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Abstract: In this paper, the controller design problem for uncertain neural networks (NNs)
with control input missing is addressed under an event-triggered (ET) scheme. First, under
the zero-input method, the closed-loop system is modeled as a switched system which
includes a stable subsystem and an unstable subsystem. Next, a novel integral-based
memory event-triggered (IMET) scheme is designed, which can prevent Zeno behavior.
The proposed IMET scheme is designed over a specified memory interval; thus, it can make
full use of the historical state information, thereby reducing the adverse impact caused
by packet dropouts. Then, with the analysis method of switched systems, a piecewise
time-dependent Lyapunov functional is designed, and low conservative conditions are
derived to ensure the exponential stability of the switched closed-loop system. Meanwhile,
the constraints on the packet loss rate and the average dwell time are established. Moreover,
the design of the controller gain is also given. Finally, the feasibility of IMET is verified
using an example.

Keywords: control input missing; integral; memory event-triggered scheme; neural
networks; switched systems; uncertainty
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1. Introduction

Due to their powerful adaptability, self-organization, and self-learning abilities, neural
networks (NNs) have become a research hotspot for many scholars [1-4]. However, in
the implementation of NNs, uncertainties are often encountered because of inaccurate
modeling or environmental noise, which can degrade system performance and further lead
to system instability [5-7]. In addition, on account of unreliable communication channels
and limited bandwidth, the control signal may not reach the receiving terminal successfully.
Hence, data packet dropout is an inevitable problem for the control of NNs. When packet
dropout occurs from the controller to the actuator channel, it is referred ti as missing control
input [8]. This phenomenon is inevitable due to actuator failure, intermittent controller
unavailability, and other reasons. Generally, there are two methods to cope with this
problem. One is the hold-input method [9,10]; that is, when the controller signal is lost,
the latest control signal is taken as the input of the actuator. The other is the zero-input
method [11-14]; that is, when the control signal is lost, the input of the actuator is set to
zero, then the controlled system can be converted to a switched system. Promising results
on systems with packet dropout have been achieved. For example, based on the zero-input
method, robust synchronization for uncertainty delayed NNs with control packet dropout
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was implemented under sampling control in [12]. For fuzzy system with packet dropouts,
refs. [13,14] studied robust He control and exponential stabilization using the zero-input
method under sampling control, respectively. It should be noted that although related
research on neural networks incorporating these two network-induced phenomena has
achieved certain results, there remains significant room for improvement.

On the other hand, networked control methods have attracted considerable attention
in recent decades. As is well known, traditional time-triggered control methods will
generate redundant data and therefore lead to over-occupation of limited communication
bandwidth and blockage of information channels. It has been proved in [15] that the
integration of an event-triggered scheme into the controller can effectively reduce the
number of control task executions. Thereafter, ET control has attracted increasing attention
from scholars [16-20]. The sampling of ET control is carried out only when a preset event
is triggered; that is, the system will transmit information only as needed. In this way, the
waste of network resources can be reduced while guaranteeing the expected performance.
Among the existing ET schemes, the periodic event-triggered (PET) scheme is a classic one,
in which the preset triggering condition is monitored periodically [21,22]. It can ensure
that the interval between two adjacent triggers is greater than zero, so it can automatically
avoid the emergence of Zeno phenomena. Based on the PET scheme, a novel ET scheme
called the memory-based event-triggered (MET) scheme was devised in [23]. The MET
scheme comprehensively utilizes the difference between historically transmitted data and
the currently sampled data to design the triggering condition [24-27]. What needs to be
pointed out is that most existing METs use the discrete mean value of a certain number of
historically sampled or triggered data. However, if packet dropouts occur, some sampled
data are partial, or all missing, then the effect of the MET scheme using a discrete mean
value will be reduced. However, if the continuous mean value—that is, the integral over
a past continuous interval—is employed to design the triggering condition, even if some
sampled data are lost, the integral can still address the issue related to packet dropout due
to the good property of the integral. In this way, both higher control performance and
fewer triggering times can be achieved.

Enlightened by the above thoughts, this paper will investigate the stabilization of NNs
with uncertainty and control input missing by designing an ET scheme. The contributions
of this paper can be summarized as follows:

(1) To deal with the impact of packet dropout, a novel MET scheme, named IMET, is
devised, which introduces an integral of the system state over a specified memory interval.
The proposed IMET scheme can not only make use of the historical state information but
also alleviate the effects of packet dropout and exclude the occurrence of Zeno phenomena.

