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Abstract: ~ This work investigates the event-triggered control (ETC) problem for stochastic
nonlinear systems with intermittent control (IC) and state quantization. ETC, state quantization,
and aperiodically intermittent control (APIC) are incorporated into the control scheme to reduce the
computational cost and communication load. Within the APIC framework, two control strategies are
considered to examine their interactions: state quantization before event triggering (QbE) and state
quantization after event triggering (QaE). Additionally, the Zeno phenomenon is avoided in the design
of two static event-triggered mechanisms (ETMs). The known input-to-state stability (ISS) control
law is supported by the system. Finite-time stability (FTS) and finite-time contraction stability (FTCS)
are implemented. Each strategy guarantees the system’s stability, and the appropriate scheme can be
chosen by adjusting the length of the control interval. The effectiveness of the proposed ETC method
is demonstrated through two numerical simulations.
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1. Introduction

Due to human interference and environmental noise, stochastic disturbances increase the complexity
and unpredictability of system dynamics [1]. Since the stochastic effects of the system are taken into
account, the dynamics of industrial processes can be characterized more precisely. In recognition
of this, stochastic nonlinear systems have drawn more attention and been thoroughly examined by
numerous academics from a variety of disciplines, including mechanical systems, economics, and
bioengineering [2—6].

The majority of stability-related issues are managed by state feedback, which necessitates constant
decision-making and state observation on the part of the controller. This operation has limits and is
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costly for real-world applications. In order to conserve resources, time-triggered control in conjunction
with event-triggered control (ETC) is suggested as a transmission or communication technique. Time-
triggered control, as a traditional control scheme, has a preset control transmission and control time,
but it often leads to an inefficient use of communication width and computational resources, so an
effective alternative, ETC, is proposed on this basis [7-9]. Because ETC maintains the necessary
closed-loop performance while updating control only when the state of the system at a given moment
is above the threshold of the predetermined triggering mechanism, it further improves communication
efficiency. A key concern in ETC design is ensuring a positive lower bound, which is the minimum
time interval between consecutive events. Without this constraint, an infinite number of triggers
could occur in a finite time, leading to undesirable Zeno behavior. In recent years, there has been a
continuous increase in research related to ETC. For instance, [10] investigated the exponential stability
of stochastic nonlinear systems using double-event-triggering mechanisms. In [11], the design of
event-triggered control schemes for nonlinear systems subject to external disturbances and dynamic
uncertainties was investigated. Despite these advancements, the ETC still has limitations, and further
resource optimization remains an important research direction.

Intermittent control (IC) was first proposed as a discontinuous control method and has
attracted increasing attention [12—17]. For example, [14] investigated the input-to-state stability of
stochastic nonlinear systems under different event-triggering mechanisms—continuous, dynamic, and
periodic—in combination with IC, providing valuable insights for further research. Unlike continuous
control, fully controlling these systems in real-world applications is impractical, as it would impose a
heavy communication burden on the controller and waste resources; therefore, the emergence of IC is
of great significance. IC divides each control interval into ‘working time’ with operational control and
‘rest time’ without operational control. Additionally, IC limits the amount of transmitted information
and extends the lifespan of the control equipment by allowing control signals to be applied only at
predetermined time intervals. Periodically intermittent control (PIC) and aperiodically intermittent
control (APIC) are two classifications of IC that depend on whether the control interval and control
periods are fixed. However, the conditions might be conservative because PIC’s control and free
intervals must be fixed. The advantage of APIC is that it is no longer necessary to fix the length
of the working time and rest time, which increases the randomness of the control intervals and
therefore has a good application prospect. Therefore, with the advantages of APIC, many scholars
have combined ETC with APIC to achieve better research results [18-21]. Reference [20] realized
finite-time stabilization of nonlinear delayed systems under impulsive disturbance by designing time-
triggered aperiodic intermittent control with event-triggered aperiodic intermittent control.

Quantization strategies as a control scheme not only ensure sufficient accuracy but also reduce
the amount of transmitted information [22-26]. Quantizers perform a discontinuous mapping from a
continuous space to a finite set. However, due to the precision and range limitations of quantization,
numerical discrepancies arise between the behavior of the ideal system and the calculated values.

The concept of stability studies the asymptotic behavior of states that tend to infinity with time.
However, a state’s properties in the finite time domain must be considered in practical engineering,
so finite-time stability (FTS) has been widely studied as one of the concepts describing the state in
the finite time domain [27-34]. FTS due to the transient properties in the finite time sense can be
divided into two categories of concepts: one is for a given initial value of the upper bound with a
finite time interval, which is maintained within a finite time domain within another larger threshold
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value. The second concept states that the system’s state reaches equilibrium in finite time. To avoid
confusion, only the first concept is considered in this paper. However, finite-time stabilization alone is
insufficient. A more practical approach is finite-time contraction stabilization (FTCS), which not only
ensures boundedness but also requires that the system’s state at the termination time must remain within
a smaller bound compared with the initial upper limit. This makes FTCS particularly relevant for real-
world applications. In [35,36], FTS is investigated in a stochastic sense, where, unlike stochastic finite-
time stability under probability [37, 38], such stability has states under expectation. Reference [39]
investigated the FTS of linear systems combined with state quantization.

However, little research has focused on nonlinear stochastic systems that integrate these three
aspects, since stochastic state fluctuations are a primary cause of the system’s instability and poor
performance. Therefore, using ETC with APIC, and combining ETC with APIC and state quantization
enables a more effective assessment of a system’s performance through well-designed triggering
mechanisms while conserving control resources.

On the basis of the motivation and inspiration of the abovementioned research, this paper presents
the FTS and FTCS of stochastic nonlinear systems with two ETMs under APIC. The control system
follows established ISS control laws and provides two settings for QbE and QaE, where paired
quantizers are taken into consideration. By integrating ETC with quantization control, the approach
aims to minimize the communication overhead. The Zeno phenomenon, in which the control is
updated infinitely in finite time, is then avoided by designing a static ETM. In addition, aperiodically
intermittent controllers are introduced to reduce the computational burden on controllers and mitigate
reliance on continuous transmission. There are relatively few papers on stochastic nonlinear systems in
ETC with IC to achieve FTS, so the theoretical results of our study are of interest. The results show that
(1) under APIC, both ETMs significantly reduce the number of trigger events, and the control interval
length can be adjusted according to the specific objectives of the ETMs; (2) both ETMs can achieve
FTS and FTCS of stochastic nonlinear systems, and the relevant sufficient conditions are obtained.
Therefore, the main innovation of this paper lies in the combination of intermittent state quantization
and an event-triggered mechanism, which further reduces the computational costs and communication
burdens. Compared with [14, 26], this paper employs an aperiodically intermittent controller to further
alleviate the controller’s burden and achieve finite-time stability. In contrast to [20, 39], this work
extends the general nonlinear system to a stochastic nonlinear system setting and employs intermittent
quantization control to achieve finite-time stability and Lyapunov stability.

