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Abstract

We study the absolute stability of large-scale time-delay Lurie indirect control systems
with unbounded coefficients. Based on Lyapunov-Krasovskii functional approach, we
derive some novel absolute stability conditions for this class of Lurie systems with a
single nonlinearity. These conditions are particularly suitable for large-scale
time-delay Lurie systems with unbounded coefficients. At the same time, they are
also effective for such systems with bounded or constant coefficients. Furthermore,
we extend the results obtained to multiple nonlinearities. The effectiveness of the
proposed methods is illustrated via two numerical examples.

Keywords: large-scale time-delay system; lurie indirect control system; absolute
stability; Lyapunov second method

1 Introduction

In the early 1940s, the absolute stability concept was defined by Lurie and Postnikov [1].
Since then, the absolute stability analysis for Lurie systems has received considerable at-
tention from the academic community, and there have been a great number of publications
on this topic [2—6]. Meanwhile, the time-delay phenomenon frequently appears in prac-
tical engineering systems. Its presence can degrade performance of the control system or
even lead to instability. Therefore, the research of absolute stability of time-delay Lurie
systems is of important significance. In [7], by splitting the whole delay interval into even
or uneven subintervals, a new Lyapunov-Krasovskii functional was constructed. Based on
Lyapunov second method, some new absolute stability conditions were proposed. In [8],
by employing integral-equality technique, the stability criteria for Lurie control systems
with multiple delays were obtained. In [9], the absolute stability of Lurie nonlinear systems
with time-varying delay was investigated based on augmented Lyapunov-Krasovskii func-
tional and free-weighting matrix approach. At the same time, the absolute stability theory
of time-delay Lurie systems was also applied in the study of synchronization problems;
some relevant works were presented in [10-14].

It should be pointed out that some practical systems, such as communication systems,
electric power systems, and biological systems, can be represented in the form of large-
scale systems [15]. Over the past few years, much effort has been devoted to investigating
the problem of absolute stability of large-scale Lurie control systems, and many impor-
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tant results have been reported in the open literature. In [16], some sufficient conditions
in terms of BMIs were presented to guarantee the absolute stability of interconnected
Lurie direct control system. By using the decomposing method of large-scale system and
M-matrix property, the authors in [17] considered a class of Lurie indirect control large-
scale systems and derived simple stability conditions. Subsequently, the authors in [18]
extended the criteria proposed in [17] to the case of large-scale Lurie indirect control sys-
tems with multiple operators and unbounded coefficients. By employing a similar method,
the absolute stability problem of large-scale Lurie direct control systems with time-varying
coefficients was well addressed in [19, 20]. However, to our knowledge, there are few re-
sults on the absolute stability of large-scale Lurie systems subject to time-delay. This has
motivated our study.

In this paper, we deal with the absolute stability problem of a class of large-scale time-
delay Lurie indirect control systems with unbounded coefficients. A Lyapunov-Krasovskii
functional-based approach is presented to obtain some new sufficient conditions such that
the absolute stability of the system under consideration can be ensured. The main contri-
butions of this paper are as follows: (i) The elements of the system coefficient matrices
can be unbounded functions, and the time-delay can be very large under admissible con-
ditions. (ii) The stability criteria proposed are applicable not only to large-scale time-delay
Lurie systems with unbounded coefficients but also to this class of systems with bounded
or constant coefficients.

Notation: Throughout the paper, P > 0 (P < 0) means that a matrix P is symmetric pos-
itive (negative) definite; A(A) denotes any eigenvalue of square matrix A; |x|| stands for
the Euclidean norm of a vector x = [x; %, --- x,]7, that is, ||| = ‘/Zf'ﬂx?; IA] is the
matrix norm induced by the vector Euclidean norm, that is, ||A|| = max; |A%||, and
it is easy to verify that ||A| = \/m; lim;_, o, denotes the upper limit. For sim-
plicity of presentation, let ¢(s) = [x] (£ +5) xL(t +5) -+ xL(t +5) U(t)]T,s € [-7,0],£ > 0;

Nl =/ [ 16(s)1> ds.

To obtain our main results, the following lemmas are needed.

Lemma 1 (The Schur complement lemma [21]) Let M, N, P be constant matrices of ap-
propriate dimensions, where M and N are symmetric. Then

M P
<0
PT N

ifand only if N < 0 and M — PN-'PT < 0.