(2) Under the proposed IMET scheme, the uncertain NN with control input missing is
modeled by a switched system on the basis of the zero-input method. Then, a piecewise
time-dependent Lyapunov functional consisting of a looped functional is designed. The
exponential stability of the switched closed-loop system is analyzed and low conservative
stability conditions and control gain design algorithms are developed.

The remainder of this paper is organized as follows. The IMET scheme is proposed and
the closed-loop system is established in Section 1. The sufficient conditions for exponential
stability and the co-design method of the control law are given in Section 2. The obtained
results are verified using an example in Section 3. Section 4 concludes this paper.

Some special symbols are explained in Table 1.
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Table 1. Notations and descriptions.
Notation Description
N Set of non-negative integers
R" Set of n-dimensional real vectors
Rxm Set of n x m real matrices
R Set of symmetric positive-definite matrices
MIT(M—1) Transposition (inverse) of matrix M
Amax(M) (Amin(M)) Maximum (minimum) eigenvalue of matrix M
M > 0(<0) Real symmetric and positive (negative) definite matrix M
col{-} Column vector
Ly m x m identity matrix
0 Zero matrix with appropriate dimensions
2. Problem Formulation
Consider a NN with uncertainties modeled as follows:
x(t) = (Wr+ AWL(8))x(8) + (Wa + AWa (1)) f (£, x(8)) + u(t), ©)

where x(t), u(t) € R" denote the state vector and the control input, respectively; W; and
W, are known real matrices, and AW (t) and AW, () represent the parameter uncertainties.
The system nonlinearity f(t,x(t)) : R x R” — R" is a piecewise-continuous function with
f(t,0) = 0 and satisfies

FI(Ex(8)f( x(1) < BT (HHT Hx(t), 2)
where B > 0 is a constant and H is a constant matrix.

Assumption 1. Suppose the parameter uncertainties AWy (t) and AW, (t) are of the following
structure:
[AWL(t) AWa(t)] = NF(t)[Lq La], ©)

where N € R"™™ L1, L, € R™*" gre known real matrices and the uncertain matrix F(t) € R™*™"
is bounded by
FT(H)F(t) < Ly, Yt >0. (4)

We denote ki (k € N) as the sampling instants with sampling period # > 0, and
tyh (k € N) with toh = 0 as the triggering instants; that is, at t;/, the sampled data packets
are transmitted. We define x(t) = 1 fti o X(s)ds with the integral period @ > 0. Then, the
triggering condition of the IMET scheme is presented as follows:

tearh = teh + Ikh,
with Iih = inf {1h| S(teh + 1) TQR(teh + 1h) > pFT (th) QF (teh) } )
S

where tih + [h is the current sampling instant, and t;_ 1/ is the next triggering instant to
be determined; X(t;h) = % ttk’;lh_w x(s)ds with the memory period @ > 0 and e(tyh + 1h) =
x(tgh 4 1h) — X(tch); O € R*" is the triggering matrix to be designed, and 0 < p < 1isa

given constant.
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Remark 1. The existing MET (EMET) scheme is that proposed in [23].
ter1h = th + 1nf{lh| Z Hje ] Qe]( ) > pr(tkh)Qf(tkh)},

where m denotes the number of historically transmitted packets, X(th) = L Yty x(tes1-jh),
ej(t) = x(kh +1h) — x(tey1-jh), and 0 < pj < 1,2;-":1 uj = 1. The distinction be-
tween EMET and IMET can be summarized in two points. First, the EMET scheme em-
ploys a discrete average of some historic data at tyh, such as X(th) = L Uity x(tes1—jh)
and Y pje; T(t)Qej(t) = Y wjlx(tch + 1h) — X (tepa— BT Qx(teh + Th) — x(teiq- ).
However the IMET scheme adopts the continuous mean of the system state over the inter-

val [tch — @, th), resulting in X(th) = £ ftikhh o X(s)ds and % ttkhh o€l (5)Qe(s)ds =
L ttk’;lh_w[x(tkh +1h) — x(s)]TQ[x(th + Ih) — x(s)]ds. Second, IMETfurther incorporates the

Jensen’s inequality to derive a more stringent triggering condition. Using Jensen’s inequality to
fih el (s)Qe(s)ds yields

@ Jth—@

teh
1 /t el (s)Qe(s)ds

kh*(D

SIS

/tt"h Ltk + 1) — x(s)]TQx(th + Th) — x(s)]ds

h—@
>[x(th + 1h) — X(th) T Q x(tch + Ih) — %(th)],
=e(tyh + W) TO&(teh + 1h).