The rest of the paper is structured as follows: Section 2 describes the model and provides
background information, Section 3 presents the primary results, Section 4 provides numerical
examples, and finally, Section 5 summarizes the key conclusions and outlines directions for future
research.

Notations: In the whole paper, we have used N to represent the set of natural numbers, R* =
[0, +00) denotes the set of positive real numbers. V(x,f) € C>! denotes the family of all non-negative
functions in R¢ x [0, +00) and is quadratically continuously differentiable with respect to x and once
continuously differentiable with respect to ¢. E(-) stands for the expectation operator. /4(x) represents
the characteristic function. When x € A, I4(x) = 1, and when x ¢ A, [4(x) = 0. Define Z.. as the set
of positive integers and N as the set of integers.
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2. Model description and preliminaries

Let (Q,7,Pr{-}) be a complete probability space with a filtration {F;},¢ that meets the normal
conditions. Study the following nonlinear stochastic system, which has a dynamical expression of the

form

dx(t) = (f(x(®), ) + u())dt + g(x(7), Hdw(?) (2.1)
on ¢t > 0 with the initial state x(zy) = xo, where x(r) € R", f, g € R" xR, — R” and satisfies
f(0,1) = g(0,7) = 0, where u(t) € R" is control input and w(?) is defined as an n-dimensional Wiener
process on the probability space satisfying the general conditions. Next, we define the intermittent

control law as follows:

(2.2)

Q(Q(x(tm,i)))a re [tm,i’ tm,i+1) N [tm’ tm + Sm) 5
u(t) =
09 re [tm+smatm+l),

which is affected by state quantization and is event-triggered, where [t,,, t,,+1) represents the m + 1th
control period, [t,,t, + s,) represents the m + 1th working interval, and [#,, + $,,, f,,+1) represents the
rest interval; 7,,; is the time at which the ith event is activated in the m + 1th work interval. This strategy
has the advantage of allowing the controller to work for a while and then take a break to lessen the
strain on communication. @ : R" — R” stands for the controller function. Thus, with an intermittent
control law u(¢), the system’s dynamic can be represented as follows:

ax(t) = [EOD + u®)t + g0, 040, 1 € Lt mist) OV st + 50),
£, 0d + g(x(0), Hdaw(r) £ € [ty + Ss b)) »

where g : R" — =, n € Z, represents the logarithmic quantization function, E is a discrete set of
quantization values, and {z,,;} indicates a time series consisting of the instant of event triggering. Next,
we give a number of significant assumptions.

(2.3)

Assumption 2.1. [18] There are two constants 6, w, satisfying 0 < 0 < w and for k = 1,2,3..., such
that the following holds true:

infk(sk) =0>0,
supk(tk+1 — k) =w < 400,

Remark 2.1. Here, 6 is the minimum work interval and w — 6 is the maximum rest interval, where
the duration of the work interval will not be less than 6 and the duration of the rest interval will not
be greater than w — @. This prevents the controller from exerting control for long periods of time and
ensures that the work interval alternates with the rest interval. The framework of the APIC strategy is
shown in Figure 1.

The st work interval No control The 2nd work interval No control The (m+1)th work interval No control
\ A A A A A
[ | Y Y | I [ I | »>
to ton toz o fosr o to+ 5 b b b v b b o bts t tontm1 tmo =t b tmir1  bo T 8w t, 0
( J \ J ( J
Y i Y
So 81 Sm
( A J ( J

Y Y
<w tb—t<w tyst — b <w

Figure 1. Framework of intermittent control.
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Assumption 2.2. [22,39] The logarithmic quantizer q(-) is defined as follows:

&is if %ﬂgé“i <vs %_5&',
q(v) =10, ifv=0,
_Q(_V)a lfV < O’
where q(v), v € R, without taking the finite quantization level into account & = {££ : & =
p&yi € NJU{0); 0 < p < 1;and & > 0, where § = i%ﬁ € (0,1) is linked to the quantizer

density p and is referred to as the sector bound. If q is a logarithmic quantization function and
Q(X) = F[Q({x,l)’ Q(é/x,Z)a te aQ({x,n)]Ty where {x = F_l-x = [gx,lagx,Z,' t ’{x,n]T; x € R". The nature
of the quantizer is as follows:

lg(x) — x| < 6lx|.

Assumption 2.3. The following equation holds true for every x, x € R", t € R,, assuming there are
positive constants Ly, L,, and L; :

(D) fGenl < Lilxl,  lg(x, 0l < Lolxl,
(i) la(x) — a(¥)| < Lafx = x].

Assumption 2.4. Positive definite functions V(x,t) € C>'(R" x R,;R.) exist that are continuously
differentiable in x twice and in t once. Positive variables cy, c, also exist, so that for every x € R", the
equation that follows holds:

clx> < V(x, 1) < colx]? 2.4)

The operator LV (x,t) is defined by
LV(x,t) < p(t)V(x,1), (2.5)

where ¢(t) = @1 > 0 fort € [ty + Sp,tmi1), () = @2 < 0 fort € [ty, by + Sp), and dV(x,t) =
LV(x,t)dt + V(x, 1)dw(t).

Assumption 2.5. [16] A positive definite function V(x,t) € C*'(R" x R,) and a positive constant Ly
exist, such that any x € R" ‘wa(—;”) < Ly4|x| holds.

Definition 2.1. For the given constants T, €|, and &, with 0 < &, < &, and any trajectory x(t), if there
is a control law such that E|xy| < &, implies E|x(t)| < &, t € [0, T], then the system (2.3) is called FTS
with respect to (w.r.t)(T, &1, &).

Definition 2.2. For the given constants T, €y, &>, 0, and 7, where 0 < p < & < &, and T € (0, T), the
system (2.3) is FTCS with respect to (w.r.t)(T, 1, &, 0, 7). If there is a control law such that E|xy| < &;
implies E|x(t)| < &, forall t € [0,T), forallt € [T — 7, T], there is E|x(?)| < o.

Remark 2.2. (i) In Definition 2.1, all parameters &, &, and T are predesigned, and FT'S indicates
that the average value of the states from the initial data of the systems is within a predetermined initial
bound and subsequently reaches another set bound after a finite amount of time. The FT'S describes a
kind of boundedness of the state of the system, whose state trajectory is depicted in Figure 2a.

(i1) According to Definition 2.2, the trajectory of the system state reaches, within a small time interval
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[T — 7, T] of the terminal time, another threshold p that is smaller than the initial threshold, as shown
in Figure 2b. Thus, we can see that the conditions for FTCS are much more restrictive than FTS.

e

iy
X

E[2(0)] <,
Elz(t)] <ente [0,T], Blz(0)] =&,
Elz(t)| <o,te [T —7,T). E|z(t)| <e,te [0,T].

(@) (b)
Figure 2. FTS (w.r.t)(T, &1, &) and FTCS (w.r.t)(T, &1, &, 0, 7).