Consider the following functional differential equations with finite delay:
x(t) :f(t»xt)) (1)

where x(¢) € R", x; is a function defined in the interval [-/, 0] as x; () = x(¢+0),-h <0 <0,
h is the maximum delay, and f is a functional. Let C be the set of all continuous functions
defined in the interval [/, 0]. Then the initial condition of (1) can be expressed as x;, = ¢,
for ¢ € C. With this notation, the domain of definition of f is R x C. A more detailed
description can be found in [22].
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Denote by K the set of strictly increasing continuous functions W : R, — R, with

W (0) = 0. Also, |||¢]l| = +/ fi lp(s)||* ds, where || - || refers to the usual Euclidean norm.

For system (1), we have the following lemma.

Lemma 2 Suppose that a functional V and functions W, W1, Wo, W3 € K are such that
@) Wlg)l) = V(L o) = Willp(0)I) + Walll#lil),
(i) V(t,¢) < -Ws(ll¢(O)ID).
Then the zero solution of (1) is uniformly asymptotically stable. In addition, if
lim,_, oo W(s) = 00, then it is globally uniformly asymptotically stable.

Proof Burton in [22, 23] has proved the classical uniform asymptotic stability result. In
fact, if lim,_, .o W (s) = 0o, then, in the proof of Theorem 1 of [23], for arbitrary large § > 0,
there exists ¢ > 0 such that W;(8) + Wa([nh8?] %) < W(e), and therefore the global uniform
asymptotic stability can be concluded. O

We first analyze large-scale time-delay Lurie indirect control systems with a single non-
linearity, and then we extend the results derived to multiple nonlinearities. For the multi-

ple nonlinearities case, o (¢) in ¢(s) is regarded as a vector.

2 Absolute stability of large-scale Lurie systems with a single nonlinearity
Consider the following large-scale time-delay Lurie indirect control system with un-

bounded coefficients and a single nonlinearity:

xi(f) = Z;ZlAij(t)xj(t) + Z,’Zl Bi}‘(t)xj(t - Tj(t)) + bi(t)f(d(t))y
i=1,2,...,m, (2)
o (8) = 27 el (0xi(e) — p()f (0 (1)),

where x;(t) € R" (i = 1,2,...,m) and o(t) € R are the state vectors, the vector functions
bi(t),ci(t) e R" (i=1,2,...,m) are continuous in [0,00), Y, n; = n; the matrix functions
Ay(t), By(t) € R"™™" (i,j =1,2,...,m) are continuous in [0,00); 7;(¢) (j=1,2,...,m) refers
to the time-delay; p(t) is a continuous function in [0, 00) and satisfies p(t) > p > 0 with

constant p. The continuous nonlinearity f(-) satisfies the following sector condition:
Fiiyho) = fOIF(0) = 00 () < o (0)f (0/(£)) < koo (1), 0(2) € R— {0} },
where ki, k, are constants such that &k > k; > 0.

Definition 1 ([24]) System (2) is said to be absolutely stable if its zero solution is globally
asymptotically stable for any nonlinearity f(-) € Fii, k-

We make the following assumptions for system (2).

Al The time-delay 7;(¢) (i = 1,2,...,m) are continuous and piecewise differentiable

functions with

0<y) <1, () <a; <1,
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where 1;, ; (i =1,2,...,m) are constants. At the nondifferentiability points of 7;(£),
7;(t) represents max[z;(¢ — 0), 7;(t + 0)].
A2 Forany t € [0, 00), there exist matrices P; >0, G; >0 (i =1,2,...,m) such that

AM(P:Au(t) +AL(@)P; + Gi) <-8&(t) < -& <0,

where §;(t) >0,&;>0 (i=1,2,...,m) are functions and constants, respectively.
A3 Forany ¢ € [0, 00),

I1P:A;(t) + A (6) P . 1P:By(£)]
5050 7 /500 - 0)im(G,

) =< J/ij:

where n; (i,j = 1,2,...,m; i #j), y; (i,j = 1,2,...,m) are constants, and n;; = ;.
A4 For any ¢ € [0, 00),

1Pibi(2) + ()]

< Wi
Forc

where u; (i =1,2,...,m) are constants.