Finally, the proposed IMET scheme can be obtained. Furthermore, the IMET scheme can exclude
Zeno behavior directly, because it is devised on the basis of the PET scheme and therefore can
guarantee ty 1h —th > h > 0.

Remark 2. It follows that the triggering condition of IMET is more stringent, which is beneficial
for reducing redundant data transmission. Meanwhile, as is well known, the value of an integral
over some time interval can not be affected by a finite number of discontinuous points. Therefore,
for system (1), even if the sampled or triggered data at finite instants in [th — @, th) are missing,
the introduction of the integral term can take full use of the historical information of the system
state over this interval. In this way, it can better reflect the “memory” characteristic to reduce false
triggers caused by fluctuations in signal measurements.

In this paper, the state feedback controller is taken as
u(t) = Kx(txh), t € [tch, tiqh), 6)

where K is the control gain. By combining it with (3), the closed-loop system can be
described as follows:

Wix(t) + Waf (£ x()) + NF(8) [L1x(t) + Lo f (£, x ()] + Kx(8ch), ¢ € [tch, tigah). )

From a practical point of view, it is assumed that packet losses happen in the controller—
actuator channel; that is to say, if some triggering instants £, may be lost, then u(t;h) =0,
t € [tgh, tyiqh). In this case, the closed-loop system with control packet loss has the
following description:

£(t) = Wix(t) + Waf (t,x(t)) + NE(H)[Lix + Laf(t, x(1))]. ®)
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If we introduce a switching signal ¢(t) : [0,00) — S = {s,u} with K; = Kand K, = 0 to
distinguish whether the triggering instant is lost, then a switched system can be organized
as follows:

£(£) = Wix(t) + Waf (t,x() + NF(O[L1x(8) + Lof (£, x(£)] + Koo E(tch), £ € [teh, teyah). ©)

Obviously, system (9) switches between the stable subsystem (7) and the unstable
subsystem (8).

The switched system based on the zero-input method is shown in Figure 1. From
Figure 1, it can be observed that the occurrence of packet loss generates a switching signal
o(t), which subsequently determines the value of the feedback controller and activates the
corresponding subsystem.

Packet loss
or not

switching
signal

| > K, — K—> stable

—>| subsystem a(y
o(t) [1 a(t) |

> K —0 5| unstable s
. —> subsystem '

Figure 1. Overall block diagram of the switched system based on the zero-input method.

Assumption 2. In this paper, it is assumed that missing packets only occur in the controller—
actuator channel, and 6 is employed to represent the loss rate of control packets.

According to the triggering condition in (5), there are [y — 1 sampling instants within
the triggering interval (fh, t;,1h). Next, using the partition method, the triggering interval
[tch, tyq1h) can be written as follows:

L—1 L—1
(b, ) =) [tkh Ik b+ (1 + 1)h) =US, I (10)

We define the time-varying delay 01 (t) = t — (tyh + 1h), t € J;, then 61(t) € [0, h). Thus,
one can have the following;:

T(tgh) = x(tgh + 1h) — é(tgh + 1h) = x(t — 61(t)) — é(tyh + 1h), t € . (11)
Therefore, the closed-loop system (9) can finally be expressed as follows:
(t) = Wax(t) + Waf (£, x(£)) + NF()[L1x(t) + Lo f (£, x(8)] + Koy [x(t = 61(8)) —e(tch + 1)), t € . (12)
Definition 1 ([28]). If there exist c1,cp > 0 satisfying

[x(6)]1? < cre=2(=h) . sup ||x(to +5) |2 V> to.
—0<s<0

then the closed-loop system (1) is said to be exponentially stable.
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Definition 2. For a switching signal o(t), if there exists a constant T, > 0, such that

th—b

Ny (t1,t2) < No + , VY >t >0,

a
holds for No > 1, where N, ;) (t1, t2) stands for the number of switching events on (t,t1), then T,
is called the average dwell time (ADT) of o (f).