Lemma 2.1. [16] Consider stochastic nonlinear systems satisfying Assumptions 2.2, 2.4, and 2.5.
When t € [t,1,), assuming the existence of some positive constants ﬁl <0, ,8V1 > 0, and —,él > ,8V1 > 0,
for a positive definite function V(x(t), t), the following conditions are satisfied:

ELV(x(0),1) < BiEV(x(1),1) + 5, sup EV(x(),7).

Hn<n<n
Then, we can derive
sup EV(x(n),n) = EV(x(t)),1).

H<n<t

3. Main result

To further investigate the connection between state quantization and ETMs under APIC, we
designed the following two ETMs.
(D). QbE: If the system’s state is quantized before a trigger, the following ETM is available:

st = IE(E > 1 + €llgx(tn)) = X = Ax@)F}. (3.1
D). QakE: If the system’s state is quantized after a trigger, the following ETM is available:
tmis1 = INF(t >t + €ll(x(tn)) = XOF = A}, (3.2)

where ) = 0, €, and A are all constants, and (3.1) and (3.2) mean that the ETM will be suspended for
a period of time € after execution; after that, it will continue to execute the current predesigned trigger

AIMS Mathematics Volume 10, Issue 4, 10062—-10092.



10068

mechanism until the next trigger threshold condition is met. Since the stopping time € is set in the
ETM, the system (2.1) naturally avoids the Zeno behavior. Compared with traditional time-triggered,
the event-triggered strategy used can further increase the time interval between events on this basis,
due to the fact that the defined time sequence of event-triggered is determined by the current state of
the system, thus reducing the network’s communication burden. The description of ETM (3.1) and
ETM (3.2) can be represented by the block diagrams in Figures 3 and 4. In addition, the utilization of
APIC (2.2) can further save communication resources on this basis. Next, we give the following two
error estimates e;(f) = q(x(t,,;)) — x(¢) and ex(?) = x(t,,;) — x(2).

—  u(t) =a(g(z(t.))) ——

Control Law

— u(t) =0 —_—
v
Event-triggered
mechanism Plant
7'y
+
( Quantizer <

Figure 3. Block diagram of the flow of the QbE scheme.

Event-triggered

v

mechanism

u(®) =a(q(@(tn,))) +—

< Control Law

Quantizer <

— u(t) =0 -

Figure 4. Block diagram of the flow of the QaE scheme.
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3.1. State quantization before ETC

Lemma 3.1. Under Assumptions 2.1-2.3, € > 0,0 < ¢ < 1, and € < /m exist, and for the
3
system (2.1), the following holds:

Im,i+€
Ele;(1)|* < ki E f |x(s)I*ds + K Elx(t)]*, (3.3)
tmi
4262 + 1)(2€l? + 12 24212(26% + 1)
where k| = ( (el ) Ky = 5 ) +468%+ Q.

- 12802282 +1) 0 1-121226% + 1)

Proof. For any fixed ¢, define the set of time series A; = {y, = ty;}, Aie = {y: = tyy, and t < 1,; + €}.
We estimate the error e (?) in two separate cases.

Case 1: If r € A; \ Aj, at this point, by ETM (3.1), we have |g(x(t,,,)) — x(1)]* < A|x(¢)]* a.s.(almost
sure) on A; \ A;., which implies

E(Iana, Jq(x(tn,)) = X)) < E(Iapa, AIXOP)

3.4
< E(Ix0P). G4

Case 2: If t € A, for the error e;(), we have

E(I4, |q(x(t.)) = X(OF) < 2B(In, |q(x(tn)) = Xt )*) + 2B, |X(t0) — X))
< 26°B(In, |X(tn,)1*) + 2B, le2 (D) (3.5)
< (46% + 2)E(I), lex(t)]*) + 46°E(, Ix(DP) .

Next, we estimate e;(¢) conditional on ETM (3.1). Based on the system (2.3), we have

t

E(In, lex()?) = E(a,| | f(x(s), s) + u(s)ds + f g(x(s), $)dw(s)[?)

tm,i m,i

t

< AE(|4,, f(x(s), s)ds[*) + 4E(|14,, f u(s)ds[*) (3.6)

tm,i

+ 2E(|Ia,, f g(x(s), )dw(s)P).

m,i

From Holder’s inequality and Assumption 2.3, we get

t

E(ln, | f(x(s),9)dsP) < eLiE(Ln,, f ()P ds) . (3.7

tm,[ tm,[

From Assumptions 2.2 and 2.3

E(la,, f u(s)ds?) = E(lln,, f a(q(x(t,,)))ds]*)

Sl

< E LB, |q(x(tn)) = X(tm) + X(tw) = X(0) + (D))

< 3€ L3EUn, |q(x(tm)) = X(tw)I?) + 3€ LB, 1 X(tm) = X))
+ 3 L3B(I, 1x(1)%)

< (6€°L36% + 3€LY)E(A, XD + I, lex (D) .

(3.8)
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Furthermore, from the /76 isometry and Assumption 2.3, we obtain

E(|la,, f g(x(s), )dw(s)*) < L3E(,, |x(s)|*ds). (3.9)

Sl [771,1'

Then, substituting (3.7), (3.8), and (3.9) into (3.6) yields

!
E(In, lex(t)]*) < (4€L} + 2L3)E(,,, Ix(s)I*ds) + (24€*L36% + 1262 L)E(A, |x(1)]*)

tm,i

+ (24€’L36% + 126’ LY)E(I, lex (D) .

. 1 . . .
Since € < /m, shifting the terms gives

4el? + 213
- 12€?L3(26* + 1)
Substituting the result of (3.10) into (3.5) gives

25222 12 % (In; |x(DI7) . (3.10)
E(In, |x(H)). (3.10
1 - 12€*L5(26* + 1) "

E(IA,-,JeZ(t)lz)Sl E(,. f x(s)P*ds) +

m,i

241228 + 1)
1 - 12e2L2(26* + 1)
4Q2eL? + 128> + 1)

1 - 12e2L2(26* + 1)

E(IA, |q(x(tn) = X)) < (46” +

YE(I,. X))
(3.11)

E(y,, Ix(s)|*ds).

tm,i

Thus, combining (3.4) and (3.11), we get
E(In | q(x(t.)) — x(0)]) = B, lq(x(tn,)) — x()) + E(ana; Jq(x(tn,) — x()%)
4Q2eLl?* + LH)(26% + 1 J
o 2Celi+ L)X )E(IA,.E f |x(s)I*ds)
1 - 12e2L2(26% + 1) i
2412287 + 1)
1 - 12e2L2(26% + 1)
42el? + 12)(26% + 1 fimi+e€
o 2eli* L)X )E(IA,. f |x(s)I*ds)
1 - 12e2L2(26% + 1) .
24€212(26% + 1)
1 - 1221226 + 1)

+ (462 + + DE|x())

+ (467 + + DE [x(D).

