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novel delay-dependent sector conditions containing double integral terms are explored. Then,
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simulation example illustrates the availability and technique advantages of the proposed results.
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1. Introduction

In reality, almost all feedback control systems are affected by saturating actuators, and the
existence of saturations could induce poor system performance, instability, and multiple equilibria [1].
In general, two typical approaches have been employed to tackle actuator saturations. The first
approach is to directly design the feedback controller with consideration of actuator saturations [2—5],
while the other approach is to first design a desirable controller satisfying some performance indices
without taking saturations into account and afterwards synthesize an anti-windup (AW) compensator
to alleviate saturation effects [6—8]. Under the AW strategy, one can perform the separation design,
some standard techniques can be utilized to design the nominal controller. Moreover, compared to
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the direct design approach, the AW strategy has better application intuition and is thus more attractive
for practicing engineers. When dealing with saturation nonlinearities, the polytopic models and the
modified sector conditions (SCs) are two routine techniques [6,7,9, 10]. In particular, using modified
SCs, the AW synthesis criteria can be characterized by linear matrix inequalities (LMIs) [7].

Meanwhile, time delays are frequently unavoidable in a large number of control systems, which is
another key factor resulting in system instability and performance degradation [11-15]. In the past two
decades, abundant research has also been dedicated to the AW design for actuator-saturated control
systems with time delays [16-20]. For example, in [16], delay-independent and delay-independent
AW synthesis conditions have been established in the formwork of LMI by utilizing the Lyapunov-
Krasovskii (L-K) approach and the modified SC. Moreover, in [17], delay-dependent SCs have been
explored, and augmented L-K functionals as well as Wirtinger-based integral inequality have been
employed to improve the previous results. In addition, dynamic AW compensators have been designed
in [18, 19] for linear control systems containing a state delay, and the AW synthesis problem has been
studied in [20] for sampled-data time-delay systems.

Over the past several decades, communication networks have been embedded in many practical
systems, and the resulting networked control systems (NCSs) have become a highly concerned
research issue. However, the network bandwidth is definitely limited. Under the traditional time-
triggered scenario, the embedding of a network in a control system could lead to the phenomenon
of network congestion [21-23]. As a result, some imperfections will inevitably occur in NCSs, e.g.,
packet dropouts and disorders, and communication delays. To be able to mitigate network-induced
phenomena, some scholars proposed the event-triggered mechanisms (ETMs) based on which certain
redundant data are not allowed to be released by means of pre-designed triggering conditions [24—-26].
So far, the state estimation and control for NCSs have been widely investigated under ETMs, and a
great quantity of remarkable results have been acquired [27-31].

In the past decade or so, the control synthesis has also been addressed for NCSs subject to
saturating actuators under the ETMs [32-36]. For instance, dynamic output feedback control has been
studied [32] for discrete LPV systems under two independent triggering conditions, and state feedback
control has been discussed in [33] for continuous linear systems under a static ETM. In particular, the
static AW design problem has been sufficiently considered in [37-39] under several ETMs, and the
dynamic AW synthesis problem has been investigated in [40] under the dynamic ETM. However, it is
observed that time delays have been ignored in the majority of existing references, possibly due to the
complex mathematical deduction, which is the motivation for the present study.

This paper focuses on the event-triggered AW synthesis for linear systems subject to time-varying
state delay and saturating actuators. Using the dynamic triggering condition, delay-dependent SCs,
and augmented L-K functionals together with some less conservative inequalities, the delay-dependent
AW synthesis criteria have been derived in light of the solvability of LMIs. Then, the maximization
about the initial condition set (ICS) has been concretely discussed. Finally, a numerical example
illustrates the availability of the obtained results and technique advantages of this paper. The main
contributions of this study are highlighted as follows: 1) The delay-dependent AW synthesis criteria
are established for the first time for linear time-delay systems under a dynamic ETM. 2) In order to
abate the intrinsic conservatism, novel delay-dependent SCs containing double integral terms have
been explored. Moreover, some less conservative inequalities are utilized to estimate the upper bound
of the derivatives of L-K functionals as well as the lower bound of L-K functionals.
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Notation. R": n-dimensional Euclidean space; || - ||,: 2-norm of a vector; C![—, 0]: The space of
continuously differentiable vector functions ¢ within [—7, 0]; ET: The transposition of E; R > 0 (> 0):
R is a symmetric and positive definite (positive semi-definite) matrix; 1,,(Q): The maximum eigenvalue
of a matrix Q; I: The identity matrix; Sym(M) = M + M.

