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This research proposes the stability and stabilization analysis of interval time-
varying delay nonlinear systems. The lower and upper bounds for the time-varying
delay are available, but the delay function is not necessary to be differentiable. Based
on Cauchy's inequality, modified version of Cauchy's inequality, utilization of zero
equation, Leibniz-Newton formula, free-weighting matrices, Jensen's inequality and
Lyapunov-Krasovskii functional, new delay-range-dependent stability and stabilization
criteria for nonlinear control systems with interval time-varying delay are established in

terms of linear matrix inequalities (LMIs). Numerical examples show that the proposed
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Chapter 1

Executive Summary

The following notations will be used in this research : N denotes the set
of all natural numbers; R denotes the set of all real non-negative numbers; R"
denotes the n-dimensional Euclidean space equipped with the Euclidean norm
| -1|; R™" denotes the space of all matrices of (n x r)-dimensions; AT denotes the
transpose of the matrix A; A is symmetric if A = AT’; I denotes the identity matrix;
A(A) denotes the set of all eigenvalues of A; \jax(A) = max{Re\ : A € A\(4)};
Amin(A4) = min{Re A : A € A(A) }; matrix A is called semi-positive definite (A > 0)
if v Az > 0, for all z € R"; A is positive definite (4 > 0) if 27 Az > 0 for all
r € R" — {0}; matrix B is called semi-negative definite (B < 0) if 7Bz < 0,
for all z € R"™; B is negative definite (B < 0) if 27 Bz < 0 for all z € R" — {0};
A>Bmeans A—B>0(B—A<0); A>Bmeans A—B>0(B—-A<0);
h = max{hy, 7o}, ha,7o € R*; 2, = x(t + 8), s € [—h,0]; * represents the elements
below the main diagonal of a symmetric matrix.

Consider the following uncertain impulsive switched linear control system

with time delays

[ G(t) = Ai, (D2(t) + By, (D(t — iy () + Ciy (Dt — 74, (1))
i (B 2(1)) + g (8 (t = iy () + wi (2t — 74, (1))
+Diku(t), t # ty,
Ax(t) =x(t) —z(t™) = Gra(t™ — hy (t7)), t = t, (1.1)
x(ty + 5) = ¢(s), Vs € [—h, 0],
A, (t) = A, +AA;, (), B, (t)= B +AB,(t),
Ci, (1) = Cy, + AC;, (1),

\
where z(t) € R" denotes the state variable, u(t) € R® denotes the control input,
ir €4{1,2,....m}, k,m e N. A; C;

ir> Bis Cip, D;, and Gy, are given constant matrices

of appropriate dimensions. The delays h;, (t) and r;, (t) are interval time-varying



bounded continuous functions satisfying
0 < hy < hy(t) < hy,

0<r <7 (t) <y,

where hy, he, 1 and 7o are given positive real constants. The uncertainties f;, (.),
i, () and w;, (.) represent the nonlinear parameter perturbations with respect to
the current state z(t), the delayed state z(t —h;, (t)) and delayed state z(t—r;, (¢)),
respectively. They satisfy that f; (t,0) =0, g;, (¢,0) = 0, w;, (¢,0) = 0 and

fij,;(t7 x(t))flk (t’ l‘(t)) < 772ZL'T<t)I(t),

gzj; (t7 [E(t - h'Lk <t>>>glk <t7 {L’(t - th (t))) < p2xT(t - th (t))l’(t - th (t))7
w;.l; (tv ‘T(t = Ty, (t)))wlk (t’ ZL‘(t — Tiy, (t))) < <2$T(t — Ty, (t))x(t — Ty, (t))a

where 7, p and ( are given positive real constants. The uncertain matrices AA;, (t),

AB;, (t), AC;, (t) and AD; (t) are norm bounded and can be described as
A4, (1) AB,(H) AC, ()] = KAy LY 12 13], (1.2)

where K, L%k, L?k and Lg’k are given constant matrices of appropriate dimensions.