Therefore, when t € [t,,,t,, + s,), there are up to [S;”’] communication times on [t,,, t,, + S,,), m € N*.
As a result, we can arrive at
ey
2 2
Elg(x(tn) = X(OF = D B(Ixlq(x(tn,)) = X(OP)

i=0

b .
4Q2el? + I2)(26% + 1) ¢ tnite
< E(ly, *d
120208+ 1) ; (Ia, fl |x(s)[ds)

e

24€212(26% + 1)?
3 +) ) By X0P)
i=0

1 - 12e2L3(26% + 1)

+ (467 +
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4Q2eL? + L2282 + 1) [imite
= o ——— lx(s)I*ds)
1 - 12e1228% + 1)

i
241228 + 1)
1 - 12212262 + 1)

428% + 1)(2el? + L2) 2422267 + 1)

let k| = , Ky = + 46% + A, we conclude that
T -nel2ee+1) " 1- 12812287 + 1)

+(46” + + DE(x(0))

tm,i+5
Ele;(0)* < KﬂEf Ix($)ds + KEX@)P,
tm,i

and the proof is completed. Next, we analyze the FTS and FTCS of the system (2.3) under APIC in
terms of ETM (3.1) with state quantization.

Theorem 3.1. Under Assumptions 2.1-2.5 and Lemmas 2.1 and 3.1, there are € < /m and
3

some positive constants A, €, 90, w, 0, fi; that satisfy
~B1>p1 >0, (3.12)

and
N, H¢1(w — 0) — j1,0] = Incie5 + Incyet <0, (3.13)
y Ls;L
where N(0,1) delegates the number of the control period on (0,T) and T + t,, B1 = s 4€K1, and

2C1
" Ls;L 15
1= 23 4K2 + 23 L 2, where ky and k, are the same as in Lemma 3.1. 0 < iy < u, and p, is the
Cl Cl

sole positive real root of equation jt, + B + B, = 0. The upper bound on the inter-event interval
can be expressed as sup{t, i1 — tm;} < Ay. We can then claim that the system (2.1) is capable of FTS

m,ieEN

w.r.t)(T, g1, &) under APIC with ETM (3.1).
Moreover, if for allt € [T — 7, T], there are

N, H)[¢1(w — 6) — j1,0] — Inci0* +Incre] < 0. (3.14)
Then, we claim that system (2.1) is capable of FTCS (w.r.t)(T, &1, &, 0, T) under APIC with ETM (3.1).

Proof. For 0 < |xo| < &1, assume x(¢) = x(¢,0, xo) 1s a solution of the system (2.2) at (0, xo), when
t € [ty + Sy, tys1), from Assumption 2.4, we have

ELV(x(t),t) < Ep V(x(1),1). (3.15)
Integrating (3.15) over the interval [¢,, + s,,, 1) gives
EV(x(1), 1) < Ee? = mV(x(tyy + Sp)y b + Si) - (3.16)

When ¢ € [t,,, t,, + s,,), from Assumptions 2.4 and 2.5 and Condition (ii) in Assumption 2.2, we obtain

oV(x,
(;x D (g (x(tn))) — ax(d)
X (3.17)

1sL
32 YE)P + lg(x(tn) — Xx(OP) .

ELV(x(1),t) < Ep,V(x(2),1) + E

< EV(x(t),t) +
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Substituting the result of Lemma 3.1 into (3.17) yields

ni)) — X))
Imn,it€
f x(s)I*ds + &alx (D)
tm,t'
LsL Tmit€ L L (3.18)
< 224 E f V(x(s), s)ds + (= LaLs 2+ == 4 0)EV(x(D), 1)
Cy i 2¢y
L;L L;L
<255 sup EBVG®).n) +< K2 + == 4 )EV(x(0), 1) .
2¢ i <N<tpi+e 2c
. IxL ~  LiL L1,
Substituting the result of Lemma 2.1, 8; = 3 4E/q, and 5 = 23 4/< + e + ¢, into Eq (3.18) yields
C1 C1 Ci
ELV(x(0), 1) < BIEV(xX(tn), tmi) + BIEV(x(D), 1). (3.19)

Further, let 2(1) = B1z(ty.) + B12(t) and y(f) = z(t)e ") and assume that z(f) = EV(x(r),1). Since
Z(tn;) > 0, we assert that ¢ > 1 exists such that y(¢) < ¢z(#,;). Otherwise, t > t,,; exists such that
y(t) > ¢z(t,.,), and we define 7 = inf{t > t,,;[y(¢t) = ¢z(t,.,)}. Thus, we can derive y(f) = ¢z(t,,;), which
means that y(7) > 0. In this cases,

() = My zZ(0) + (1))

= M (L 2(8) + Brz(tm) + Prz(®)
fry (@) + Bry(@) + Bre Ty (e, 1)
= ({ + B)y(® + Br Ty, ) .

When ¢ = i, the following equation holds:

Y@ < @+ Boy@) + pre Ty, )
< (@ + B+ Bre Ty (D)
< G+ By + e e
< (i + By + By .

Next, we define 9(u;) = u; + B1 + Bie'™. We then have 9(u;)’ and, by $(0) < 0 and H(-B;) > 0,
a unique positive root u; exists such that i, + 8, + B¢/ = 0. Further, for 0 < i, < u;, we have
[y + By + B1eM1 < 0. In summary, we conclude that y(7) < 0. This is contradictory to the above. Thus,
¥(t) < ¢z(t,,;) holds. Therefore, when ¢ € [t,,;, #,,;+1) and when ¢ — 1, by the comparison principle,
we have

IA

EV(x(1), 1) < Be P mdV (x(t,1), i) - (3.20)
When t € [t,,, t,,.1), Eq (3.20) becomes

EV(x(), ) < Be MV (x(t,,), ) .
If we let ¢ = t,,1, then we have

EV(x(tn1), tm1) < Be =V (x(8y,), 1) - (3.21)
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Whent € [t,,1,1,2), we have
EV(x(t),1) < Be ™DV (x(t1)s tm1) -
Substituting (3.21) into (3.22) yields
EV(x(1),1) < Be ™™ V(x(ty)s tn), 1€ [tm1stn2).
Suppose that the following equation still holds when ¢ € [, t+1):
EV(x(1), 1) < Be ™ V(x(ty)s tw)s 1 € [mgs tugs1) »

and when t = 1,44

EV(X(tyis1)s bngs1) < Be P met =m0V (x(t, i)y tmii1)s  t € (ks bnks1) -

When t € [t 441, tmi+2), We have
EV(x(1), 1) < Be ™M™ DV (x(tyr)s i) -
Substituting (3.24) into (3.25) gives

EV(x(£), 1) < Be ™ V(x(t), tn)s € [tmsts bmis2) -

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

The assumption still holds when ¢ € [#,, 441, tni+2). Hence, for any ¢ € [t,,;, ty+1) and 0 < i < I'Sf'l, we
have EV(x(¢), t) < Be 710~V (x(t,,), t,,) holds true. Then for ¢ € [t,,, t,, + 5,,), we still have EV(x(¢), t) <