2. Problem formulation

Consider the linear system with time-varying delay and saturating actuators

{x,,(t) = A,X,(1) + Apax,(t — T,) + Bysat(u(r)), W

yp(t) = Cpxp(t)’

where x,(f) € R™ is the system state, y,(f) € R™ is the system output, u(¢) € R™ is the control input,
and A, A,y, B,, and C, are known matrices of appropriate dimensions. 7, is a time-varying state
delay satisfying 0 < 7, < 7and y; < 7, < up. sat(u) = col{sat(u), sat(uy), ..., sat(u,)} is a vector
saturation function representing saturating actuators, where sat(u;) = min{iy, |u;|}sign(y;) with ii; > 0
(l=1,2...n,) being the saturation levels.
To stabilize the system (1), we assume that an output feedback controller has been designed as
X(t) = Acx (1) + chp(t)a )
u(r) = chc(t) + Dcyp(t),

where x.(f) € R™ is the controller state, and A, B., C., and D, are dimension-compatible matrices.
To mitigate the adverse effects caused by saturating actuators, as in [6, 7], one can add the anti-
windup term to modify the controller (2) as

{xca) = Acx () + Boyy(1) + Ecp(u(r)), -

u(t) = Cexc(t) + Dcyp(t),

where E. is the AW gain matrix, and ¢(u(t)) = sat(u(t)) — u(t).

Here, we assume that the output signals are transmitted over communication networks. More
specifically, to save the communication resources, a dynamic ETM is adopted, and then the
controller (2) can be further written as follows:

Xe(1) = Acxc(1) + chp(tk) + EC(,D(M(I)), (4)
u(t) = CC'xC(t) + DCyp(tk)’ t e [tk9 tk+l)a k = 09 15 2a LI
In (4), the triggering instants #; (k = 0, 1,2, ...) are determined by the updating algorithm as
fier =min{t | £ > 1, &) + 6(8,y, ()Y, (1) + 6,67 = €' (e()) < 0}, 1o = 0, )

where e(t) = y,(tx) — y,(t),0 > 0,0 < 6, < 1,8, > 0, > 0 are given scalars, and &(¢) is generated by
E(1) = —AE(D) + 61y, (Dyy(t) + 627 — € (D)e(t), (6)

where £(0) =& >0and A4 > 0.
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Remark 1. From (5), we have the relation 51y£(t)yp(t) + 67" — e (De(t) > —% (1), t € [ty ter1)
Then, one obtains from (6) that £(t) > —(A + $)E(t). Moreover, it follows that £(f) > e~ 01g,. Noting
& > 0, it is obvious that the dynamic variable &(t) is non-negative, which means that the triggering
interval could be enlarged. Therefore, the dynamic ETM has more potential to save communication
resources compared to the static ETM without the introduction of dynamic variables. In (5) and (6),
the term 6,e™" is used to avoid the Zeno behavior while ensuing the asymptotic stability of the
overall systems [37]. On other hand, it is worth mentioning that there are other ETMs available
in existing references, such as the sampled-data-based ETM [25], the memory-based ETMs [27], and
the switching ETM [31]. Under such ETMs, the corresponding results can also be obtained, which is
our further work.