Lemma 1 ([29]). For any continuously differentiable function x : [ay,a3] — R, the following
inequality holds for a given matrix H > 0:

/usz(t)Hx(t)dt> U ((an) — x(m ) TH(x(a2) — x(a1)) + XTHX, (13)

a Tap—m az —ap

where X = x(a3) + x(a1) — —2— [ x(t)dt.

ap—ay Ja

3. Main Results

The stability criterion and the controller design for the resulting system (12) will be
proposed in this section.

Theorem 1. For given scalars f > 0, v > 0, p > 0, ¢1 > 0, 92 > 0, @ > 0, A; > 0,
Ay <0, u > 1 and feedback gain matrix K, the closed-loop system in (12) is exponentially stable

R R
if there exist matrices Ps, Py, Qs, Qu, S, Q, € R*", R = 1 R12 € ]RTXZ" and matrices
* 22
M, My € R"™™", such that the following LMIs hold:
I T
R P (14)
x  —vly
[y, urT
2 v <0, (15)
x  —vly
(1T uAT
v <0, (16)
*  —vly
P, < llps, Qu < ﬂei(Asi/\ll)wQs/ (17)
Ps < uPy, Qs < ,uQu/ (18)

where ¥y, L, € ROnmtm)xTntm) gq 11 ¢ REu+m)x@ntm) gp0 symmetric matrices, and
—Ash
21(1,1) = AsPs — 2" Ryq + oy MyWy + oy W] MT + Qs+ BPHTH + (5202 — 1)S, 24 (1,2) =

%2(1,2) = P — g1 My + gWIMT + 225, 51(1,3) = 5,(1,3) = oMWy, Z4(1,4) =
T2(1,4) = g1 MyN, Z(1,5) = 5(1,5) = =2 "Ry; — e MRy + o MK, £4(1,6) =
(1,6) = —giMiK, £1(1,7) = 5,(1,7) = Ry, 5,(2,2) = —go(My + M),
21(2,3) = 22(2,3) = gDzMsz, 21(2,4) = 22(2,4) = (pzMzN, 21(2,5) = gDzMzK,
$1(2,6) = $5(2,6) = —@aMsK, £1(3,3) = 5(3,3) = — Ly, T1(4,4) = Tp(4,4) = —vl,,

21(5,5) = £5(5,5) = =2 "Ry 4 2074 Ry + pQ — he MRy, £4(5,6) = £5(5,6) =
—0Q, 21(5,7) = %(5,7) = 6@’,1"5” Ry, 21(6,6) = X(6,6) = (0 —1)Q, 1(7,7) =
$(7,7) = 2Ry, %1(8,8) = £5(8,8) = —e M9Q,, By(1,1) = APy — 2Ry, +
PL MWy + @1 WIMT + Qs + BPHTH + (512 + h)S, £2(2,2) = —@a(Ma + MJ) + hRyy,
$2(2,5) = @aMyK + hRyg, £5(5,5) = =2 ""Ryy + 2 MRy + pQ + hRyp, TI(1,1) =
P,Wy + W{Pl + AP, + BPHTH + Q,, 11(1,2) = P,W,, I1(1,3) = PN, 11(2,2) =
_Im/ H(3/3) = _VIm/ H(4/4) = _Qur I = [Ll Omxn LZ 0m><m Omxn Omxn Omxn Omxn]/
A = [L1 Ly Oy Omscn). The ADT 1, and the pocket loss rate & satisfy the following constraints:
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Inpu

A e) t A S

As
. 19
_—w (19)

Proof. Consider a Lyapunov functional V(t) as follows, where V;(t) is for the stable
subsystem (7) and V;,(t) is for the unstable subsystem (8)

V(t) = Vo (t) = { “;i((?)', ffi))i(;((i)) isu , LET,
with

Ve(t) =Y Vi(t),

T Li=1
T /\s(s t T
)" Psx( / /+U )" Qsx(s)dsdv
+6,(0) / b 3E) Rl ¥ sk 0,00, (0)x(5)TSx(b), (20)
F—01 (1) x(t—61(¢)) x(t—01(t))
Vu Zl 1 Vuz
Tpu /\u 5 t X dsd , 21
/ / N )T Qux(s)dsdo (21)
in which 6;(t) = t — (tgh +1h), 62(t) = tth+ (I +1)h—t, and As > 0, A, < 0 are
given constants.