The class of parametric uncertainties A;, (t) which satisfies

A, (t) = F;

W (O = JF, (1), (1.3)
is said to be admissible where J is a known matrix satisfying

I—JJ" >0, (1.4)
and [}, (t) is uncertain matrix satisfying

F,(O)'F,(t) <1 (1.5)

Az(t) = z(t)) — z(ty), lim x(t, +v) = z(t)), z(ty) = lim z(t — v). ¢(t) is
v—07t v—0t
the initial function with the norm ||@|| = supyei_p o) [|#(0)]|. We assume that the

solution of the impulsive switched system (1.1) is right continuous i.e., z(¢}) =



x(tg). tx is an impulsive switching time point and ¢y < t; < ty < -+ <t} <

-t — 400 as k — +oo and introduce the quantity
T = inf{tiﬂ —t; 1= 1,2,3, }

This 7 is called the dwell time of the system (1.1). Under the switching law of
system (1.1), at the time tj, the system switches to the i subsystem from the ij_;
subsystem.
Remark The conditions (1.4) and (1.5) guarantee that [ — JFj, (t) is invertible. It
is easy to show that when J = 0, the parametric uncertainty of linear fractional
form reduces to a norm bounded one.

The objectives of this research are: (i) to establish new delay-range-
dependent sufficient conditions for robust exponential stability of system (1.1)

when u(t) = 0 and (ii) to design a robust state feedback controller
u(t) = Kx(t), (1.6)

which robustly exponentially stabilizes (1.1), where K is a constant gain matrix

of appropriate dimensions to be designed.

Definition 1.0.1 Given 5 > 0. The system (1.1) is exponentially stable, if there
exist switching function i and positive real constant M such that any solution

x(t,d) of the system satisfies
|z(t, ¢)|| < M| ¢|le™?, Vte R

Lemma 1.0.2 (Halanay Lemma) Let m(t) be a positive scalar function and assume

that the following condition holds:
Drm(t) < —am(t) + bm(t), t > to,

t+ At) —m(t
where DYm(t) = lim sup mit + A1) = m{i)
At—0+ At
such that for all t > t,

, 0 < b < a. Then, there exists > 0

m(t) < m(ty)e Pt

Here, m(t) = sup {m(s)} and [ satisfies f —a + beh = 0.
t—h<s<t



Lemma 1.0.3 (Schur complement lemma) Given constant sysmetric matrices X

Y, Z where Y > 0. Then X + ZTY 17 < 0 if and only if

X zZ7 -Y Z
<0 or < 0.
7 -Y 7T X

Lemma 1.0.4 For given matrices Q = QT, H, E, R = RT > 0 of appropriate

dimension, then
Q+ HFE+ETFTHT <0,

for all F satisfies FTF < R, if and only if there exist a positive number ¢ > 0,
such that

Q+e¢'HHT + ¢ETRE < 0.

Lemma 1.0.5 Suppose that A(t) is given by (1.3)-(1.5). Let M, S and N be real

matrices of appropriate dimensions with M = MT. Then, the inequality
M + SA(t)N + NTAT(1)S™ < 0,

holds, if and only if, for any scalar 6 > 0,

M S N7
ST 51 §JT | <o.
SN 6 -6

Lemma 1.0.6 Let Gy, be given matrices as in (1.1). Let P be symmetric positive

definite matriz. Then

P PGy,

GIP GI PG,
if and only if
-0l 0 P
0 —&l GIP | <0, (1.8)

P PG, -—P

for 0y is positive real constant, k € N.



Proof. Consider inequality (1.7), we have

P PGy
GIP GIPG,

< i l.

Equivalently,

—051 0
¢ + P(1 G )<
0 —6d ar

By using Schur complement Lemma in the above inequality, we get

ol 0 1
0 —&l & |<o (1.9)
1 Gy, —p1

Pre-multiplying (1.9) by diag{I, I, P} and post-multiplying by diag{I, I, P}, we

obtain
oI 0 P
0 =& GIP | <0. (1.10)
P PGy —-P
The proof of the lemma is complete. OJ

Then, we consider system described by the following state equation of the

form

( () = A(t)x(t) + Bt)a(t — h(t)) + f(t, 2(?))
+g(t,x(t = h(1))) + D(t) [i_ 5, ©(5)ds, t>0;
z(to+0) = ¢(0), x(to+0) = ¢(0), V6 € [~ max{hy,d},0], (1.11)
A(t) =[A+ AA(t)], B(t)=[B+ AB(t)],
| D(t) = [D + AD(1)],

where x(t) € R" is the state variable, A, B and D € R™ " are known real constant
matrices. h(t), §(t) are discrete and distributed time-varying delays, respectively,