Define x(t) = col{x,(?), x.(1)} € R", where /i = n, + n.. Then, from (1) and (4), one has the system

X(t) = Ax(t) + Agx(t — 1) + (B + RE)p(u(t)) + B.e(t), (7
where
_|A,+B,D.C, B,C,. _|Ap O
A= B.C, A |"M=10 ol
_|B, 10 _|B,D.
o-[] ~=[i]. =~ "]
The initial condition of (5) is denoted as ¢(6) = col{¢,(0), ¢.(0)}, which is supposed to belong to
_ Ir_ . ;
N, ={00) € C'-7,01: max 9O, < pi. max 16O}, < p. ®)

For some n, X n matrices U, Vi, V5, V3, and V4, one can define the vector as below:

v(t) =Ux(t) + V; f x(r)dr + V, f - x(r)dr

—Tt -7
! t =Ty =T,
+ Vs f f X0 4o + v, f f ) Grdo. )
-1, Jo Tt -7 [ T—T;

Then, under the assumption that

il <u, l=1,2,...,n, (10)
we have the delay-dependent SC [1]
— 20" (u(®) Hlp(u(1)) + Kx(t) + De(r) = v(1)] = 0, (11D

where H > 0 is any n, X n, diagonal matrix, and K = [D.C, C.].
For the special case (1, = 7, ¢ > 0), one can simplify the vector v(¢) in (11) as

v(t) = Ux(®) + V; f x(r)dr + sz f @drde. (12)
-7 -1t Jb

T
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Remark 2. In [17], the modified delay-dependent SCs are developed to tackle the nonlinearity o(u(t)).

Compared to the SCs in [17], the double integral terms V; f f W 3rdo and V, f T f o X(r) drdH are
further incorporated in the sector condition (11) to decrease the conservatzsm except the term D.e(t)

concerning the ETM.
Next, several inequalities are provided, which are crucial for the derivation of our main results.

Lemma 1. [/1,12] Let the n X n matrix Z > 0, the continuously differentiable vector function Y(s) :
[t1,12] = R, and scalars 1, and , (11 < t2) be given. The following integral inequalities hold:

5
176 + s1Zss,

Z§'1+

(1) f [Zt'ﬂ(s)ztﬁ(s)dw
( 19 _Ll

@ [ vomss> — f b(s)ds) 7 f H(s)ds) +

LD )
3) f f U" ($)ZY(s)dsdl > 2¢i Zgs + 45 Ze,
I 6

Z§‘4,

where

S1 =Y () — Y(u), ¢ = Y() + ¥y

Y(s)ds — (—L)Zf f Y(s)dsdo,

6
S3 =U() — Y(yy) + 5

2~ U

G4 =
L =40 J, [
1 ‘2
Ss =Y() — P f Y(s)ds,
6 (5 (o
S6 =Y(12) - f Y(s)ds - —— f f W(s)dsdé.
(=) Jd, Jo

Lemma 2. [13] For a given n X n matrix S > 0, two vectors 9, € R" and %, € R", a scalar a € (0, 1),
as well as any n X n matrices M, and M, the following inequality is true:

Qa,S) 291[S + (1 —a)(S — M, S ™' M] )19,
+97[S + a(S — M1S ™' M))19,
+ 207 [aM| + (1 — @)M;]9,,

where Q(e, S) = (1/)9] S + [1/(1 — @)]195 S P».

3. Main results
For convenience of presentation, we first introduce some notations as follows:
& =[0axi-va In Oaxi@-ipasngnyls 1 <7,
€8 =057 In, Onux(nyﬂ'z)]’ €10 = [szx(7ﬁ+nu+ny) I;],
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& =[0axi-1a In Oaxis-ipsngnls 1 <054,

é5 é[Onu><4r‘z Inu OnMX(ny+ﬁ)], é7 = [Or‘zx(4ﬁ+nu+n,.) Ir‘z]’

€1 €10
T/€ e —(1-1)e
B =lr-1)&|, E=| (I-t)e-6 |,
/€6 € — & + 7€ — &)
(t—1)e €& — 6+ 16— &)

[x]

32K -U Oy —7ViI —(T=1)V2
—,Vs —(@—1)Vs I D Ozl
By =[T1 Oaxnsn,ny 121, C=[C, 0],
Es 2[A Ay Opxsn (B+RE) B, —1],
Ee 2diag{Q; + 6:C"C, (1 = 1)(Q2 = Q1), =05, Osisn,. =1, T°Z},