Case 1: When the closed-loop system (12) is in the stable subsystem, the derivative of
Vs (t) along the trajectory of the stable subsystem (7) is as follows

Vs(t) + AsVs(t)

t

< 2x()) TP () + Asx ()T Psx () + x(£) T Qs (t) — %/j eMOx(t+0)TQsx(t +v)d

o © T ORux(E)ds 26 [x(1) —x(t - 91(1‘))} "Rygx(t — 64(1))

T .
— 01()) Rppx(t — 01(t)) + 62 (¢ l tfelt ] Rl (tX(;z(f))]
+[62(t) — 01(D)]x (1) TSx(8) + 201 (1)02(1)x (1) T S(£) + Asby (1)02(£)x(£)T Sx(8).

— gl(f)ei/\sth(t

(22)
By applying Jensen’s inequality to the first integral term in (22), one obtains the following

0 t
~1 /_w MOx(t +0)TQex(t + 0)dv= —%/t_we)‘s(s_t)xT(s)st(s)ds

—e MO (1) Qu(1), (23)
with X(t) = (th 0¥

In terms of Lemma 1 the second integral term in (22) can be estimated as follows
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t o—Ash x(t) ! 4Ry1 2Ry1 —6Rpy x(t)
_/ e MMET ($)Ryqx(s)ds < — p x(t—61(t)) x  4Ry; —6Ry; x(t—61(1)) |, (24)
o e(t) % % 12Ry e(t)

where ¢(t) = %(t) ftiel(t) x(s)ds.
Utilizing the free-weighing matrix method, the following equation holds for constants
@1 > 0, 2 > 0 and appropriate dimension matrices My, Mj:

[Zgole(t)Ml + 24’235T(f)M2}

X [—x(t)+W1x(t)+w2f(t,x(t))+Nq(t)+1<(x(t—91(t)) —E(tkh+lh))} =0, (25

in which q(t) = F(t)p(t) and p(t) = Lix + Lo f (£, x(t)).
Meanwhile, based on (4), one obtains g7 (t)g(t) < p’ (t)p(t); then, for constant v > 0,
it follows that

p
v[s"(OTTTe(t) — " (Ha(t)] > 0, (26)

where g(t) = col{x(t), x(t), f(t,x(t)),q(t), x(t — 01(t)),e(txh+1h),e(t), x(t)}, T = [L1 Opxn
LZ Om><mOm><n Om><n Omxn Omxn]-

Substituting (2), (5), (23)-(26) into (22), and considering the fact that

< (01() +62(1))* _ h(61(t) +6a(t))

01(£)02(t)

4 4 !
we can have

Va(t) + AsVa(t) < " (1) 917(” (£1+vITT) + GZT“) (2 +vT7T) b (6),

where X1, X are defined in Theorem 1. Next, according to LMIs (14) and (15), one can
finally obtain the following:
Vi(t) + AsVi(t) < 0. 27)

Case 2: When the closed-loop system (12) is in the unstable subsystem, taking the
derivation of V,(t) yields the following:

V() + Ay Vi (t)

=2x(t) TP (t) + Asx () TPux(t) + x()TQux(t) — L /70 MOx(t 4+ 0)TQux(t +v)dv. (28)

With the same operation, we give the estimation of the integral term in (28) as follows:

—%/O MOx(t+0)TQux(t+v)do < —XT (£)QuX(1), (29)

in which () = £ ftt_w x(s)ds.
Simultaneously, we have the following identical equation and inequality:

v[n" AT AR =" (Da(t)] = 0, (30)

where 77(t) = col{x(t), f(t,x(t)),q(t),x(t) } and A = [L1 Ly Omscm Omxcn]-
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Combining with (2), (28)—(30), one has the following:
Vi(t) + AuVu(t) < T (1) (TT+ vATA) gy (2). (31)
Based on (16), one can conclude the following:
Vi () + Ay Vi (t) < 0. (32)
Furthermore, synthesizing (27) and (32), one can now obtain that
V() +AV(t) <0, (33)

As, foro(t) =s,
Ay, foro(t) =u.
Moreover, we denote {7;} as the switching series between the stable subsystem and

inwhich A = A,y =

the unstable subsystem during (0, t). Then, the triggering instant 7; may be transmitted or
lost. In what follows, these two cases will be discussed in detail.
If 7; is the lost triggering instant, then one has the following;:

V() = V() = Val(u) + Val(n),
V(1) = Vu(t) = Via() + Via(1).