To simplify the statements, we define the following auxiliary matrices:

-1 2 - Mm yun Yi2o o Vim M1

o -1 M Ya Va2 o Vom 12%)
D=l S | U=

Nm1 Nm2 e -1 Ym1 Ym2 e Ymm Mm

Notice that by A3 the matrix D is symmetric.
Theorem 1 Under Al-A4, system (2) is absolutely stable if D + RRT + UUT < 0.

Proof By utilizing P;, G; (i = 1,2,...,m) appearing in the assumptions, we choose the fol-
lowing Lyapunov-Krasovskii functional:

m

t o(t)
V(t,¢p) = Z (xiT(t)Pixi(t) + / ) )xiT(s)Gixi(s) ds) + ./o f(s)ds.

i=1

We can verify that if f € Fi,), then 1kio?(¢) < foo(t)f(s) ds < 1kyo®(t). Letting T =
max{t;,i=1,2,...,m}, V(t, @) satisfies

“ 1
> (P [0)[* + Sk (0)
i=1

m

Ve <Y, (Amax(muxi(t)\V + Amax(G1) / Hxxs)uzds) - %kzaz(t).

t
i=1 T
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Further, we have

min{)\min(Pl)’ .. ':)\min(Pm), %kl} ||¢(O)||2
<V(e)

o (P, 2 }Hqs(O) 2

< max { )Nmax (Pl)

& max (G o (G} / l6(s)[ ds.

Namely, let
. 1 2
W}(S) =min )\min(Pl), .. u)\min(Pm)» Ekl s
1
WZ(S) = maX{)"max(Pl) max(Pm) kZ}s ’
W3(S) = max{ Amax(Gl): cees )\max(Gm)} S2~

Then we obtain, for ¢ > 0, the following inequalities:
Wi([e)]) = V(e ¢) < Wa([[#O)]) + Ws([llg1l]).

Thus, condition (i) of Lemma 2 is satisfied. Moreover, limy_, o, Wi(s) =
The derivative of V (¢, ¢) along the trajectory of system (2) is

V(tr ¢) | 2)
=Y (2] (OPi(2) + x] () Giei(1)

= (- 1@)x] (¢ - 1) Gii(t - T(®)) + 6 () (0 (1))
i=1
=Y x] O (PiAie) + AL@OP; + G)ai(t) + 2D Y x] (DP:A; (1) (0)
i=1

i=1 j=1
Jj#i

+2) N wl (OPB ()t - 7(8) + 2 x] (OP:bi(e)f (o(2)

i=1 j=1 i=1
= (- )] (¢ - 1) Gii(t - T:(8)) ZxT(t)C,(t)f £))
i=1 i=1
- p(O)f* (o ()

i=1 j=1

=Y x O (Pidi(e) + ALOP; + G)ai(t) + 2 Y x] (0P:A; (1) (0)
i=1
j#i

Page 5 of 19
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+2 Z ZxT(t)P By()xi(t - 7(2)) +2 ZxT(t (p bi(t) + c,(t))j(a(t))

=l j=1

= (1= 1@)x] (¢ - 1®) Gt - T®) - p(E)f* (o (1))
i=1

5

=Y xl O (Pidie) + ALOP; + Gi)ai(t) + > Y~ a] () (Pidy(t) + AL (£)Py)(2)
i=1

i=1 ]=
i

+2 Z ZxT(t)P By (t - 7i(t)) +2 ZxT(t (p bi(t) + cl(t))j(a(t))

i=l j=1

~.

= (- #®)a] (¢ - 1) Gaxi(£ - Ti(8)) - PO (0 (1)).
i=1

5

From Al and A2, using properties of the matrix norm, we get

V(t,8)le

<> &l @)(PiAu(t) + ALOP; + Gi)ai()) + Y Y x] () (Pildy(8) + AL (£)P;),(2)

i=1 i=1 j=1
J#i
+2 ; lzlx t)P;By(t x, t r,(t)) +2 ;xiT(t) (Pibi(t) + %ci(t))/(a(t))

—Zl a)x] (= 7)) Gas(t — 7i(0)) — p (O (0 (1))