€ — 6 €& — €3
=2 = € +6—2¢ , Og = 6+ & — 26 ,
€ — 6 + 66— 12¢ 6 — 6+ 66— 12¢
0 O 0 0 0 Tl
1 * 4Q1 0 —6Q1 0 -1
I 2P+ —|x * 4Q2 0 —6Q2 , Iy £ (-1 y
Tle « * 1204 0 0
* % * * 120, 0

Wiy ifl X(r) Wot = ft ’ X(l’) d
-1 t-r T—T;
w3, = ‘ft ) f %drd@ Wy = f f (Tx_(rr)t)zdrde,

I(t) Zcol{x (1), x(t — 7,), X(t — T), Wiz, War, W3, Way, (u(2)), e(2), X(1)},
Z 2diag{Z,327,57}, Z % diag{Z,3Z,5Z).

For the analysis of the stability of the system (7), we select the augmented L-K functional

=T

V(©) = (H)Po(1) + f XL (P Q1 x(r)dr + f XL (r)Qyx(r)dr

-7

0 t
+ Tf f L (P Zx(r)drde + %e‘gt + &(1), (13)
-7 Ji+0

where o (t) = col{x(?), Twy;, (T—T)Was, T W3, (T —T)Wy,}, P 1s @ symmetric matrix, and Q, > 0, O, > 0,
Z > 0 are some matrices.

Theorem 1. Let the scalars € # 0, 6, >0, 6, >0, £ > 0, and 8 > 0 be given. Suppose that there exists
5i X 5it symmetric matrix P, it X it matrices Q) > 0, 0, > 0, Z > 0, X, 37 X 37t matrices S, S», n, X it

matrices Y, G, G, G3, Gy, n. X n, matrix W, n, X n, diagonal matrix H > 0, such that the LMIs as
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below are satisfied:

110, 7) 215, VerXCT

* _Z O < 07 ‘i-t € {/’ll’/'tz}’ (14)
N s o
T1(7, 7,) ESTSLZT Vo€l XC™]

_-Z 0 < Oa 7.-[ € {ﬂ17/~l2}a (15)
| * -1
o _
u; /ﬁ N
L — _ > =

7 NIT [+ (2/T)F2ZFg >0,1=1,2,...,n, (16)

where

[(r,, 1;) £ Sym(E] PZ, — € E3 + Z1 Z5) + E
-2 -)EIZE; - (1 + @)=§ ZE3
— Sym{ZT[aS | + (1 — a)S»]=s),
32 [KXT =Y Opson —1G1 — (T —1)G>
-1,Gy —(t-1)Gy H D 0,,5:],
B4 = (I Opxioingeny €I, N=[Y Gy Gy G5 Gyl,
Es 2 [AXT AX" Opesn (BH' +RW) B, —X'],
Ee = diag{Q1, (1 — #)(02 — 01), =02, O4in,, —1, T°Z},
0O O 0 0 0
e 0 600 0
Di2P+—|x * 40, 0 —60,|.
e« 120 0
® % * * 120,

[1h

Then, the system (7) is asymptotically stable for all initial conditions &, and ¢(0) € N, satisfying
V(0) < B under the AW gain matrix E, = WHT.

Proof. Differentiating the L-K functional (13), and then combining (6), (11), one has

V(t) =20 ()P (t) + xT (1) Q1 x(t) — xT(t — T)Qax(t — T)
+ (1 —1)x"(t = 1,)(Q2 — Q1)x(t — 7))

!

+ 25T (OZx(t) - T f i (NZx(r)dr — 57" + £(1)

-7

22T (P(t) + xT ()01 x(2) — x" (t — T)Qax(t — T)
+ (1= 4)x"(t = 7)(Q2 — Q)x(t — 7))

!

