=" [)2l] = v [flwli]) - (3.21)

Then, we use the assumption that x[kg] = g = 0 and the fact of V(z[k]) > 0 to obtain

k—1 k—1
3 Tl <22 Y wTliulil. (3.22)
j=ko j=ko

We note that the above inequality holds for any k£ > kg including the case of k — oo,
and that we did not add any limitation on the switching signal up to now.
We summarize the above discussion in the following theorem.

Theorem 3.2 When all subsystems in (1.1) are Schur stable and have Lo gains
smaller than -y, the switched symmetric system (1.1) is exponentially stable and has an
Lo gain smaller than the same vy under arbitrary switching.
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Remark 3.1 From Lemma 3.1 and the proof of Theorem 3.1, we see that if all sub-
systems in (1.1) are Schur stable and have £y gains smaller than «y, then there exists a
general Lyapunov matrix P = I for all subsystems, satisfying the LMI

-P PA; PB, 0
Artp -p 0o CF

i . 2
BP0 -y pr|<° (3:23)

K2

0 Cl Dl —’7[

Hence, V(z) = 2Tz serves as a general Lyapunov function for all subsystems in the
sense of Lo gain.

Remark 3.2 Consider the continuous-time switched symmetric system

.’L‘(t) = Ag(t)x(t) + Bg(t)w(t)

(1) = Coyalt) + Do), 2
where all the notations have the same meanings as in (1.1) except that the vectors x(t),
w(t), z(t) and the switching signal o(t) are with respect to the continuous time ¢ . We
assume that all subsystems in (3.24) are Hurwitz stable and have £y gains smaller than
~. Then, the LMI
AfP+PA; PB; Cf
BIP —~yI DF | <o (3.25)
Ci Dl —’yI

has a general solution P = I for all ¢ € Zy. Using the same technique as in the proof of
Theorem 3.1, we can prove that the switched symmetric system (3.24) is exponentially
stable and has an Lo gain smaller than « under arbitrary switching.

4 Concluding Remarks

In this paper, we have studied stability and £, gain properties for a class of switched
systems which are composed of a finite number of linear time-invariant symmetric sub-
systems. Assuming that all subsystems are Schur stable and have £5 gains smaller than
a positive scalar v, we have shown for both stability and Lo gain analysis that there ex-
ists a general Lyapunov function V(z) = 2Tz for all subsystems, and that the switched
system is exponentially stable and achieves an L5 gain smaller than the same v under
arbitrary switching.

We note finally that the result of the present paper can be extended to the switched
symmetric systems in a more general sense. More precisely, if the equations T'A; = AT,
TB; = CF, D; = DI are satisfied for a constant matrix 7" > 0, then we consider
the similarity transformation A,; = TY?A, 7Y% B,; = T'?B;, C,; = C;T~/?,
D,; = D;. Since stability and Lo gain properties of the system in this transformation
do not change and we can easily confirm that A,; = AL, B,;, = CL, we can apply
the result we have obtained up to now for the system represented by the quadruplet
(Asi, By, Cyiy Dy;) and thus derive corresponding result for the original switched system
under arbitrary switching.
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1 Introduction

Difference equations often appear in the study of numerical methods, combinatorial enu-
meration and system analysis [5, 6]. There are many methods for solving the linear differ-
ence equations of one argument with constant coefficients such as method of generating
functions, method of Z transformation and that similar to the methods for solving the
linear differential equations [1,2]. But there are few papers on the difference equations
of two variables or partial difference equations. In this paper two kinds of linear partial
difference equations with constant coefficients are discussed and their explicit solutions
are obtained.

2 Definitions and a Lemma

Definition 1 The following difference equation is called first order linear partial dif-
ference equation with constant coefficients

au(t,s) + pu(t,s — 1) +yu(t —1,5) + du(t —1,s — 1) + A =0, (1)

@ 2004 Informath Publishing Group. All rights reserved. 115



116 XIAOZHU ZHONG, YAN SHI, HAILONG XING AND YUNLIANG YUAN

where a, 3, v and § are all constants, t and s are positive integers, and A = A(¢, s) is a
given function.