S—X}UW%mﬂ+§:Z]WAAﬂﬂ“@PM%wM%wH

i=l j=1
i

#2330 | PBy o) |10 (e - 50) |

i=1 j=1

m
+2Z
i=1

amm+”?Hmekum

=3 (1= ) hin(G) |2 (t = 7(®) | - p(8)f* (0 (1)),

i=1

To fully utilize A3, A4, and the unbounded terms in system coefficients, we take

VEiEONx N, VA = o) Anin (G lx(E — ()| i =1,2,. ), and / p(¢)|f (o (£))] as the vari-

ables of the following quadratic form. Then the mequahty becomes

V(t, )l
i ||PA,] +AT P||
= 75;(8) || (2 (¢
= Ssolsiol’+ 30N sl ol

i#i
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~ - 1 P:By(£) |l salvinl Ve (G .
+2 Z Z V8i(t)(A = ) Amin(G)) SOl O]+ (L= 0k G (¢ = 510)

i=1 j=1

" 1Pibi(E) + 2ei(@)]
2y ————=—— /8O |x(0)] - Vo @)|f (o (t)
2 e |x@] - Ve@lf (@)

- Z (1= i) dmin(Gy) (£ — i(2)) ”2 - p@)f* (o (1))
i1

<=8+ 33 n/5@ x| - /50 |0
i=1

i=1 j=1
J#i

+ Z Z 2y5v/8i(0) | %:(0)]| - / A = o) Amin (G)) |3 (£ = 7(®)) |

i=1 j=1
m m 2
+ Z 2uiv/8i(®) | %OV @) |f (0 @) | - Z (1 = o) hmin(Gy) i (£ = (D)) |
i=1 i=1
- p(&)f*(a (1))
=YTDy,
where
[ Vo@Dl
VSO N%m @)l
Y=| 0 -0)tnin(G)llxr(t - @) |,
kY (1 - Olm))\min((:"m)”xm(’fL - Tm(t))”
Voe@)lf (@)l i
[ -1 Mz - Mm Yu Yi2 - Vim M1 ]
na -1 o Mauw Va1 V2 ot Vom M2
Nm1 Nm2 e -1 Ym1 Ym2 e Ymm Mm
D={w yu -+ VYm -1 0 - 0 0
yi2. Y22 ot VYm2 0 -1 ... 0 0
Yim Vom Ymm 0 0 te -1 0
M1 M2 o O o .- 0 -1 |

Using the preceding notations, we have

D R U
D=|RT -1 o]|.
ur o -1
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By Lemma 1, D + RR” + UUT < 0 implies D < 0. Let - (8 > 0) be the maximum eigen-
value of D. Then, V(t,¢)|(2) satisfies

V(t,9)l)

<-B (Z (8:(8) | x:(2) ||2 + (1= ) Amin(G)) || i (£ = i(2)) ||2) +p(®|f (o (0)) |2)

i=1

<-B (Zauxi(tw ¥ plf(a(t))lz)
i=1

Since o (t)f (o (t)) > kio%(t), we obtain |[f (o (t))| > ki|o (¢)]. Hence,
V(tr ¢)|(2)

=-B (Z fl'”xl‘(t)”2 + ,oklzaz(t)>
i-1

<-B min{&l, . ..,“g‘m,pkf} <Z ||xi(t) ”2 + a2(t)).
i=1
Letting Wy(s) = - min{&y, ..., &, pk?}s?, we have

V(t, )l < Wa(]600)]).

This means that condition (ii) of Lemma 2 is satisfied. Thus, by Lemma 2 and Definition 1,
system (2) is absolutely stable. This completes the proof. O

A5 Forany t € [0, 00), there exist matrices P; >0, G; >0 (i =1,2,...,m) such that
)L(PiAﬁ(t) +AZ(t)Pl + Gl) < -8;(t) <0,

where 8;(t) >0 (i =1,2,...,m). Let §(¢) = min{8;(¢), 8>(¢),...,8,,(£)} and assume that
lim,_, o, 6(¢) = 00.

Corollary 1 Under Al, A3, A4, and A5, system (2) is absolutely stable if D + RRT +
uur <o.

Indeed, by exploiting the limit property, we derive from lim,_, », §(¢) = oo that, for any
&>0(i=1,2,...,m) (herelet & = 1), there exists T > 0 such that, for ¢ > T,

-8(¢) < -&.
This implies that
AMPiAu(t) + AL ()P + G)) < =8;(8) < —8(¢) < =&;.