+ 2T (OZx(t) - T f 1(NZx(r)dr

= 20" (u()Hlpu(t)) + Kx(t) + Dee(t) — v(1)]
+ 6 X1 (OCTCx(r) — el (He(?). (17)
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Using an auxiliary function-based inequality (i.e., the inequality (1) in Lemma 1) yields

T f & (rZx(r)dr > ;ﬁT(t)ﬂ ZE9(), (18)

T f - T (NZi(r)dr > ——87 ()ET ZEg(0). (19)

—T T— Tt
Noting fl;(-)dr = ftt_r (Hdr + fl:Tt(-)dr and using Lemma 2, we have from (18) and (19) that

T f X" (rZx(r)dr

-7

>0 (NET[Z + (1 —a)(Z - $1Z 'S DIEH ()
+ 3 (NELZ + A Z - S3Z7'S2)15s0()
+ 20T (OET [aS | + (1 — @)S,]EstN(2), (20)

where @ = 1,/7, and S| and S, are 37 X 37 matrices.
For any given 7 X in matrices T, T,, utilizing the system (7), the following equation is true

20" (T + X" (O TH][Ax(D) + Agx(t — 7)) + (B + RE)p(u(?t)) + Bee(t) — x(1)] = 0. (21)
Let us add the left-hand side of (21) to (17) and use (20). Then, one can obtain
V() < 9T (OU(r,, 7,)9(D), (22)
where

(7, 7;) = Sym(E PE, — €t HE; + EL E5) + E¢ — (2 — @)
XENZE -1+ )2 ZE:s + (1 —)E1S, Z7'S|E
+aEL ST Z7'8,5s — Sym{El[aS | + (1 — @)S,]Zs).

Clearly, if the matrix inequality as below is satisfied:
I(z;, 1) <0, (23)

then, we can get from (22) that V() < 0 is ensured.
Moreover, using the inequality (2) of Lemma 1 and the Jensen inequality [17], the lower bound of
V(t) can be given as

t !

1 T
V) ZO'T(I)PO'(t)+—( f x(r)dr) Ql( f
T =71 =71

+ %( j: T_Tt x(r)dr)TQz( j: T_Tt x(r)dr)

3 3
+ 2K (OQiK (1) + —k3 (D02 (1)

+§( f 0 f 9x<r>drde)Tz( f 0 f 9x<r)drd9)

AIMS Mathematics Volume 9, Issue 10, 27721-27738.
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=0 (O[T + /1213 o (D), (24)

! 2 ! !
k(1) = f x(r)dr — — f f x(r)drdo,
-1 Tt t—1, JO
f—7; o) N
k(1) = f x(r)dr — f f x(r)drdé.
-t T=Trdi-r Jo

Denote N; = [U, Vi Vy Vi Vyl, I = 1,2,...,n, and suppose that the following
inequalities hold:

where

(B/u )N/ N, < Ty + 2/0.ZI%, 1=1,2,...,n,. (25)

Then, for all initial conditions &, and ¢ € N, that satisfies V(0) < f, using (24) and (25), and noting
that V(r) < 0, we have

Wi = o (N Nyor (1)
<@@; /B’ (O[T + (2/1)LZT5 1o (1)
<@ /BpV® < @ /BVO) <ij, 1=1,2,...,n, (26)

From (26), we can see that constraints in (10) are ensured. Meanwhile, it is seen from (25) that
V(t) > 0 for any x, = x(t + 5) # 0 (s € [-7,0]) under the conditions (25). Noting V(¢) < 0 again, we
can conclude that the system (7) is asymptotically stable under the assumptions (23) and (25) .

To design the AW gain matrix E. by means of LMIs, we set T, = €T (6 # 0), and then define

X 2T, P2 XPXT (X = diag{X, X, X, X, X}),
0;2X0XT(i=1,2), Z2XZX", H+ H!,
Y2 UX", G2 VX" (j=1,2,3,4), W2 EH",
S, 2 XS, X" (X =diag{X, X, X}, i =1,2).