For convenience, we will classify equations (1) as follows:
If a#£0, v#0, then (1) can be written as

Yt - Tut 1) - Cut—1s—1) -
u(t,s) = ﬁu(t,s 1) au(t 1,s) au(t 1,s—1) = (2)
If a#0, v=0, then (1) can be written as
B J A
t,s)=——u(t,s—1)— —u(t—1,s —1) — —.
ultys) = =2 uftys ~ 1) = St 1,5 1)~ 2 3)
If =0, 3#£0, v+#0, then (1) can be written as
5y ) A
u(t,s—1)=—=u(t—1,s) — =u(t—1,s — 1) — —=. 4
( ) 5 ) 3 ( ) 3 (4)
Equation (1) also can be expressed by
y 1) A
u(t,s) =—=u(t—1,s+1)—=u(t—1,s) — —=. 5
(t,s) 3 ( ) 3 ( ) 3 (5)

If the term wu(t — 1, s) of (4) is placed on the left-hand side, the other terms are moved
to the right-hand side, and ¢ — 1 is replaced by ¢, then (4) can be written as

——éu 5§ — —éu 5 — _A
ultys) = =u(t+ Ls 1) = Zults 1) = 2. (6)

Ifa=0,8#0, y=0orif a=0, =0, v=#0, the equations (1) are both actually
difference equations of one variable, which is not discussed here. If a = 8 =~ = 0,
d # 0, then the equation (1) is trivial one, which is also not considered here.

Without loss of generality the equations (2)—(6) can be classified in following four

types:

(A) u(s,t) = au(t,s — 1)+ bu(t — 1,8) + cu(t — 1,s — 1) + d(t, s), )
u(t,0) = F(t), u(0,s)=E(s)

(B) u(s,t) = au(t,s — 1)+ bu(t — 1,5 — 1) + d(¢, s), <
u(t,0) = F(t). ®)

(O) u(s, t) =au(t —1,s+ 1)+ bu(t —1,s) + d(¢, s), ©
u(0,8) = E(s)

(D) u(s,t) =au(t+1,5s — 1)+ bu(t,s — 1) +d(t, s), 10)
u(t,0) = F(t).

where a, b, ¢ are constants and d(t, s) is a given function of ¢ and s.

Definition 2 The following difference equation is called second order linear partial
difference equation with constant coefficients

au(t, s)+bu(t, s—1)+cu(t,s—2)+d(t—1,s—1)+eu(t—1, s)+ fu(t—2, s)+g(t,s) = 0. (11)
where a, b, ¢, d, e, f are all constants, ¢t > 2, s > 2 and g = ¢g(t,s) is a given function.
In this paper we only discuss equation of type (E)
(E) u(t,s) = au(t — 2,8) + bu(t,s — 2) + g(t, s),
u(t,0) = Fo(t), wu(t,1)=Fi(t), u(0,s)= FEo(s), u(l,s)= Ei(s).
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Lemma For the given constant a, b, ¢ and nonnegative integers k and n, we set

R(n, k) = > [T E b=

i1+ig+Fin=k r=1
>0 (r=1,2...,n)

where
07 k> 07 1 a, m = O7
R(n, k) = , H=ab+c, Hx*xb"""'= 3
1, k=0. Hpm= ' m>1.
Then for the given function f(t), R(n,k) satisfies the following equation
¢ t—k t
S R(m, k)Y R(LHF(E—k—j)=> Rm+1,k)f(t—k).
k=0 7=0 k=0

The lemma is easy to verify by induction, so the proof is omitted.

3 Solution of Explicit Expressions of the Partial Difference Equations

In the sequel, we shall give main results of this paper.
Theorem 1 For t>1 and s> 1,
(1) the solution of type (A) is

t—1 t—1s—1
u(t,s)=> R(s,k)F(t—k)+> > R, k)M(t—Fk, s—j),
k=0 k=0 j=0
where
M(t,s) = b eu(0, s — 1) + bu(0, s)] + i bid(t —1i, s)
i=0

=b"eE(s — 1)+ bE(s —|—Zbl (t—1,s)

(2) the solution of type (B) is

s s—1 k
u(t,s) =Y Cra* POFP(t—k)+ )Y Clad* IV d(t — k, s — j);
k=0 k=0 j=0

(3) the solution of type (C) is

t t—1 k
= Cla" "V E(t+s—k)+ Y > Cla"Ivid(t —k, s+ k — j);
k=0 k=0 j=0
(4) the solution of type (D) is
s—1 k

Zc’”’fbk (t+s—k)+> > Cla"IVd(t+k—j, s — k).

k=0 k=0 35=0
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Proof We only prove (1) and (3), the other proofs are similar to each other, hence
omitted.