Ee 1= V(x(t,,), t).
In summary, we have

EV(x(t), 1) < Be ™™V (x(t,,), ), t € [t b + Sp)s
EV(x(8), 1) < Be? ™V (x(tyy + Sp)s b + Sm)s 1 € [t + Sy Sms1)s

for0<t<T,0<¢g <&,and 0 < |xp| < &y.
When ¢ € [ty, ty + Sp), we have

EV(x(7), 1) < Be M0V (x(ty), to),

and
EV(x(ty + o), fo + s0) < Ee "V (x(t), 1),
for t € [ty + s, t1). Combining with (3.27) and (3.28), one has

EV(x(1), 1) < Be*' 0=V (x(ty + o), to + So)
< Eewl(t—to—m)—ﬂwo V(x(to), fo),

and
EV(x(t)), ;) < Be?' 1707010V (x(1y), to).

(3.27)

(3.28)

(3.29)
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When t € [t;,1; + 51), we have
EV(x(1), 1) < Be ™"V (x(1), 1),

and
EV(X(Z] + S]), Hh+ S1) < Ee_ﬁ'SlV(X(l‘l), l]).
For t € [t; + 51, 1), combining (3.27), (3.29), and (3.30), one has
EV(x(t),1) < Be?' " DV(x(t, + 51), 11 + 51)
< Ee¢1([_ll_51)_ﬁlsl V(x(tl), tl)
< Ee¢1(t—tl—s1+zl —to—so)—/?n(é'oﬂl)V(x(to)’ t),

and
EV(x(ty), 1) < E8<Pl<t2—fl—31+tl —l‘o—So)—ﬂl(S0+S1)V(x(t0)’ f).

When ¢ € [1;, 1, + 57), we have
EV(x(1),1) < Be MV (x(1p), 1),

and
EV(x(ty + $3), 1y + $2) < Be ™2 V(x(t), 1).
For t € [t + 52, 13), combining (3.27), (3.31), and (3.32), one has
EV(x(t), 1) < Be?' "™V (x(t, + 57), 12 + 52)

< Eetﬁl(l—tz—.vz)—,ﬁlSzV(x(tz) lz)
< Eesol(t—tz—Ssz—tl—S1+t1—to—So)—ﬂl(So+Sl+S2)V(x(to) fo)

and

EV(x(th), ;) < Ee<P1(t3—t2—Sz+lz—t1—Sl+t1—t0—So)—ﬂ1(S0+Sl+32)V(x(t0) f).

In the same way, for 7 € ¢, + s, t,+1) and using Assumption 2.1, we have

n-1 n
sﬁl[t—tn—sn+_E'Z)(tm—tf—Si)]—ﬂl 2 Si
i=

EV(x(?),t) < Ee =0 V(x(t9), to)

oS i1 —ti=s)]—fi1 3, s
<Be = =0V (x(1), to)

< B Do1 @0t Dby 1y 10
< BN @010y 310y 1) .

From Condition (2.4) in Assumption 2.4 and (3.13), we can derive

C _O\_7
|x(t)|2 < ZNOD1(w-0) ﬂle)lxol2
C1
< 22 NONw-0)1-ind)
C1

(3.30)

(3.31)

(3.32)

(3.33)
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which means that |x(¢)| < &,, and thus E|x(f)| < &, holds on [0, T']. As described, it can be concluded
that the system (2.3) can achieve FTS on [0,7]. The system (2.1) is FTS (w,r,t)(7, &1, &;) under
APIC (2.2) with ETM (3.1).
When t € [T — 7, T], if Condition (3.14) in Theorem 3.1 is satisfied, from (3.33) we have
x(0)f < 3 NONG @00 12
Ci
<& 2N O (@-6)-u6) (3.34)
= c 1
<0,
which shows that |x(7)] < o, and thus E|x(#)] < o hold on ¢t € [T — 7, T]. Then the system (2.1) can
achieve FTCS (w,r,t)(T, €1, &2, 0, T) under APIC (2.2) with ETM (3.1).
The proof is complete.

3.2. State quantization after ETC

Lemma 3.2. Under Assumptions 2.1-2.3 and Lemma 3.1, € > 0,0 < 6 < 1, and € < [——

1213262 +1)
exists, and for the system (2.1), the following holds:

tm,i+5
Ele,()|* < k3E f [x(s)[*ds + k4E|x(?))*, (3.35)
th,i
2(2el? + [ 2 12€212(26% + 1
where k3 = (2eL; ) dky = ol )

- Reree+ D T TS nenee 1)
Proof. Similarly to Lemma 3.1, we discuss the same in two cases.

Case 1: If t € A;\ Aj, at this point, by ETM (3.2), we have |(x(t,,;) — x(t)* < Alx(1)]> a.s. on A\ A,
which implies

E(Ian a6t ) = 5(OF) < E(Ippa, AIXDP)
< E(Ip Alx@)%) .

Case 2: If t € A, using the results of (3.10) in Lemma 3.1, we have

46[% + 2L§ 12€2L§(252 +1)
- 1262L§(262 +1) - 1262L§(262 +1)
Thus, combining (3.36) and (3.37), we get

E(Ip X (1) = X(OF) = BU, X (tm) = XOF) + EUapa, X () = XOF)
2(2el? + L2 i€
<o, [ Wy
1 -12e2L3(26% + 1) i
( 1262 L5326 + 1)
+
1 - 12€2L326% + 1)
The latter steps of the proof are similar to those in Lemma 3.1, so we omit this part of the proof process.
In the end, we arrive at

(3.36)

E(ly,. Ix(s)*ds) + . By, 1x(OF) . (3.37)

tm,i

E(In, lex(t)]*) < ;

+ DEUp X)) .

Im,it+€
Eley(1)]* < k3B f Ix(s)*ds + k4E|x(0)* .
t

m,i

The proof is complete.
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Theorem 3.2. Under Assumptions 2.1-2.5 and Lemmas 2.1 and 3.2, we have € < /m and
3

some positive constants A, €, 0, w, 0, fi, that satisfy
B2 > B >0, (3.38)

and

N, De1(w — ) — f120] — Inci83 + Incred <0, (3.39)

. LsL 267+ 1
where N (0, t) delegates the number of the control period on (0,T] and T # t;, 5, = sLaks€( ),

C1
N LiLy  20%°LsLy  LsL4(25% + Dk .
Br=¢r+ 23 24 Sl 4( ) 4, k3, and k4 are the same as in the Lemma 3.2. Moreover,
C1 C1 C1
K . .o, . v A
K3 = 1 ! E 0 < f1p < o, where i, is the sole positive real root of the equation i, +,816”2A2 + 6, =0.
+
The upper bound on the execution time between events can be expressed as sup{t, i1 — tni} < M. We

m,ieN

then claim that the system (2.1) is capable of FTS (w.r.t)(T, &1, &) under APIC with ETM (3.2).
Moreover, for all t € [T — 1, T], there are

N, Hle1(w — 0) — [1,0] — In clg2 + In 628% <0. (3.40)

Then, we claim that the system (2.1) is capable of FTCS (w.r.t)(T, &, &,0,7) under APIC with
ETM (3.2).