27)

Pre- and post-multiplying (23) by diag{X,X,X,X,X,X,X,H,I,X} and its transpose, and
using (27) yields

ﬁ(Tta Tt) < Oa (28)
where

(7, 7,) = Sym(E] PE, — €3 23 + £} Z5) + 26 — (2 — @)
XE'ZE, -1+ )2 28+ (1 - a)21S,Z7'STE,
+ Bl 8T 778,85 - Sym{El [aS | + (1 - 5,15},

with 55 = Z¢ + diag{61 XCTCX", 0774n,4n, }-
Using the fact that [1(r,, 7,) is convex about 7, as well as 7, it follows that (28) can be ensured by

ﬁ(oa Tt) < Oa 7.-1‘ € {/Jla/JZ}a (29)

AIMS Mathematics Volume 9, Issue 10, 27721-27738.
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ﬁ(T’ Tl‘) < 0’ ‘i-t € {/llaﬂZ}' (30)

Noting that @ = O for the case 7, = 0, and applying Schur complement, it can be seen that (29)
and (30) are equivalent to LMIs in (14) and (15), respectively. Pre- and post-multiplying (25)
by diag{X, X, X, X, X} and its transpose, respectively, and meanwhile, employing (27) and Schur
complement yields the LMIs (16). O

Remark 3. In obtaining Theorem 1, an augmented L-K functional (13) with double integral terms and
the novel delay-dependent SC (11) are adopted to alleviate the conservatism. Moreover, an auxiliary
function-based integral inequality is further utilized to estimate the upper bound V(t). In addition, the
Wirtinger-based inequality (inequality (2) of Lemma 1) is employed to estimate the lower bounds of
both integral terms ft iﬂ x'(r)Qx(r)dr and ft :T’ xT'(r)Qax(r)dr.

For the constant delay case (7, = 1), we select the simplified L-K functional
- 5 ! 0 ! 62
V) =n"t)Pn@) + f x"(NOx(r)dr + 1 f f £ (rZx(r)drdo + ?e-ﬁ + &), (31
-7 -7 Jt+0

where n(t) = col{x(), ft iT x(r)dr, % ft [_T f; x(r)drdf}, P is a symmetric matrix, and Q > 0, Z > 0.
Using the inequalities (2) and (3) in Lemma 1, we can estimate the V(¢) as

x(r)dr)T Q( f_t x(r)dr)

+ 3/ ()QV (1) + 2Tvi (D Zvy(t) + 41vi () Zv3(D)
=n" (H)[®) + 27D ZD, + 47D} ZD3]1(1), (32)

vi(t) = f x(rydr — — f f x(r)drdé,

vo(t) =x(t) — — f x(r)dr,

v3(1) =x(t) + — f x(r)dr - — f f x(r)drdé,

i

- - 1
V() =n(t)Py(r) + —( f
T\t

-7

where

0 O
O 2P+~ |+ 40 —6Q O, =[I -1/t 0],
Tl « 120

O3 2[1 21/ —61/7°].
Moreover, we define the variables
P = diag(X, X, X} Pdiag{X", X", X"}, 0 £ XQ0X" ,G; 2 VX" (j=1,2). (33)
Then, the AW design criterion for the constant delay case is stated as follows:

AIMS Mathematics Volume 9, Issue 10, 27721-27738.
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Corollary 1. Assume that there exist 3n X 3n symmetric matrix P, i X i matrices 0>072>0X,
n, X i matrices Y, G, G, n. X n, matrix W, n, X n, diagonal matrix H > 0, such that the LMIs as

below hold:

AT T
[Q Vo erxe ]S 0. 34
s -1
=2
u] /ﬁ Ml _
[MZT By + 200120, + 470 Zpy | = O = 1B e (35)

where

Q =Sym(YTPY, — &lrs + YT rs) + Ve + YT 20,

€ &

Ty =|7&|, Vo= & —&|, T4 =[I Opxasn+n,) €],
T€4 @1 - @3

T? :[WXT -Y On,,xr_z -1G; - 171G, H Dc Onuxfz]a

Ys =[AXT AXT Opon (BHT + RW) B, — X1,
T6 :diag{Qa_Qa 02ﬁ+nua_la TZZ}7 M = [Y Gl G2]7

€ — & 1 0 0 0
T7: €1+€2—2€3 ,(i)I:IV)-}-_ * 4Q_ _6Q
& — &+ 68— 124 Tl « 120

Then, the conclusion of Theorem 1 holds for the case 1, = T.