In terms of the condition in (17), one further has
V() < pv(T ). (34)

If 7; is the transmitted triggering instant, then based on (18), the same result V(1) <
#V (1) can still be obtained.

During the interval (0, t), we denote Ts(0, t) and T, (0, t) as the total length of all stable
intervals and the total length of all unstable intervals, respectively. Obviously, the loss rate
of control packet ¢ can be represented as follows:

(35)

Let 7; be the switching instant nearest to f. Due to the condition (27), (32), and (34)—(35),
the following holds:
0 Sean(Tq)(thq)Vg(Tq)(Tq),

< VeiAa(Tq)(tiTq)Va(Tq*)(Tq_)/

< uNet (H0) o= AST5(01) o= M Tul0) 7 )

t
< yNOJF?ae*)\s(t*&)*/\ufnv(o)’

= ere 'V(0), (36)

with € = eNoIn# gy = Ag(1 - 6) + A0 — 2L,

Ta
In line with (20) and (21), one can obtain

V() = Mllx ()]
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and

V(0) < A|x(0)| +@-As sup [lx(s)[* < e5 sup [lx(s)]?,

—0<s<0 —0<s<0

in which Ay = min{Anin{Ps}, Amin{Pu}}, A2 = max{Amax{Ps}, Amax{Pu}}, Az =

maX{Amax{Qs}/ Amax{Qu}} and €3 = Ay + @ - A3.
Considering (36), the following inequality can be deduced:

Ix()[* < ese™" sup [x(s)[|?,
—0<s<0

where €4 = % Thus, based on Definition 1, the system (12) is exponentially stable. [J

Remark 3. Looped functionals Vi3(t) and Vsa(t) can result in Vs (th + 1h) = Vsa(tch + (1 +
1)h) = 0and Vi (tph + 1h) = Vsa(tgh + (1 +1)h) = 0, in which tyh + Th and tph + (1 + 1)h are
sampling instants. Given that the switching instant T; comes from the set of sampling instants, it
follows that Vs3(7;) = 0and Vsa (1) = 0. As a result, Vg (t) and Vsu(t) will not appear during the
analysis of V(1;) < uV (1;"). This enables LMIs for system stability to be simplified, consequently
enlarging the feasible region of the LMIs. Additionally, looped functionals Vi (t) and Vs (t) can
fully utilize the system information over [x(txh + 1h), x(t)) and [x(t), x(th + (1 + 1)h)), which
contributes to obtaining results with reduced conservatism.

Next, the controller design for the system (1) based on the aforementioned analysis
will be given by employing the matrix decoupling method.

Theorem 2. For given positive scalars B, v, p, @, As, K, 1, 92, 4 > 1 and negative scalar A, the
closed-loop system (1) is exponentially stable under the design of control gain matrix K = M, 1K if
there exist matrices Ps, Py, Qs, Qu, S, Q) € RT”, R e Ri’”z”, arbitrary matrices Ml,I?, such
that the following LMIs hold:

by r’
v <0, (37)
* =Vl
[ 5, T
2 v <0, (38)
* =Vl
[T wAT
v <0, (39)
x  —vly
P, < urs, Qu < ,ue_()ls_/\u).wQs/ (40)
Ps < ﬂpur Qs < ﬂQu/ (41)
where £, 5 € ROmTmxTntm) gug 11 ¢ ROwtm)xGntm) gre symmetric matrices, and
~ ~ 2 = = _n,—Ash
21(1,2) = 52(1,2) = P — 1My +K(p2W1TM£+AhTS, ¥1(1,5) = £5(1,5) = 22 Ry1 —
e MRy + 91K, £1(1,6) = £2(1,6) = —g1K, £1(2,2) = —xkga(M; + MT), £5(2,2) =

—K@2(My + M{) +hRqy, (2, 3) = 22(2,3) = kP2 MW, $1(2,4) = 23(2,4) = kg My N,
%1(2,5) = koK, X2(2,5) = k2K + hRyp, X1(2,6) = 25(2,6) = —k 2K, the other blocks of
fl, 3, have the same definition as those of X1, Ly in Theorem 1, and the ADT and the pocket loss

rate satisfy T, > and 6 < A,)f,\u-

Iny
As(1=0)+Ay0

Proof. We define M, = «M;, K = M;K. Then, LMIs (14)-(18) can be represented as
(37)—(41). Based on (37)-(41), one can calculate the gain matrix K = M 1K, which achieve
the proof. O
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4. Numerical Simulation

In this section, a numerical example will be employed to demonstrate the effectiveness
of the proposed IMET scheme.