Proof. For 0 < |xy| < &1, assume that x(¢) = x(¢,0, x) is a solution of the system (2.2) at (0, xy). When
t € [ty + Sy, tns1), from Assumption 2.4, we have

ELV(x(1),t) < Ep V(x(1), 1).
Integrating the equation above over the interval [z, + s, 1) gives
EV(x(1), ) < Ee? "V (x(ty, + Sp)s b + Sm) -

When t € [t,,,t,, + S,), from Assumptions 2.2, 2.4, and 2.5 and Condition (ii) in Assumption 2.3, we
obtain

ELV(x(), 1) < B2 V(x(0), D) + Eani’ -

1sL
32 LB + 1g(xtn)) — X0

1sL
32 YBIX(OP + LaLaB(G(x(tn)) = X(tm ) + [X(ti) — X(OP)

LiL,
2

la(q(x(,,1))) — ax(1)

< EV(x(t), 1) +
(3.41)

< pEV(x(t), 1) +

< @EV(x(1), 1) + ( + 262 L3 L)E|x()|* + L3 Ls(26* + 1)E|ex (1) .
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If we substitute the result of Lemma 3.2, the equation above becomes

LiL,
2

ELV(x(t), ) < 0BV(x(2), 1) + ( + 26% Ly Ly)E|x(1)]?

tm’l‘+6
+ L3 L4(26% + 1)(kE f Ix(s)*ds + k4B|x(0)?)

tm,i
IsL 262151 L;L,(26% + 1
L Ll | sba  Ls 4( K4

> JE|x(r)?
Cq Cq C1

< (¢

i+ (3.42)
+ L3 L4k3(26% + DE f Ix(s)|*ds

tm,i

L1, + 262L3L4 + L3L4(252 + 1)K4
2cy C1 ci

Ls;L 26% + 1
+ 5 4K3€( ) sup  V(x(n),n).

(6] b, i SN<ty+e

< (g2 + )EV(x(0), 1)

IsL 26% + 1 ~ LsL 2615 L
3Lakz€( ),and,B2:902+ 34+ 34+
C1 2Cl C1

Substituting the result of Lemma 2.1, 3, =

L3L4(262 + Dy
1

into Eq (3.42) yields

ELV(x(0), 1) < BIEV(X(t), tmi) + BIEV(x(2), 1).

The latter steps are omitted because they closely resemble those in Theorem 3.1.

Remark 3.1. The proofs of Theorems 3.1 and 3.2 rely on the upper bound condition of the execution
time between events. However, due to the arbitrariness of #,,;,; — #,;, determining the roots of the
equation u; + 81 + Bie'® = 0 is not straightforward. Nevertheless, it can be seen from the equation
that if #,,,41 — t,,; 1s larger, then the roots of the equation y; can be appropriately small to satisfy
0 < f1; < p. Therefore, we have the existence of 0 < i} < u; < yj for an arbitrary 1,, ;.1 — t,,;, whose
corresponding equation has the solution u7, such that i} + Bi1 + Biefi* < 0 holds.

Remark 3.2. Theorem 3.1 is obtained from the trigger mechanism (3.1) on the basis of the error
estimate (3.3), and Theorem 3.2 is obtained from the trigger mechanism (3.2) on the basis of the error
estimate (3.35). Since (3.1) is based on quantization first and then event-triggered determination, the
scheme is applicable to the overall quantization nature of the state trajectories, while (3.2) is based
on event-triggered of the system’s state and then realizing the quantization, which is more suitable for
exploring the local quantization nature of the state trajectories under intermittent control. Therefore,
according to (3.14) in Theorem 3.1, o can be reduced with the change in 8 by increasing 6, which can
better realize the ‘contraction’ in FTCS. By Eq (3.40) of Theorem 3.2, it can be seen that by decreasing
6 appropriately, o can increase relatively with a change in 6, which makes it easier to achieve FTCS.
See Section 4 for details.

4. Numerical examples

This section illustrates our design approach using two examples of real process simulation and
numerical simulation.
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Example 1. Consider the following stochastic nonlinear system:

dx(t) = f(x(2), H)dr + g(x(¢), Hdw(r) 4.1)
ont > 0, where
_ xo(1)
Jx®,1) = [—dxl(t) — csinx (1) — axz(t)]

and

g(x(1),1) =

0
—(b+e)x(n]

Consider the initial state xo = (0.4, 0, 3)7, where x(f) denotes the system’s state vector and x;(f), x»(f)
are the state components of x(7). Parameters a = 0.08, b = 0.03, ¢ = 0.01, d = 0.99, and e = 0.03. We
select the Lyapunov function V(x) = x7 + x5 + 0.1x;x,. Then we define the aperiodically intermittent
controller as follows:

u(t) = [ 0 ] . 4.2)

—X1(tm,i) — X2(tm)

Then, from Assumptions 2.2 and 2.5, we can obtain

|f(x(0), ) < x5(0) + 3> (F) + 3¢ X3 (1) + 3a* x3(1);

8(x(0), DI < (b + e’ x3(0);

l(q(x(tn)) — a(x(O) < 2| = q(x1(En) + X1OF + 2| = g(x2(tm)) + %20

oV(x, 1)
ox

< 2.10x[.

Hence, according to Assumptions 2.3 and 2.5, we choose the appropriate parameters L; = 1.8, L, =
0.15, Ly = 1.42, and Ly = 2.1. Then, from Assumption 2.4, ¢; and ¢, can be set as 0.5 and —2.8.
Next, we select the appropriate parameters on the basis of the results of Lemma 3.1 and Theorem 3.1:
0 = 0.01, e = 0.01, 4 = 0.01, and A; = 0.14. This makes it possible to calculate the roots of the
equation u; + 3¢ + B, = 0 in Theorem 3.1, selecting the appropriate ji;. Assume the maximum
control interval w = 2.5 and the minimum working interval 6 = 1.9. From Definitions 2.1 and 2.2, let
g1 = 0.51 and &, = 0.55. Substituting into Eq (3.13) in Theorem 3.1 yields

—1.6665N(0,1) —In0.2723 + In0.2861 < 0, N(0,1) > 1.
Further, by Definition 2.2, let 0 = 0.07 and 7 = 1, and use Formula (3.14) from Theorem 3.1
—1.6665N(0,1) —In0.0009 + In0.2861 < 0, N(0,1) > 3.