The result then follows immediately from Theorem 1.
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In fact, we only need to ensure that the conditions mentioned are satisfied when time
¢ is sufficiently large, because asymptotic stability refers to the behavior of the dynamic
systems as time tends to infinity. In other words, A2-A5 can be written as follows: There
exists T > 0 such that the corresponding conditions are satisfied for ¢ > T'. In particular,
A3 and A4 can be rewritten as follows.

A6

—IPA(t) + A,?(t)P/H S 128 ()|l
lim = Nijs im = Vijs
t—o0 V/8:i(£)3;(t) t=00  /8;(£)(1 — o)) Amin(G))

where n; (i,7=1,2,...,m; i #j) and y; (i,j = 1,2,...,m) are constants, and 7;; = ;.
A7

T |1Pibi(2) + 3ci()]]
im————2 "
t=eo 8:i(@)p ()

i

where u; (i=1,2,...,m) are constants.

Corollary 2 Under Al, A2, A6, and A7, system (2) is absolutely stable if D + RRT +
uur <o.

Corollary 3 Under Al, A2, A6, and A7, system (2) is absolutely stable if one of the follow-
ing two conditions is satisfied:
M yj=00j=12,...,m) and D + uur <o.
(I1) u; =0 (i=1,2,...,m)and D+ RRT <0.

Corollary 4 Under Al, A5, A6, and A7, system (2) is absolutely stable if y; = u; = 0 (i, =
1,2,...,m)and D < 0.

The proofs of these corollaries are relatively simple and are omitted here.

Remark1 It should be pointed out that Lurie system (2) under consideration is an exten-
sion of Lurie indirect control systems discussed in [4, 17] since the coefficient matrices are
norm-unbounded. This is the main feature of this paper. All the theorems and corollaries
are applicable to the large-scale time-delay Lurie systems with unbounded coefficients.
Particularly, for this class of systems with bounded or constant coeflicients, these results

are also effective.

3 Absolute stability of large-scale Lurie systems with multiple nonlinearities
Consider the following large-scale time-delay Lurie indirect control system with un-
bounded coefficients and multiple nonlinearities:

xi(f) = Z;ZlAzj(f)xj(t) + Z;Zl Bij(t)xj(t - Tj(t)) + Z,ll bij(t)ﬁ(aj(t)),
i=1,2,...,m, 3)
() = 37 ¢ Ox(8) = pufi(au®),  1=1,2,...,7,

where x;(¢) € R" (i = 1,2,...,m) and o;(t) € R (I = 1,2,...,r) are the state vectors; the
vector functions b;(t) e R" (i =1,2,...,m;j=1,2,...,r) and ¢(t) e R (I =1,2,...,r;j =



Yu and Liao Advances in Difference Equations (2017) 2017:276 Page 10 of 19

1,2,...,m) are continuous in [0,00), Y /", n; = n; the matrix functions A;(¢), B;(¢) € R"*"
(i,j =1,2,...,m) are continuous in [0, 00); 7;(¢) (j = 1,2,..., m) refer to the time-delays; o;(t)
(I=1,2,...,r)is continuous in [0, c0) and satisfies p;(£) > p; > 0 with constants and p;. The
continuous nonlinearities fi(o;) (/ =1,2,...,r) satisfy the following sector condition:

Fiiy k) = YiOI(0) = 03kno () < 0u(6)fi(01(8)) < ko (8), 0u(t) € R {0}},
where kj1, kjp are constants such that kj, > k;; > 0.

Definition2 System (3) is said to be absolutely stable if its zero solution is globally asymp-
totically stable for any nonlinearity fi(-) € Fi, k) (i=1,2,...,7).

The aforementioned assumptions Al-A3 and the following assumptions are critical to
system (3).
A8 Forany t € [0,00),

I1Piby(£) + 2ci(@)|
—F— < Wiy
8i()p;(¢)
where w; (i=1,2,...,m;j=1,2,...,r) are constants.

The definitions of matrices D and R are the same as before, whereas the matrix U is
redefined as

M1 M2 - Mar

o1 M22 o Mo
U =

Ml M2 e Mmr

Theorem2 Under Al, A2, A3, and A8, system (3) is absolutely stable if D+ RRT + UL < 0.