Example 1. Consider the following NN with the following uncertainties:

[-18 0 [279 1 [ o2 [ 05sin(xy (1)
M= [ 0 -19 1 W= l 1 25 1 N= [ 0.01 ] fltx(t) = l 0.55in(x;(t)) 1

L= { —0.01 001 } L, = [ —0.02 —0.01 } F(t) = 0.6 + 0.3sint.

The initial condition is chosen as x(0) = (0.2, —0.1)T. We select As = 0.2, A, = —0.1, then the
loss rate is calculated as & < 0.667 based on Condition (19) in Theorem 1. Then, we set 6 = 0.1 and
u = 1.1, and the ADT is calculated as T, > 0.561. We takex = 1.1, p =0.3, ® =02, B =0.6
and constant matrix H = Ip; then, the control gain matrix and the triggering parameter () are
calculated based on Theorem 2 as follows:

| 0418 0.141 | 5667 —2.746
| 0.098 —0498 |"°° | —2.746 8824 |’

The state responses under the EMET and the IMET are shown in Figure 2. It is clear
that the system trajectories obtained via the IMET scheme are gentler and can converge
to zero much faster than the ones obtained by the EMET. This means that the IMET can
ensure better system performance. Figures 3 and 4 present the execution interval and
the cumulative triggering times for the EMET scheme and the IMET scheme, respectively.
One can determine that the triggering interval of the IMET is larger that of the EMET.
Meanwhile, the total triggering number for the IMET scheme is 33, which is less than
52 obtained via the EMET scheme. Combining Figures 2—4, one can conclude that the
proposed IMET scheme can reduce the network burden on the premise of ensuring good
system performance.

0.25 T T
—— 1z for IMET
—— 19 for IMET
0.2 | ——x; for EMET |
z9 for EMET
0.15f E
0.1F -
0.05F k
0 - P — —
-0.05F i k
-0.1 : L L
0 5 t(s) 10 15

Figure 2. The trajectories of x;(t) under EMET and IMET.
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0-8 T T

07 8 8

0.1 é L L
0 5 t(s) 10 15

Figure 3. The execution interval.

Figure 5 displays the trajectories of the control input under the IMET scheme with
packet loss rate 6 = 0.1. The intervals corresponding to u# = 0 suggest that the system is
under the unstable subsystem. The starting points of these intervals are the moments when
the packets are lost, and the end points are the moments when the system is under the
controller again. Meanwhile, the switching signal o (t) is shown in Figure 6.

60 T T
o
50 F L
o
(<)
o
()
o
o
o
OO
40 0° 1
o
o
o
° o
33F ° o 9
30F ° o © J
o o
(o) o
(<) o
o o
o o
o o
o o
o ° o °
20 o o -
o o
o o
o o
o o
o ° o
S o
Oo o °
10 Lo © 4
o
a9% o IMET
6’° o EMET
0‘ 1 1
0 5 t(s) 10 15

Figure 4. The cumulative triggering times.



Mathematics 2025, 13, 791

13 of 15
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—ug(t)

x10°

=0.06 | 4

-0.02

-0.04 |

-0.08 2 L . . 4

J 2.5 3 3.5 4

0 5 t(s) 10 15

-0.1

Figure 5. The trend of the control input u;(f).

UF L -

0 5 t(s) 10 15

Figure 6. The switched signal.

5. Conclusions

In this paper, by employing the zero-input method, the stabilization problem of an
uncertain NN with missing input is converted into the stability problem of a switched
system and then is addressed by developing an IMET scheme. Compared with the EMET
scheme, the proposed IMET scheme is based on the PET scheme and therefore can prevent
Zeno behavior naturally. Moreover, it introduces an integral over a past time interval of
the latest triggering instant to construct the triggering condition. Therefore, even if the
packets close to the current trigger are missing, it can still employ the integral to cover the
information of the system with packet loss. To study the switched closed-loop system, a new
piecewise Lyapunov functional is designed, which not only contains a looped functional
to fully use the state information but also contains a Lyapunov functional involving the
memory period of the IMET scheme. Then, by using this functional and combining with
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some inequalities, we establish sufficient conditions that guarantee the exponential stability
of the resulting closed-loop system. Finally, an example is provided to analyze the validity
of the obtained results.
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