Remark 4. In deriving above Corollary 1, the Ilower bound of the integral term
T f_ OT ft :9 i (r)Zx(r)drdd is estimated based on an auxiliary function-based inequality (the
inequality (3) of Lemma 1), which is different from the variable delay situation. Noting that, if
the same technique is utilized in the variable delay situation, the resulting conditions are no longer
LMIs. On the other hand, it is worth mentioning that, using the L-K functional (31), one can establish
the corresponding result for the case that the time delay 1, is not differentiate [ 14, 41].

Next, we are concerned with the optimization of the ICS N,,. To estimate V(0), we set
P < diag(Ly, L5, L3, Ly, Ls), Li>0(@=1,2,...,5). (36)
Using Jensen integral inequalities [17] and noting that P £ XPX” yields

V() <[Au(X LX) + P (X LX)
+ A (X LX) + 02572, (X LX7T)
+ 0257 (X7 Ls X DYy + (X710 X
+ 1A (X 0 X D]y + 0.57° A (X' ZX Tp,

+62/¢ +& = Vo (37)
Similarly, we can set
P < diag{Ly, L5, L3}, Li>0(=1,2,3). (38)

AIMS Mathematics Volume 9, Issue 10, 27721-27738.



27732

Then, we get

VO) <[ApX' LX)+ PAauX T LX)
+ 0257 (X' LX) + 1A(X ' OX ]y
+ 0.5 (X1 ZX Moy + 628 + &0 = V. (39)

Similar to [17], one can set X ' X7 < xI (x > 0). The inequality is ensured by an LMI

xI 1
[l X+XT—I]ZO' (40)

Furthermore, one introduces the set of LMIs as follows:

Li<pl(pi>0), 0;<qil(q;>0), Z<z (z>0), i=1,2,...,5 j=1,2, (41)
Li<pl(pi>0), 0<ql(g>0), Z<zl(z>0),1=1,2,3. (42)

Note that the admissible initial conditions satisfy the constraint V(0) < 8. For given 05, ¢, &), and
B, it can be seen from (37) and (39) that the small coefficients of p; and p, correspond to large p; and
p2. Then, the maximization of the ICS N, can be achieved by minimizing the coefficients of p; and p,.
Correspondingly, the optimization of the ICS X, involved in Theorem 1 as well as Corollary 1 can be,
respectively, expressed as follows:

Prob. 1. ~_ min U1,
P>0,£L;>0,0;>0,2>0,H>0,S ;,X.Y,G\,W,x>0,p;>0,q>0,2>0
s.t., LMIs (14) — (16), (36), (40), and (41) hold,

Prob.2. ~_ min Uy,
P>0,£;>0,0>0,2>0,H>0,X,Y,G1,G2,W,x>0,p;>0,¢4>0,2>0

s.t., LMIs (34), (35), (38), (40), and (42) hold,
where

Ul =0X + p1 + T2pa + T°p3 + 02577 py
+0.257°ps + 1q, + ¢ + 0.57°2,
U, =0Xx+ p1 + szz + 0.25T2p3 + 719+ 0.57°z, o> 0.

Once the optimization problem has the solution, then the AW gain matrix can be solved by E. = WHT,
Also, two scalars p; and p, involved in ICS K, can be characterized by the relation Vo <BorVy<p.

Remark 5. If the ETM is not introduced in measurement output y(t), the corresponding optimization
problems can be readily derived by removing some terms involving e(t) in LMIs (14)—(15) and
LMIs (34)—(35), which are respectively denoted as Prob.1’ and Prob.2’. In fact, the AW synthesis
has been considered in [17] for time-delay systems under continuous-time measurement. However,
compared with the techniques used in [17], the double integral terms are further incorporated in L-K
functionals and SCs. In addition, several more advanced inequalities are adopted to estimate the upper
bounds of the derivatives of L-K functionals and the lower bounds of L-K functionals themselves.
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4. Numerical example

Example 1. Let us address the unstable system (1) and the controller (2) with the parameters

-15 1 0.5 0.5 1
AP"[ 1 0]’Apd"L15 or BP"[O]’

C,=[01],A. =0, B.=~-1, C.=0.15, D, = -3,
T :0.5, M1 = —0.1, Mo = 01, 1711 =10.