Proof Let us construct the following Lyapunov-Krasovskii functional:

m ¢ r oi(t)
Vit,g)=) (xiT (OPxi(t) + / 7 (5)Gixi(s) ds) £y / fils)ds.
i=1 t—7;(¢, i=1 0

As in the proof of Theorem 1, we can show that V(¢, ¢) satisfies condition (i) of Lemma 2.
Then, taking the time derivative of V (¢, ¢) along the trajectory of system (3) yields

V(t’ ¢)|(3)

ZxT(t (PiAu(t) + AL@)P; + G)xi(8) + Z ZxT(t) PAG(t) + AL (£)P))(t)

i=1 i=l j=1
i
m m 1
+2 Z inTPiBij(t)xj(t - 7(t + 2 Z Zx (P by(t) + c,,(t))ﬁ(aj(t))
i=1 j=1 i=1 j=1
m

- Z( _Tl(t)) (t Tl( ))le t tl t) sz z 2'

i=1
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Analogously, applying A1, A2, and properties of norms, we obtain

V(t9)le)
Z )= @)’ +ZZ||PAu )+ A OB |x:0) || 5]
i=1 i=1 1
r
+2) > 2B @) x| (e - 50) |
=1 j=1
233 [Piby(0) + 50| [ 0] (o10)|

i=1 j=1

- Z(l at))\mm(G)”xt(t Ti t) ” - sz(t Gz(t)))

i=1 i=1

By virtue of /3;@)lx(O, V1 -a)imin(G)llx(t — wE)I G = 1,2,...,m), and
Vei®)lfilo:(8)| (i=1,2,...,r), we can continue estimating the upper bound of V(t,qb)I(S)

based on A3 and AS:
V()|
=- Z 50 |s0)] + Z Z ni/3:0 0] - /50 |50)]
o
+ 3 3 2 /EO x| - (1= ) rmin(G) |5 (¢ - () |
i=1 j=1
+2ZZM;,||X,(1’)”V 0j t) Z(l a))"mm G)”x;(t Tl(t)) ||
i=1 j=1 i=1
- Z pl(t Ut t)
=YDy,
where
Vo1 (@)lx (D)l
A S () 1% () |

V(I = 01)Amin(GD) %1 = T (D))

(L= ) Ain (G) 1% (£ — T () |
vV er(®)|filo1)]

L V pr(t)lﬁ(ar)|
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[ -1 m2 - M Yn V2 Vim M M2 o M |
na =1 -+ Mwm ¥Ya Y 0 Vam Mu M2 ccc Mor
Nm1 NMm2 -1 Yml  Ym2 Ymm  Mml M2 - Wy
va Y1 * Ym -1 0 -~ 0 0 0O --- 0
N vy Y2 - Ym 0 -1 - 0 0 o --- 0
D = . . .
Vim Yom ** Ymm O o - -1 0 o -~ 0
Hu M2 o MmO o - 0 -1 o -« 0
M2 22 o MmO 0o .- 0 0 -1 ... 0
| w1 M2r o M O o -~ 0 0 0 - -1

Using the preceding notations, we have

D R U
D=|RT -I 0
ur o -1

The following proof is similar to that of Theorem 1. System (3) is absolutely stable if
D <0. Accordingly, the problem comes down to seeking the conditions for D < 0. By
Lemma 1, D < 0 is equivalent to D + RR” + LIU” < 0. This completes the proof. g

Corollary 5 Under Al, A3, A5, and A8, system (3) is absolutely stable if D + RRT +
uur<o.

Similarly to the single nonlinearity case, to conclude the absolute stability for system (3),
we only need to require that there exists a constant 7' > 0 such that the inequality condi-
tions in A2, A3, A5, and A8 are satisfied for ¢ > T. Hence, u; (i =1,2,...,m;j=1,2,...,r)in
A8 can be computed by the corresponding upper limit (if the upper limit is a finite value).

A9

1
mnpibij(t) + 5G|l o,
t—00 8i(t)pj(t)

where u; (i=1,2,...,m;j=1,2,...,r) are constants.

Corollary 6 Under Al, A5, A6, and A9, system (3) is absolutely stable if D + RRT +
uu’ <o.

Corollary7 Under Al, A2, A6,and A9, system (3) is absolutely stable if one of the following
two conditions is satisfied:

@) y5=0(,j=12,....,m)and D+ UUT <0.

() wj=0(@=12,....,m;j=12,...,r)and D + RR” <0.

Corollary 8 Under Al, A5, A6, and A9, system (3) is absolutely stable if y; = 0 (i,j =
1,2,...,m), u;=00=12,...,mj=12,...,r),and D < 0.
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The proofs of these corollaries are relatively simple and are omitted here.