0<hy <h(t)<hy, h(t)<hg<oo,

0<d(t) <4,



where hq, hy are positive real constants representing lower and upper bounds of
the delay, respectively, hg, § are positive real constant. Consider the initial func-
tion ¢(t), o(t) € C([—max{hs,d},0], R") denote continuous vector-valued initial
function of t € [~ max{hy,d},0] with the norm [|¢[| = Subpe_ max{na.o1.0 12O,
]l = SUPge(— maxins.s1.0) 19(0)|l. The uncertain matrices AA(t), AB(t) and AD(t)

are norm bounded and can be described as
[AA(t) AB(t) ADW)| =EF®) |61 Gy Gy

where F, Gy, G5 are know constant matrices with appropriate dimensions. The

uncertain matrix F'(t) satisfies
F)'F(t) < I

The uncertainties f(t,z(t)), g(t,z(t — h(t))) represent the nonlinear parameter
perturbations with respect to the current state z(¢) and the delayed state x(t —

h(t)), respectively, and are bounded in magnitude of the form

Frt =) f (8 x(t) < 2t (Ha(t),
g" (£, x(t = h(t)g(t, =(t — h(t))) < p*a” (t — h(t))x(t — h(t)),

where 7, p are given real constants.where 7, p are given real constants.

Definition 1.0.7 The system (1.11) is exponentially stable, if there exist positive
real numbers o and M such that for each ¢(t), p(t) € C([—h2, 0], R"), the solution
x(t, ¢, p) of the system (1.11) satisfies

lz(t, &, 0) | < Mmax{||g]], ol }e™, Vt e R".

Lemma 1.0.8 (Jensen’s inequality) For any constant matriz Q € R™", Q = QT >
0, scalar h > 0, vector function @(t) : [—hg,0] — R™ such that the integrations

concerned are well defined, then

0 0

—h/i:tT(s—i—t)ng(s—H)ds < —(/hx'(s+t)ds>TQ(/hx'(s+t)ds>.



Rearranging the term fi)h (s+t)ds with x(t) —x(t —h), we can yield the following
imequality:
T

—h/o (s +1)Qi(s +t)ds < “{t) @ e #(t)

~h x(t — h) Q Q| |z(t—h)

Lemma 1.0.9 For any constant matrices (Q11,Qa, Q12 € R", Q11 > 0,Q2 >
Qu Q2

0, > 0 scalar hy < h(t) < hg, and vector function & : [—hy,0] — R"
* Qo
such that the following integration is well defined, then
T
t=h (¢ x(t
By — h1)/ (t) Qu G2 (t) dt
t—ho x(t) * QQQ l’(t)
T
z(t — h) —Qa Qun  —Q z(t — h)
< | @(t = h(t) * —Qxn Q| | z(t—h(d)
—h —h
ot @(t)dt * x =Qu| | S w(t)dt

Lemma 1.0.10 Let z(t) € R" be a vector-valued function with first-order continuous-
derivative entries. Then, the following integral inequality holds for any matrices

X, M; € R"" i=1,2,...,5 and a scalar function h := h(t) >0 :

T
t x(t MT + M, —MLI+ M. x(t
—/ 7 (s) X i(s)ds < ) P Lo )
t—h x(t —h) M, + M —M] — M,y| |x(t—h)
T
x(t Ms M. x(t
AN R
x(t — h) MI Ms| |z(t—h)
where
X M, M,
M Ms; M| >0.
MI MI M

Lemma 1.0.11 For given matrices Q = QT, H, E, and R = RT > 0 of appropriate

dimemsion, then

Q+HFE+ETFTHT <0



for all F satisfies FTF < R, if and only if there exist a positive number ¢ > 0,
such that

Q+e¢'HH" + ¢ETRE < 0.

Lemma 1.0.12 (Schur complement lemma) Given constant sysmetric matrices X
Y, Z whereY > 0. Then X + Z1Y 17 < 0 if and only if
X zZ7 -Y 7

<0 or < 0.
7 -Y 7T X



Chapter 2
Main Results

In this research, we investigate the problems of robust exponential stability
and stabilization analysis for uncertain impulsive switched linear control systems
with discrete interval time-varying delays and nonlinear perturbations. The time
delays are continuous functions belonging to the given interval delays, which mean
that the lower and upper bounds for the time-varying delays are available, but the
delay functions are not necessary to be differentiable. Based on the combination of
mixed model transformation, Halanay inequality, utilization of zero equations, de-
composition technique of coefficient matrices and a common Lyapunov functional,
new delay-range-dependent robust exponential stability and stabilization criteria
are established in terms of linear matrix inequalities (LMIs) for considered sys-
tems. Moreover, The problem of robust exponential stability criteria for uncertain
linear system with interval discrete time-varying delay, distributed time-varying
delay and nonlinear perturbations is studied in this research. Based on construct-
ing an augmented Lyapunov-Krasovskii functional, decomposition technique of
coefficient matrix, combination of descriptor model transformation and utilization
of zero equation, new delay-range-dependent robust exponential stability criteria

are derived in terms of LMIs.