(1) For the problem (A), b# 0. Let us set N(t,s) =au(t,s—1)+cu(t—1,s—1)+
d(t,s), then

u(t,s) = N(t,s) +bu(t —1,8) = N(t,s) +b[N(t — 1, s) + bu(t — 2, s)]

9 (13)
=N(t,s)+bN(Et—1,8)+bult—2,8) =...
By induction we have
t—1 t—1
u(t,s) =Y bN(t—k,s) + b'u(0,s) = > H#+b"'u(t —k,s— 1)+ M(t,s)
k=0 k=0 (14)
t—1
=Y R(LKu(t—*k,s—1)+ M(t,s).
k=0
For any positive integer ¢ (1 <1 < s), it is easy to be tested by induction also that
t—1 i—1 t—1
u(t,s) =Y R(i,k)u(t—k, s —i)+ Y > RGk)M(Et -k, s - j), (15)
k=0 §=0 k=0

where i = s (15) is the solution to (A).

(3) The situation “y = 0 in (1)” is equivalent to the situation “b = 0 in (A)”. But
the proof (1) is under the condition b # 0, so the solution of problem (B) can be not
the solution of (A) by letting b = 0. Now we will prove that for any positive integer ¢
(1 <i<s) the following holds:

i i—1 k
u(t,s) =Y CFaFvhu(t —k, s —i)+ > > ClabIVd(t —j, s —k).  (16)
k=0

k=0 j=0

In fact, while ¢ = 1, (16) becomes (8). Suppose (16) holds for 7, then for i+1, substituting
u(t —k, s —1i) in (16) by (8) we have

u(t,s) = ZCikai_kbk[au(t—k, s—i—1)4+bult—k—-1,s—i—1)+d(t—k,s —1i)]
k=0
i_l k) . . .
+ ZZCiak_Jb]d(t —J,5—k)

k=0 j=0

=Y Cla™Rpbu(t — ks —i— 1)+ Y Cra R u(t -k — 1,5 —i— 1)

=0 k=0
i - i—1 k ) o
+ Y Cra M Rd(t — ks — i)+ )Y Cla"Ivd(t — jos — k).
k=0 k=07=0
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The first two terms of (17) can be merged into one term by using formula C* + C'Z-k*1 =
C»’“H, the third term can be merged into the last term by substituting &£ by j and ¢ by k

3
respectively, hence

i+1 (i+1)—1 g

Z Foa T Rt — ks —i— 1) + Z ZCJ vt — 4, s — k),

which shows that (16) is proved and by letting i = s (16) becomes the solution of (2).
Theorem 2 The solution to (E) is

s1—1 t1—1
u(t,s) = a Z Cry,_1b"u(8(t), s — 2k) + b Z s 1@ u(t — 24, 5(s))
k=0
18
51—1 tl—l ( )
+ Z Z C’,f+jajbkg(t — 24, s — 2k),
k=0 j=0
t—1 s—1 L . Lo
where t1 = [T}’ §1 = [ 5 }, [x] expresses the minimum integer which is greater

than or equals to x,
5(x) :{ 1, if x is odd,

0 if x is even.

Proof 1If b=0 in (12), then the equation becomes the second order difference equa-
tion of one argument ¢. The solution can be easily calculated as follows:

t1—1

ult,s) = a"u(8(t),s) + > _ a"g(t — 2k, s). (19)

k=0

If b0 in (12), taking u(t, s —2) in (12) as an iterative term calculated successively one
obtains

u(t,s) = au(t — 2, s) + bu(t, s — 2) + g(¢,s)

=au(t —2, s) + blau(t — 2, s — 2) + bu(t, s — 4) + g(t, s — 2)] + g(¢, s)

= au(t — 2, s) + abu(t — 2, s — 2) + b[au(t — 2, s — 4)
+bu(t, s—6) 4+ g(t, s —4)] +bg(t, s —2) + g(t, s)

= au(t — 2, s) + abu(t — 2, s — 2) + ab*u(t — 2, s — 4) + b3u(t, s — 6)
+0%(t,s = 4) +by(t,s — 2) + g(t, 5)

Hence one can get the following by induction
81—1 S1— 1

u(t,s) =a »_ bu(t—2, s —2k)+b"u )+ Z beg(t, s — 2k). (20)
k=0
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Now we will prove by induction again that for any positive integer i (1 <1 <)