In summary, we can see that the system is not only FTS (w.r.r)(7.3,0.51,0.55) when ¢t €
[0,7.3] under the aperiodically intermittent ETM (3.1) with state quantization, but is also FTCS
(w.r.1)(7.3,0.51,0.55,0.07,0.5) when ¢ € [6.8,7.3] as shown in Figure 5. The state trajectory of the
system, the ETM (3.1), the state quantization trajectory, and the intermittent controller are shown in
Figures 6-9. As can be seen from Figures 5 and 6, the system (4.1) is not only FTCS but also has
Lyapunov stability. Figure 6 shows the intermittent state quantization curve trajectory implemented on
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the basis of Figure 5. The ETM (3.1) is represented by Figure 7. The controller (4.2) is represented by
Figure 8.

Similarly, we choose the maximum control interval w = 2.5, the minimum working interval 6 = 1.6,
and the other parameters are the same as in Theorem 3.1, then we can find the solution to equation
Uy + ,éle“QAz + ,[3’2 = 0 in Theorem 3.2, selecting the appropriate fi,. Further we set £ = 0.51 and
&, = 0.55, replacing Eq (3.39) in Theorem 3.2 yields

—1.1381N(0,1) —In0.2723 + In0.2861 < 0, N(0,1) > 1.
Further by Definition 2.2, let o = 0.09 and 7 = 1, use formula (3.40) from Theorem 3.2
—1.1381N(0,1) — In0.0109 + In 0.2861 < 0, N(0,1r) > 3.

Therefore, it can be obtained that the system (4.1) is FTS (w.r.f)(7.3,0.51,0.55) when
t € [0,7.3] under aperiodically intermittent ETM (3.2) with state quantization and is FTCS
(w.r.1)(7.3,0.51,0.55,0.09,0.5) when ¢ € [6.8,7.3], as shown in Figure 10. Figures 11-14 represent the
state quantization trajectory, the ETM (3.2), the intermittent controller, and the system state trajectory,
respectively. Similarly, as shown in Figures 10 and 14, it can be seen that in Theorem 3.2, the
system (4.1) is not only FTS but also has Lyapunov stability.

If we compare Figure 7 with Figure 12, it is clear that the number of ETM (3.1) communications
is 118 and the number of ETM (3.2) communications is 100. Thus by decreasing 6, the number of
communications is reduced to some extent. According to Remark 3.2, due to the different schemes of
the two ETMs, the first scheme is chosen if all the states of the system are to be quantized in a finite
time, and the second scheme is chosen if the states of the system are to be quantized in a certain part of
the system in a finite time, as shown in Figures 6 and 11. Since we use intermittent state quantization,
if the first scheme is chosen, 8 can be increased appropriately to achieve better quantization. If the
second scheme is chosen, 6 can be decreased appropriately as a way to reduce the work burden of the
controller and achieve a local quantization effect.

Furthermore, in Example 1, the number of communications under different control methods and
trigger mechanisms is investigated, as shown in Table 1, and it can be clearly seen that there is a
significant reduction in the number of communications under the effect of APIC and ETMs. In addition,
by adjusting the suspension time € and the triggering parameter A, the number of communications can
also be affected, as shown in Table 2.

Table 1. Number of communications with different control methods and trigger mechanisms.

Different trigger mechanisms Theorem 3.1 Theorem 3.2
Continuous control Time-triggered mechanism 655 658

Event-triggered mechanism 128 122
Intermittent control Time-triggered mechanism 594 554

Event-triggered mechanism 118 100
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Table 2. Number of communications with different parameters.

€ A Theorem 3.1 Theorem 3.2
0.1 0.01 82 48
0.01 0.01 118 100
0.001 0.01 124 114
0.1 0.05 47 32
0.01 0.05 55 50
0.001 0.05 57 52
0.8 : :
| Original x,(t Original x,(t) |

Original [x(t)

0.6

Time(s)

Figure 5. FTS and FTCS of Theorem 3.1.

0.8

T
0.04

oo At )
06F ' Aylt, ) | 7

A, t, Daly(t, )

'06 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Time(s)

Figure 6. The intermittent state quantization curve trajectory of Theorem 3.1.
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Figure 9. State trajectories of the system in Theorem 3.1 to achieve Lyapunov stability.
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Figure 7. The extension of ETM (3.1).
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Figure 8. The intermittent controller of Theorem 3.1.
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0.8 T T T T T T T T

Original x ()

Original x,,(t)

Original |x(t)

206 1 1 1 1
0 1 2 3 4

Time(s)

Figure 10. FTS and FTCS of Theorem 3.2.
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Figure 11. The intermittent state quantization curve trajectory of Theorem 3.2.
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Figure 12. The extension of ETM (3.2).
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. ., 6, 65, 7, 75, 8, 85, 9
0 1 2 3 4 5 6 7 8 9
Time(s)

Figure 13. The intermittent controller of Theorem 3.2.
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Figure 14. State trajectories of the system in Theorem 3.2 to achieve Lyapunov stability.

Example 2. To further verify the validity of the proposed theory, we consider the following stochastic
nonlinear system whose parameters contain:

_[0.1sin(x(2)) + 0.1x2(2) + 0.2u(r)

Jn.0) = [ 0.1x1(£) — 0.2:x,(1)

and

st =| >3]

Where ¢ > 0, consider the initial state x, = (0.5, -0, 5)” and x(¢) is defined as the state vector and
x1(1), x,(t) as the state components of x(f). We select the Lyapunov function V(x) = O.Ixf + 0.1x§.
Then we define the aperiodically intermittent controller as follows:

_2’”(0] . 4.3)

u(t) = [ 0
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Similarly, according to Assumptions 2.3 and 2.5, we choose the appropriate parameters L; = 0.6,
L, =0.11, Ly = 2.1, and L4 = 0.21. Then, from Assumption 2.4, ¢, ¢, can be set as 0.5 and —3.4. We
select the appropriate parameters according to the results of Lemma 3.1 and Theorem 3.1, 6 = 0.01,
€ = 0.01, 4 = 0.01, and A; = 0.45. Similar to Example 1, we can also calculate the roots of equation
wy +B1e"Y + B, = 0 according to the above parameters. Assume the maximum control interval w = 2.5
and the minimum working interval § = 2. From Definitions 2.1 and 2.2, let &; = 0.75 and &, = 0.8,
then substituting into Eq (3.13) in Theorem 3.1 yields

—1.5412N(0,¢) — In0.0576 + In0.0619 < 0, N(0,7) > 1.
Furthermore, by Definition 2.2, let o = 0.083 and 7 = 0.7, use formula (3.14) from Theorem 3.1
—1.5412/N(0, 1) — In0.0007 + In0.2861 < 0, N(0,r) > 3.