2.1 Stabilization for Impulsive Switched Nonlinear Con-
trol System with Delays

We now introduce the following notations for later use:

= ik 2.12
Zik < EW >9><9’ ( )



10

where Z”“ . o i,j=1,2,3,...,9,

o

U=PM, W =PN,

S =U+W+UT+ W + QT (A, + Bl + CL) + (A, + BL
+C ) Q1+ en’l + aP,

S, =P —Qf + (Az-k + Bl +C})'Q2, TPy =-U+Q{B] + (hy—

214: -W+Q;C (7“2—7”1)Q4, Effs: 1 El’fﬁ: 1 E11?7:

h1)@s,

T
1>

Sig=—U— QfBilk + (ho — 1)@, Ziffg =W = Q{Cj, + (ra —11)Qs,

T p2 T ~2 T
22:_Q2 Q2, Ezszsza QC%, ZZQ%* 2 Z;ka

27 - Q2a 2;k8 = QTBW 22k9 = —QT i)
Sy = —(hg — h1)Qs — (ha — h)Q3 + e2p*I — bP,
E§k4 = Eng) = Eng = Eg’f? =0, 22’58 = _(h2 o h1)Q§ o (h2 - hl)Q57
E39 =0, Z:44 = —(rg —71)Qa — (2 —7"1>Q4T+€3C21—CP,
Ezﬁs = EZ6 = EZ?? = EZS =0, Ejle = —(r2 — 7°1)Q4T — (r2 = 11)Qs,
2255 = —al, ng@ = ng7 = E58 = E59 =0, ng@ = —¢el,
Sir=Sds =Sdo =0, Efy=-el, D=3 =0,
D¢y = —(ha — h)Qs — (ha = )Q5, T =0,
E19’f9 = —(r2 —r1)Q6 — (12 — Tl)QGT-

T
29

Theorem 2.1.1 The nominal system (1.1) when u(t) = 0 is exponentially stable, if

there exist symmetric positive definite matrix P, any appropriate dimensional ma-

trices M, N, Q;, v =1,2,...,7, and positive real constants j1, \,n, p, C, €1, €2, €3, a,b, ¢

with a > b+ ¢ and 0, > 0 for all k € N such that the following LMIs hold:

>, <0,
-0l 0 P
0 —6&I GIP | <0,
P PGy —-P

/,l,]_l S lnfkeN{tk - tk—1}7

max{0; + oM} < M < e,

(2.13)

(2.14)

(2.15)

(2.16)



11

where 8, = /\fs—k(lj), k € N and X is the unique positive root of the equation

A—a+(b+c)eM =0.
We introduce the following notations for later use:

7 = [KTQr KIQ: 0 0 0 0 0 0 (vo—v1)KLQs],

1 2 3 4
T, = [Li 0 L} L} 0 0 0 0 Li],
Z, = FZC —ol oJ7
i
oY;,, oJ —ol

Theorem 2.1.2 The system (1.1) when u(t) = 0 is robustly exponentially stable, if
there exist symmetric positive definite matrixz P, any appropriate dimensional ma-
trices M, N,Q;,1=1,2,...,7, and positive real constants o, jt, \,n, p,(, €1, €2, €3,a, b, ¢

with a > b+ c and o, > 0 for all k € N such that the following LMIs hold:

>, <0, (2.17)
—0l 0 P
0 =0l GIP | <0, (2.18)
P PGy, -—-P
ph < infren{ty —ti_1}, (2.19)
max{d + gke)‘ﬁ} < M < eMh, (2.20)
where 6, = ﬁk@’)’ k € N and X is the unique positive root of the equation

A—a+ (b+c)eM =0.
We introduce the following notations for later use:

T T
I = [DfQ: 0 0 0 0 0 0 0 0],
v, = [DfQ: D@, 0 0 0 0 0 0 0]
Theorem 2.1.3 If there exist symmetric positive definite matriz P, any appro-

priate dimensional matrices M, N,Q;, i = 1,2,...,7, and positive real constants

A, n, p,C, T, €1, €, €3,a,b,c with a > b+ c and o, > 0 for all k € N such that the
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following LMIs hold:

-1 0 | <0, (2.21)

-0l 0 P
0 =0l GIP | <0, (2.22)
P PGy -—-P
ph < infren{ty —tp_1}, (2.23)
max{0; + oM} < M < e, (2.24)
where 8, = ﬁk@), k € N and X is the unique positive root of the equation

A—a—+ (b+ c)ev1 = 0, then closed-loop nominal system (1.1) is exponentially

stable and the state feedback control law is given by

u(t) = D} Qua(t).
We introduce the following notations for later use:

' = [DIQ 00 00 0 00 0 0 0]

v, = [DfQ: D@, 0 0 0 0 0 0 0 0 0]

Theorem 2.1.4 If there exist symmetric positive definite matriz P, any appro-
priate dimensional matrices M, N,Q;, 1 = 1,2,...,7, and positive real constants
o, A, n, p,C,E €1, €a,€3,a,b, ¢ with a > b+ ¢ and 0, > 0 for all k € N such that
the following LMIs hold:

>, UL,

U, —¢I 0 <0, (2.25)

el 0 =€l

K

-0l 0 P
0 -0l GIP | <0, (2.26)
P PG, -P

ph < infren{tr — ti1}, (2.27)

max{0; + oM} < M < e, (2.28)
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where 8, = /\fs—k(lj), k € N and X is the unique positive root of the equation

A—a+ (b+c)er = 0, then closed-loop system (1.1) is robustly exponentially stable

and the state feedback control law is given by

u(t) = D] Qiz(t).

2.2 Stability for Nonlinear System with Delays

We introduce the following notations for later use.

Z B [Z”} 1717 (2.29)

where 2ij = Efi, 1,7 =1,2,3,...,17,

U, = P,C,

Uy,= P H,

S10=Ur+ Ul + U+ Uj + QA1+ AT Q1 + 2Py + Py 4 Py — e "2 P;
—e 2 Py h3Prg — e 722 Py + (Bhs)* Py — € 27" Py + Piy + Pis
+Pig + Pir + ho[W] + Wi] + h3Ws + Bho[W{ + W] + (Bhe)*Ws
+en? 4 02 Py + ME + My + NF + Ny + ZF A, + AT 2y,

Y12 =P — Qf + A] Q2+ h3Qs3 + (8h2)*Qu + My + Ny — Z] + Al Zy,

Y13= Ui+ QI By +e 2P + hyR] + e 2" Py — M + Mz + N3
+ZlTBQ + A1T23>

Sia=—Us+e 2Py 4 BhyREY + e 22 Py + My — N + Ny + AT Zy,

Si5=-U1—Q{B1— M| + Ms+ N5 — Z{ B + A{ Zs,

Y16 =—Us+ Mg — N{ + N + A Zg,

S = ho[=W{ + Wa] + h3Wy + My + N + A{ Zs,

Sis = Bho[-W¢ + Wi + (Bha)*Wy + Mg + Ng + A Zs,

2179 = —672ah2Qg + M9 + Ng + A{Zg,
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2110 = —67201’%2@5 + Mo + Ny + AlTZw,

Y11= My + N+ A{Zm

Y112 = Mg+ Nig + Aqu,

Y113 = M3+ Niz + A1TZ137

Y14 = My + Ny + A{ZM;

Y115 = Q1 + Mis + Nis + Z] + A Zi5,

Y116 = Q1 + Mg + Nig + Z1 + A Zys,

Y117 = Q1D+ My; + Nz + ZID + AT Z,,

Yoo =—Q3F — Qo+ h3[Py+ Ps + Ps] + (Bha)*[Pr + Ps + Py) + h3 Py
+(Bh2) P13 + (hy — h)?*[Pis 4 Pro] + (Bha — Bh1)?[Pag + Pa]
—Zy — Zs,

Y3 = Q3 Bo — My — Zy By — Zs,

N4 =—Ny — Zy,

Yo5 = —Q3 By — My — Zy By — Zs,

Yo =—Ng — Zs,

Yog=—2r,
Yog = — s,
Yoo = —Zy,
Y910 = — 210,
Y11 = — 211,
Y12 = — 212,
2913 = —Z13,
Y014 = — 2L,

o5 = Q§ + ZQT — Zis,

Yo16 = Qs + Z3 — Zse,
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Y17 = Q3D+ Z3 D — Zy,