Remark 2 Recently, the absolute stability of time-delay Lurie indirect control systems
was studied in [5, 25]. However, these studies were only applicable to the independent
Lurie time-delay systems. Although the authors in [18] considered large-scale Lurie indi-
rect control systems, they did not take the time-delay into account. Therefore, the results

in this paper have a greater range of applications.

4 Numerical simulation
The following numerical examples are presented to illustrate the effectiveness of the pro-

posed theoretical results.

Example 1 Consider the following large-scale time-delay Lurie indirect control system

with a single nonlinearity:

S0 I S [T R Y0 L0
[V ;;][;; ]+ [ (e - 20
+[ OZ]f(cr(t)) (4)
() = [Ve vAI[ 0] — (e + Ds(0) + [ [ 2000
\/zxg(t —1o(t)) — tf (o (2)),

&(8) = [evil[ 1] + 2txs(8) - (¢ + 1)f (o (2)),

where 7,(¢) = 3 + 0.55sin¢, 7o(¢) = 7, and f(-) € Fo.01,100]-
This system is of the form (2) with

_1
An(t) = |: Ztt 2 _3;_ l:|’ Ap(t) = [1/()2} ,
2

an@=[vi Vi],  An@=-t-,

L 0 i .
By () = |:\/; ) Bpy(t) = |:t i|, By () = [0 tz]’ By(t) = E,
0

0 8
by(t) = [_0%} , by(t) = —t, c(t) = [ t } , o (t) = 2¢, pt)=t+1

This problem cannot be solved by the method of [18], which did not deal with the time-
delay case. Now, we use the criteria proposed in this paper to analyze the absolute stability
of this system.

Clearly, Al is satisfied with 11 =3.5, 01 = 0.5, 7, =7, a3 = 0.

Then, by letting P; = G; = I we have

-4t t+1
PiAn(®) + AT(OP, + G, = *
t+1 -6t
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and
AMPAL(D) + AL@)P + G)) < -5t + V22 + 2t + 1.
Taking T = /2, for t > T, we obtain
AM(PLAN(E) + AL Py + G) < =5t +V2(t +1) < —(4 - V2)L.
Thus, we can take
81 = (4 - V2.
Notice that, for £ > T, we have the inequality
~8,(t) < ~& = (42 -2).
Letting P, = G, =1, we obtain
PyAsy(t) + AL ()P, + Gy = —2t.
Then, we can take
85(8) = 2¢.
Similarly, for ¢ > T, we have the inequality
~8,(8) < —&2 = —2v/2.
Hence A2 is satisfied. In addition, we get

m [P1A1(8) + AL ()P | _
t=00 81(£)d2(2)
5 P2 A (8) + AL ()P |
im =
t—00 82(£)61(¢)

’

Moreover, we have

- 1P1Bu (2) 1
=00 /5 ()1 - a)Amin(G1) /4 — x/iy
I | P1B12 ()] _
im =
t—o00 \/Sl(t)(l - az))\min(GZ)
. |1P2Bx () | _
t—00 \/Sz(t)(l - al))hmin(Gl)
| 1P B2 (2) || 1
im =
t—o0 \/Sz(t)(l —OlZ))‘fmin(GZ) 4

)

’

Thus, A6 is satisfied with 733 =0, 1721 =0, Y11 = ﬁ, Y12=0,%1=0, yp =

1

4
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Figure 1 The state response of system (4).

Xy, X, Xz and o

Furthermore, we derive

_IPiby(0) + @)l
lim —=—— =0,
t=o0 81(H)p(2)
IP2bs(2) + 5c2(8)|
m —_— =

=% /5000

Hence A7 is satisfied with p; = p = 0.
Finally, we verify that

V2-10
D+RRT=|: 14 O]<o.

0 _15

Thus, we conclude from Corollary 3 that system (4) is absolutely stable.
For simulation, we choose f(o(¢)) = 20(¢) + sino(t) and [x1(s) x2(s) x3(s)

[1111]%, s € [-7,0]. The numerical simulation result is shown in Figure 1.

a0 =

It is seen in Figure 1 that the states of system (4) converge to zero asymptotically. Thus

the effectiveness of the proposed criteria is illustrated by the simulation result.