S1— 1 1—1
u(t, s) = a’ Z Cit o bhult — 20, s — 2k) + 5 Y~ €Y o yalu(t — 24, 6(s))
j=0
s1—1i1—1 (21)
+ Y0 Ol albrg(t — 24, s - 2k).
k=0 7=0

In fact, when ¢ = 1 (21) becomes (20). Suppose (21) holds for i, then for i + 1,
substituting the term u(t — 24, s — 2k) in (21) by (20) one can get:

(=21

s1—1 2
ult,s)=a" Y Ciibla > bu(t—2i-2, s -2k —2j)
k=0 Jj=0
[5 2;—1]71
ol TE T e - 20, 6(s —2k) + > big(t—2i, s —2k—2j)| (32
j=0
i-1 _ s1—1i—1
—l—bslZCgthflaju(t—Qj7 )+ Z cl, ajbk (t —24, s — 2k).
j=0 k=0 j=0
Because
—2k—-1 -1 -1
[S ! ] _ {5 . _k] _ [S . ] Ch—si—k O(s—2k) = &(s),
s1—1 s1—k—1 s1—1 s1—1
i—1 k (i+1)—1 k i—1 i—1
Z Ok:—i—z lb Z bJ = Z CkJr(lzrl b ’ Z Ck-H 1 Osl—i-z 1
k=0 Jj=0 k=0
hence (22) can be written as
) S1— 1 Slfk‘fl )
u(t, s) = a'*? Z Chia b > bu(t—2i—2, s — 2k — 2j)
§=0
S1— 1 S1— 1 Sl,k,l
+a ZC}H} (bt — 20, 0s) +a' y Cit b > Mgt — 2,5 — 2k — 2j)
k=0 §=0
s1—1i—1 ) ) i—1 i .
+ Z ZCiﬂ-ajbkg(t — 24,5 —2k) + b Z O, 410 u(t — 24,05)
k=0 j=0 §=0
s1—1 (i+1)-1
2 (i+1) . s j 1 .
=gt Z C’k_‘_(lﬂ) WOFu(t—2(i+ 1), s — 2k) + b™ Z C 410 u(t — 24, ds)
§=0
s1—1 s1—1i—1

+a Zo,gfl”llb’“ —2i, s —2k)+ Y > Cl albkg(t — 2j, s — 2k)
k=0 7=0
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s1—1 (i+1)—1
i i+1) . s j i .
- +1§ :c,gjm) DFu(t =200+ 1), s = 2k)+ b D CL L alu(t — 2], 6(s))
=0
S1— 1(1+1

+Z Z c,g+ albFg(t — 24, s — 2k).
Jj=

t—1
One obtains (21). With i =1¢; = {T}’ (21) becomes (18). It is easy to know that

(19) is the exception of (18), thus the proof of Theorem 2 is completed.

4 Examples

Ezample 1 Find the numbers of the shortest lattice paths with diagonal steps [3].
On the coordinate plane, the number of the shortest lattice paths with diagonal steps
is called Delannoy number [3], which satisfies the difference equation:

D(t,s)=D(t, s—1)D(t—1,s)+D(t—1,s—1),

D(t,0) = D(0,s) = 1. (23)

Problem (23) is the type of (A), where a =b=c¢ =1, d =0 and its solution is

D(t,s) = i R(s,k)F(t — k) + i i R(j,k)M(t —k, s — j),
k=0 k=0 j=0

where F(t) = D(t,0) =1, M(t,s) = D(0, s — 1) + D(0, s) = 2, from which one gets

t—1 t—1s—1
D(t,s) =Y R(s,k)+2) > R(j k). (24)
k=0 k=0 j=0

Because

1, m=0;
H=ab+c=2, H*bm_l_{

) — )

R(n, k) = > [[E b1 =>" C,T( > f[ H % b~ )
m=0

i1 tiat+in=k, r=1 = itigttinm=k, =1
i» >0, (r=1,2...,n) ir>1, (r=1,2...,n—m)

n n
_ m n—m | __ maon—m
=Y a ) 2 - o ) 1).
m=0 i1 4i2 4 Fin_m=k, m=0 i1 4ig+-Fin—m=Ek,
ir>1, (r=1,2...,n—m) ir>1, (r=1,2...,n—m)

From the literature [4] we know that the number of the natural number solution to
the equation z1 +xo + -+ Tp_pm =k is C’Z:{”_l, hence

R(n,k) =Y 2rmepcp .