Saz=—e 2Py hgPy — e 2" Py + h3Ry — hoRY — hoRy — e 22 Py,
—e M Pig + e3p” — My — M3+ Z3 By + By Zs,

Y34=—Ms;— N; + Bj Zi,

Y35 =—M{ — N5 — Zi B, + B; Zs,

Y36 =—Ms — Ny + Bj Zs,

37 = —Mq + Bj Zn,

Y38 = —Ms+ Bj Zs,

N9 = e 2"2Q5 — My + B] Zy,

S310 = —Mio + Bj Zo,

Y31 = e 22 Py — My + B 7y,

Y312 = —Mis + BQTZm

S313 = —Mis + Bj Zi3,

N304 = — Mg+ B] Zu,

Y315 = —Mis + Zg,T + BQTle,

S316 = —Mie + Zs + By Zig,

a7 = —Mi7 + Z?,TD + B;FZl%

Yya=—e 2Py BhyPy — e **"2 Py + (Bhs)’Ry — BhoRE — BhaRs
—e 0P py — em20Ph Py NT — Ny,

Yus = —M] — N5 — Z] By,

Yy = —N[ — Ne,

Y7 = —Nry,
z)4,8 = _N87
2479 = _N97

Sy10 = e 22Q — Ny,

Ya11 = —Nn,
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Sz = e 22 Py — Ny,

2413 = —Nis,

Y14 = —Nu

Y15 = —Nis + Z4T,

Y416 = —Nig + Z:IF,

Yaur = —Niz + Z{ D,
S55=—e Py — M — Ms — Z1 B, — Bl Zs,
Y56 =—Ms — N. — Bl Zs,
S5 = —My — B Z,

Y58 = —Ms — B Zs,

S50 = —My — Bi Zo,

5,10 = =My — B Zo,

Ss511 = —My — Bf Zy,

Ss512 = —Miy — Bf Zys,

S50 = — My — B Z3,

Ss14 = =My — B Zuy,

Y515 = —Mis + Z5T - Bipzm,
Y516 = —Mis + Z5T - BlTZm,
Y7 = — My + Z5TD - BipZm
Nee = —e 2P — NI — Ng,

Yo7 = —Ny,
s = —Ns,
Y69 = — Ny,
Y610 = —No,
2611 = — N1,

2612 = — N2,
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Y617 = Z¢ D — Niy,
Soq=—e 2Py 4 hy[-WE — Wy + h2Ws,

E7,8 = E7,9 = E7,10 = Z7,11 = Z7,12 = 2’7,13 = 27,14 = 07

_ 7T
27,15 - Z7 )
T
E7,16 = Z7 )
T

Z‘1‘7,17 = Z7 D7

Y = —e M2 Pig 4 Bho[-W — Wi 4 (Bhse)* W0,
28,0 = Mg 10 = 28,11 = 28,12 = 2,13 = 2g14 = 0,

Ys15 = Za s

Y816 = Za »

Y17 = Za D,

Ygg9 = —e 22 Py,

Yo15 = Zg

Y916 = Zg ,

E9,17 = ZgDv

Y010 = —e 22 Py,

210,11 = 210,12 = 210,13 = 210,14 = 0,
z)10,15 = Z1TO7

Y1016 = Zig,

Y1017 = Z1D,

—2ah —2ah
Y1111 = —€ 'Pig — e "M Py,
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Y112 = 21113 = Y14 = 0,

Sis = Ziy,

Y6 = 215,

Siar = 241D,

Yig1p = —e 2P p, gm20bhp

Y1213 = Y1214 = 0,

Y1215 = Zis,

Y1216 = 1o,

Sioa7 = Z,D,

Y13 = —e M Py,

Y314 =0,

S5 = Zis,

Si16 = Zis,

Yis17 = Z153D,

Siaqa = —e 22 Py,

S5 = Zi,

Y16 = Ziy,

Siar = Z4LD,

Yisas = —ad + Zng, + Zis,

Y506 = Zls + Zss,

Sisa7 = Z{5D + Zi,

Y616 = —€2l + Zig + Zie,

Si617 = Z1gD + Ziz,

Y117 = —€ Py + Z1.D + D" 7.
Theorem 2.2.1 For given positive real constants hy, ho, hq, « and 3, system (1.11)