Example 2 Consider the following large-scale time-delay Lurie indirect control system

with two nonlinearities:

[l =1 43“ ,33,%][,;83] +[ s (@)
[0 el + [ st~ ne)
[ ]fl(ol 1) + [ [Jf0(8),
&3(6) = [val[ 0] =+ Daa(e) + Lo A 1[ 20000 ]
+ Lyt - (1) - thi(010) + 2t (02 (0)),
61(8) = (22 ][ 0] + dtxs(6) - (£ + Dfi (01 (0)),
G3(t) = [200][ 210] - 6tx3(2) — (3¢ + fs(02(8)),

where 7;(¢£) = 3 + 0.5sin¢, 72(£) = 7, and f(-) € Fio.01,100]-

(5)
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In comparison with system (3), the coefficient matrices here are

_4r— 1
An(t) = [ 4t0 2 —3t1— l:| , Ap(t) = |:\(/)Zj| ,
Ax(t) = [1 x/z] ) Agy(t) = -t - %,
Vi o | 1
Bu(t) = |: 0 \/zj| ) Bia(t) = |:i0:| ) By (t) = [0 ﬂ] , By(t) = %’
6

_t:| ) bo(2) = |:_0t:| ) by () = -, by (t) = 2t,

cy(8) = [;2} , cp,(8) = 4t, Cy(t) = |:20t:| , Cyy(t) = —6t,

pi(t)=t+1, 02(t) =3t + 1.

Next, we show that this system satisfies the conditions of Corollary 6.
Clearly, Al is satisfied with 7; = 3.5, ¢1 = 0.5, 79 =7, o = 0. Also, letting P, = G; = I, we

obtain

-8t 1
PLAy(8) + AL (OPy + Gy = [ ) _6J

and

A(PAN(E) + AL P+ G)) < -7t + VB2 + 1.
Taking T =1, for ¢ > T, we have

AMPAL() + AL (OP + G1) < —(7 - V2)L.
Similarly, letting P, = G, = 1, we have

PyAgy(t) + AL, (£)Py + Gy = —2t.

Thus A5 is fulfilled with 8,(¢) = (7 — +/2)t, 85(¢) = 2¢. Moreover,

m [IP1A1(8) + AL ()P | _
t=00 81(£)d2(2)
im 1P2A(2) + AL ()P | _
t—00 82(£)61(2)

’
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In addition, by simple calculation we get

lim I1PLBu (D)l _ 2
>0 /5B - ) hmn(G1) | 7 -2
|1P1Bi2(t) |l
im =Y
=00 «/Bl(t)(l — 02)Amin(G2)
1P2Bax ()l B
im =0,
t—o0 \/32(1’)(1 — al))&min(Gl)
|1P2Ba2 (8)]| 1

% /5O = 2 hmn(Ga) 42

Hence A6 is satisfied with 171p = 1721 = 0, y11 = /ﬁ, Yi2=0,701 =0, 2 = ﬁ,
Furthermore, we have

lim [1P1bn (2) + 3en (D)l _

= /a0

lim IP1b1o(2) + e (D)l _

= Ja0)pa)

lim [1P2ban (2) + 3c12(8) | _ 1

= /&0 V2’
IP2b2(t) + 3e(D 1

S J5n0m® /6

Then A9 is satisfied with 17 = 1o = 0, o1 = %, oo = %. At last, we verify that

J2-5
D+RRT+LILIT=|:7—*5 0 :|<0.
0 _29
9%

Thus, according to Corollary 6, system (5) is absolutely stable.

For simulation, we choose

o(t), lo@®l<1,
Ale®) =200 +sino(®),  filo@®)=103@), 1<|o@) <2
4o (t), |o(t)]>2,

and [x1(s) x2(s) x3(s) 61(0) 02(0)]7 =[11111]%,s € [-7,0]. The response curves of this sys-
tem are shown in Figure 2.

As depicted in Figure 2, system (5) is asymptotically stable even though the system co-
efficients are unbounded.

5 Conclusion

In this paper, we have investigated the absolute stability problem of time-varying large-

scale time-delay Lurie indirect control systems. Based on the second Lyapunov method,
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Figure 2 The state response of system (5).

Xys Xy Xg, 6, @Nd G,

to guarantee absolute stability of this class of systems, some sufficient conditions were for-
mulated by simple inequalities. Finally, two numerical examples were presented to show
the effectiveness of the proposed methods.
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