The parameters of the triggering conditions (5) and (6) are selected as:

6, =0.005, 6, =005 (=1, 1=0=2, & =0.

Solving Prob.1 with 8 = 1.35,6 = 0.78, and p = 5 X 103, one can obtain the maximum scalars
p1 = p> = 11.0493 involved in ICS N, defined in (8) and the AW gain E. = 0.8083.

In Figures 1 and 2, we plot the state evolution of the closed-loop system and the saturated input,
respectively. In Figure 3, we plot the event-triggering instants. In the simulation, we select 7, =
0.4 + 0.1sint, ¢,(0) = [-0.5 —3.28], ¢.(6) = 0 (¢(6) € KX,). From Figure 1, it is clear that the system
state converges to zero, which verifies the availability of our obtained result. Figure 2 shows that the
control input is saturated within the initial stage. In Figure 3, “1” denotes the triggering and “0” denotes
no triggering, and the total number of event-triggering instances is 137 within [0, 10]. Noting that the

sampling time is 0.01s, it is obvious that the ETM can save the communication resources effectively.

x, ()] |
- = =x,(1)

System state x(t)

0 5 10 15 20 25
t/s
Figure 1. State evolution of the closed-loop system.
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-
N

=y
o

o]
T

(=]
T

The saturated control input sat(u(t))

0 5 10 15 20 25
t/s
Figure 2. The saturated control input.

0 2 4 6 8 10
t/s

Figure 3. The event-triggering instants.

For the case without using the ETM, by solving Prob.2’ with § = 1, the maximum scalars p
(= p1 = py) related to the ICS N, are easily obtained (see Table 1). In Table 1, we also list the upper
bounds of p obtained by the result in [20] and some special cases, where Cases [-III correspond to,
respectively, W = 0 in LMIs (34), @, = P+ diag{0, Q/7,0} and @3 = 0 in LMIs (35), and G, = 0 in
LMIs (34) and (35).

From Table 1, we can see that Prob.2’ provides the larger estimate of p than the result in [17],
which verifies that the proposed techniques in this paper have less conservatism. Noting that Case |
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is related to the controller without the AW term, it is illustrated that the AW strategy can enlarge the
estimate of the ICS. Also, it is seen that Prob.2’ can estimate a larger p than Case II, which shows
that our proposed technique dealing with the lower bound of the L-K functional is more effective. In
addition, Prob.2’ can give the larger p than Case III, which demonstrates that the double integral term
introduced in delay-dependent SCs can decrease the conservatism.

Table 1. Upper bounds of the scalars p related to the set N,

7=0.5 =1 T=2 7T=13
Prob.2’ 16.0301 322;71504 13.5219 Zzgfﬁm 9.6972 222;91%4 6.3127 Zz?ffos
[17] 15'5588@::025?04 12.63 12|‘f::03'21104 7. 1349'2::142?04 4.5252|g::13‘ff04
Casel 13.6150 222;71504 11.4950 Zzgflzoé‘ 8.1025 222;91%4 5.1608 22?51605
Case I 15.8474 322;71504 12.8714 222;91204 8.1408 222;91%4 4.9639 22?51605
Case III 16-0172|222;71504 l3.3877|§:gfﬁo4 9.0850|Zj5)‘*91%4 5~5082|Zz?f]605

5. Conclusions

In the paper, the AW synthesis has been investigated for linear control systems containing time-
varying state delay and saturating actuators under a dynamic ETM. Using novel delay-dependent SCs
and augmented L-K functionals together with several less conservative inequalities, delay-dependent
AW design conditions have been obtained on the basis of the feasibility of a set of LMIs. Then,
the optimization of ICSs has been concretely formulated. In the end, a simulation example has
been provided to show the validity and advantages of our results. Here, it is worth mentioning
that more effective results can be established by incorporating the switching AW design [8] and the
dynamic AW technique [19], which is our further research. Moreover, by using the sampled-data-
based ETM [25], the continuous supervision of the measurement is no longer required. In addition,
the external disturbances might be unavoidable in actual control systems [18,19,42]. Using the similar
analysis as in [18,19], it is easy to extend our results to control systems with external disturbances.
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