m=0
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It follows that

t—1 s S -1
D Rsk) =3 > 2TCIGIIT =) 2“"(?@"(2 021’“)

k=0 k=0m=0 m=0 k=0
s t—1 s s
72 s—m ym § s—m—1 75 s—m ym s—m7§ mm om
- 2 C; C%—l - 2 (¥ C%fl - 2 C& C&—h
m=0 k=s—m m=0 m=0

where
s—m—1 __ s—m
§ : Ckfl _Ct—l :
k=s—m

Calculating shows that

t—1 s—1 s—1 t—1 s—1 J
23 S kG K =23 (sz) S Y e,
k=0 ;=0 j=0 =0 m=0

S—

k=0
s—1
=2 2
m= m

momom, =2 Z 2mem ( > Cm>
s—1 s—1

-9 Z QmCtrrilCSm+1 _ Z 2m+10twilc«;n+17

m=0 m=0

1
05=

where
s—1
m m—+1
S o= ot
j=m

With the above result one gets

t—1 s—1

s s—1
ZR s, k) +2> > R(k) =Y 2mCrcr, + Y 2mtiertior,

k=0 j5=0 m=0 m=0

= Z OO, + YY) = ) 2merey.

m=0 m=0
This is the very result given out of [3].

Example 2 Find all eigenvalues of the following matrix B

o v

8 .

where the matrix B has the following characteristics:
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1. All the main diagonal elements of B are «.

2. All the skew diagonal elements of the downright square submatrix of B are 8. If
the number of the submatrix‘s order is odd, then the cross-element of the main diagonal
line of the submatrix and its skew diagonal line is still a (the line connecting the upright
corner of a square matrix with its downleft corner is called skew diagonal line).

3. The remained elements of B are all 7.

To find the eigenvalues of the matrix B is to find the roots of equation det (A\I—B) = 0,
where [ is a unit matrix of order equivalent to B. Let us first calculate det B. In fact,
the matrix B is similar to matrix A(t, s) where

a p
0 «

= R
O™

Alt,s) = (25)

@D R
o™

Q7 (t45)x (t+s)

(t > s > 0) is a matrix of order (t+ s) x (t + s), where there are s submatrixes of order
!

2: <g §>’ and a submatrix of order (¢t — s): , the unlisted elements are

all v, which is shown above.
It is easy to know that

det B = det A(t,s) = 2(a — B)det A(t,s — 1) — (a — B)?det A(t — 1, s — 1),

t>s>1. (26)
The initial condition is that
det A(t,0) = (a — )" 'a+ (t—1)7], det A(0,0) =1.
This is the very type of problem (B), where
a=2a-p), b=—(a=p)? c=0, Ft)=(a-) " a+{-1)9]
The solution of it can be calculated as follows
det A(t, ) = (a = B)*(a+ B —27)* " Ha—7y) " (27)

x{(a+B=2y)a+ (- 1)y +sy(a—B)}.

Substituting elements «, § and v of matrix B by A — a, —3 and —+ respectively,
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then we can get immediately eigenvalues of B:
(i) If ¢ > s> 1, then

A1 = (a— ) 1is aroot of s-multiplicity;

X = (. —7) is aroot of (t — s — 1)-multiplicity;

A3 = (a+ B —27v) isaroot of (s — 1)-multiplicity;
1

M= s{l@+B-29) + (a+(t-1)7) + 5

+Vl@ri-2)+ @+ @rs—DE -t h-2)@+ -1 +sa@— A},
3o = 3 {la+ 629+ @+ (t= 1)) + 5]

- \/[(a+6—27)+(04+(t+5—1)7)]2—4[(a+f)’—2v)(a+(t—1)7+87(a—6))]}

are two single roots.

(ii) If t =s > 1, then
det A(t,s) = (a — B)*(a+ B —27) Ha+ B+ (s — 2)7),

A1 = (a—B) isaroot of ssmultiplicity;
Xe=(a+P8—2v) isarootof (s— 1)-multiplicity;
A3 = (a+ B —2y) is asingle root.

)

If t>s=0, then
det A(t,s) = (@ — )" H(a+ (t—1)y);

(iii

A =a—7 isaroot of (¢t — 1)-multiplicity;
Ao =a+ (t—1)y is a single root.

5 Conclusions

This paper has been focused on the study of the solution’s explicit expressions of some
kind of partial difference equations. The method is very simple, but the results can be
used in the study of some kind of combinatorial enumerations and some other related
fields.
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