1s exponentially stable if there exist positive definite symmetric matrices P;, 1 =

1,2,...,22, any appropriate dimensional matrices C, H,Q;, Wy, Rs, My,, Ny, Zy,
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. 6,m=12...,17,n=12,...,17,

t=1,2,...,17 and positive real constants e, and €y such that the following sym-

metric linear matrix inequalities hold:

R, R
1 2 > 07
X Rg
Ry, R
4 5 > 07
* Rﬁ
P,
10 QS 2 07
* Pll
P,
12 Q4 Z 07
* P13

672a,8h2p9 —Rg Wg Wy

*

*

Ws Wy
* W10
Y. <0.

Moreover, the solution x(t, ¢, p) satisfies the inequality

lz(t, 0, 90)|| <

where

—————max , e ™ teRT,
o (P ol llell]

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

N = Anax(P1) + hodmax (Py + Piy + Pig) + Bhodmax(Ps + Pis + Pi7)

+h§Amax<P4 + P5 + PG + P18 + P19) + 53Amax(P22>

+(Bhe)?* Amax(Pr + Ps + Py + Py + Pa1)

A A

A

Ry
Ry
Py

T
3

Ry
R

OF
Pll

) (Bh2) A

) (Bh2) A

Ry Rs

RT Ry

Py Q4
Q4T Py3

)

)
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We introduce the following notations for later use.

I'" = [E"(1+ %) E"Q:+2%,) E'2Zy E'Z, E'Z; E'Z¢ E'Z;
E'z, E'Zy E'ZW E'Zy, E'Zs ETZ,5 EYZ, FE'Z

E"Zis E"Zy).

where i]” = EJTZ =i t,J=12,3,..,17, except

i1 = Ui+ Ul + U+ U5 + Q[ Ay + ATQ1 +2aPy + Py + Py — e "2 P
+h3 Py — e 2Py 4 (Bhe)?Prg — e 2Py 4 Py + Pis + Pig + Py
+ho[W{ + Wh] + haWs + Bho[Wi + W] + (Bha)* Wy + e1n® + 6% Pay
—e2Prepe 4 MT 4+ My + NT 4+ Ny + ZF A + ATZ, 4+ eGT Gy,

Y13 = Ui+ QIBy + e M2 p; + hoRT + 722 Py — MT + Ms + Ny + ZI'B,

+AT Z5 + eGT G,

Y117 = Q1D+ My + Nip+ ZID + AT Z17 + G G,

Yz = —€ P4 hgPy—e 2Py + hiRy — hoRy — hoRy — e Py

teop? — MT — My + ZI By + BY Zs + cGE Gy,  S317 = —Mir+ ZED

—e 22 pg 4 BT 7. +eGLGs,

i17,17 = —e 2Py + 7LD+ DY 717 + eGLGs.

Theorem 2.2.2 For given positive real constants hy, ho, hq, a and (3, system (1.11)
15 robust exponentially stable if there exist positive definite symmetric matrices P;,
t=1,2,...,22, any appropriate dimensional matrices C, H,Q;, Wy, Ry, M,,, Ny, Zy,
ji=12....4 k=1,2,...,10, s =1,2,...,6, m=1,2,...,17, n=1,2,...,17,

t = 1,2,...,17 and positive real constants €1, €5 and € such that the following
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symmetric linear matrix inequalities hold:

R R
P s, (2.38)
* Rg
Ry R
PP s, (2.39)
S R6
P
o @)y (2.40)
* P11
P
L (2.41)
* P13

* Wy Wyl 20, (2.42)

e—2a,3h2p9 —Rg W W-

* Ws Wy | >0, (2.43)
* * Wl[)

ST

> <0. (2.44)
T —el

Moreover, the solution z(t, ¢, @) satisfies the inequality

lz(t, ¢, )| < )maX[H¢||, lellle™, ¢ e RY,

N
)\min(Pl
where

N = Apax(P1) + hodmax (Py + Piy + Pig) + Bhodmax(Ps + Pis + Pi7)
+thmax<P4 + PS + PG + P18 + P19) + 53/\max(P22>

+(Bhe)?* Amax(Pr + Ps + Py + Py + Pa1)

R R Ry R
_RQ; Rz )+ (Bh2) M R; RZ )

Py Qs Py Q4 >
Qg P].l QZ P13

A A

1 ) (Bh2) A (
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