In summary, we can see that the system is not only FTS (w.r.r)(8.5,0.75,0.8) when t €
[0,8.5] under the aperiodically intermittent ETM (3.1) with state quantization, but also FTCS
(w.r.1)(8.5,0.75,0.8,0.083,0.7) when ¢ € [7.8,8.5], as shown in Figure 15. The state trajectory of
the system, the ETM (3.1), the state quantization trajectory, and the intermittent controller are shown
in Figures 16-19. As can be seen from Figures 15 and 19, the system (4.1) is not only FTCS but
also has Lyapunov stability. Figure 16 shows the intermittent state quantization curve trajectory
implemented on the basis of Figure 15. The ETM (3.1) is represented by Figure 17. The controller (4.2)
is represented by Figure 18.

Similarly, choose the maximum control interval w = 2.5 and the minimum working interval § = 1.8,

and the other parameters are the same as in Theorem 3.1. Furthermore, we set &y = 0.75 and &, = 0.8,
and then replacing Eq (3.39) in Theorem 3.2 yields

—1.1658N(0,1) — In0.0576 + In0.2861 < 0, N(0,1) > 1.
Furthermore, by Definition 2.2, let o = 0.15 and 7 = 0.8, and use formula (3.40) from Theorem 3.2
—1.1381N(0,7) —In0.0109 + In0.2861 < 0, N(0,1) > 3.

Therefore, it can be seen that the system (4.1) is FTS (w.r.r)(7.8,0.75,0.8) when t €
[0,7.8] under aperiodically intermittent ETM (3.2) with state quantization and is FTCS
(w.r.1)(7.8,0.75,0.8,0.15,0.8) when ¢ € [7.0,7.8] as shown in Figure 20. Figures 21-24 represent the
state quantization trajectory, the ETM (3.2), the intermittent controller, and the system state trajectory,
respectively. Similarly, as shown in Figures 10 and 14, it can be seen that in Theorem 3.2, the
system (4.1) is not only FTS but also has Lyapunov stability. Comparing Figure 7 with Figure 12,
it is clear that the number of ETM (3.1) communications is 33 and the number of ETM (3.2)
communications is 50. If we set the controller to u(#) = 0, the system is unstable, as shown in Figure 25.
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Figure 16. The intermittent state quantization curve trajectory of Theorem 3.1.
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Figure 18. The intermittent controller of Theorem 3.1.
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Figure 25. The trajectories of the system (2.1) without APIC.

5. Conclusions

This study uses ETC and APIC to investigate the FTS of stochastic nonlinear systems. First, the
Zeno behavior is avoided by designing the hover time in ETM. After that, the state quantization strategy
is introduced to implement the two triggering schemes, and quantization error estimation and sampling
error estimation are used to further implement the FT'S and the FTCS. The viability and efficacy of the
theoretical results of state quantization and APIC are confirmed in two numerical examples, as are the
feasibility and validity of the two ETMs that have been proposed. Finally, different triggering schemes
can be selected by adjusting the size of the working interval to achieve different effects within a finite
time, which further saves resources. However, since the logarithmic quantizer in Assumption 2.1 of this
paper becomes more error-prone as the quantization level increases, exploring alternative quantization
methods, such as dynamic quantization, could be a promising direction for future research. In addition,
Assumptions 2.3 and 2.5 are more applicable to cases without time delay; therefore, these assumptions
may no longer hold when studying a stochastic nonlinear time delay system. However, a similar
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approach is provided in [14]. Future research work on stochastic nonlinear systems containing delays
with dynamic ETC is also needed.

Author contributions

Biwen Li: Supervision, writing—review and editing; Guangyu Wang: Writing—original draft. Both
authors have read and approved the final version of the manuscript for publication.

Use of Generative-Al tools declaration

The authors declare that they have not used artificial intelligence (Al) tools in the creation of this
paper.

Acknowledgments

The authors would like to thank the editors and referees for their very helpful comments and
suggestions.

Conflicts of interest

The authors declare no conflicts of interest.

References

1. Z. G. Yan, E. X. Su, Z. W. Gao, Mean-square strong stability and stabilization of discrete-time
stochastic systems with multiplicative noises, Int. J. Robust Nonlinear Control, 32 (2022), 6767—
6784. https://doi.org/10.1002/rnc.6161

2. L. Arnold, Stochastic differential equations: Theory and applications, Wiley, 1974.
X. R. Mao, Stochastic differential equations and applications, Elsevier, 2007.

4. G.Ling, X.Z. Liu, Z. H. Guan, M. F. Ge, Y. H. Tong, Input-to-state stability for switched stochastic
nonlinear systems with mode-dependent random impulses, Inform. Sciences, 596 (2022), 588-607.
https://doi.org/10.1016/].ins.2022.03.034

5. X. R. Mao, Stabilization of continuous-time hybrid stochastic differential equations
by discrete-time feedback control, Automatica, 49 (2013), 3677-368]1.
https://doi.org/10.1016/j.automatica.2013.09.005

6. W.C. Zou, P. Shi, Z. R. Xiang, Y. Shi, Consensus tracking control of switched stochastic nonlinear
multiagent systems via event-triggered strategy, IEEE Trans. Neural Netw. Learn. Syst., 31 (2020),
1036-1045. https://doi.org/10.1109/TNNLS.2019.2917137

7. Q. X. Zhu, Stabilization of stochastic nonlinear delay systems with exogenous disturbances and
the event-triggered feedback control, IEEE Trans. Autom. Control, 64 (2019), 3764-3771.
https://doi.org/10.1109/TAC.2018.2882067

AIMS Mathematics Volume 10, Issue 4, 10062-10092.


https://dx.doi.org/https://doi.org/10.1002/rnc.6161
https://dx.doi.org/https://doi.org/10.1016/j.ins.2022.03.034
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2013.09.005
https://dx.doi.org/https://doi.org/10.1109/TNNLS.2019.2917137
https://dx.doi.org/https://doi.org/10.1109/TAC.2018.2882067

10090

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Y. F. Gao, X. M. Sun, C. Y. Wen, W. Wang, Event-triggered control for stochastic nonlinear
systems, Automatica, 95 (2018), 534-538. https://doi.org/10.1016/j.automatica.2018.05.021

S. X. Luo, F. Q. Deng, On event-triggered control of nonlinear stochastic systems, IEEE Trans.
Autom. Control, 65 (2020), 369-375. https://doi.org/10.1109/TAC.2019.2916285

X. T. Yang, Q. X. Zhu, Stabilization of stochastic nonlinear systems via double-event-
triggering mechanisms and switching controls, Chaos Soliton Fract., 183 (2024), 114880.
https://doi.org/10.1016/j.chaos.2024.114880

T. F. Liu, P. P. Zhang, Z. P. Jiang, Event-triggered input-to-state stabilization of nonlinear
systems subject to disturbances and dynamic uncertainties, Automatica, 108 (2019), 108488.
https://doi.org/10.1016/j.automatica.2019.07.001

M. Liu, H. J. Jiang, C. Hu, Finite-time synchronization of delayed dynamical networks
via aperiodically intermittent control, J. Franklin Inst., 354 (2017), 5374-5397.
https://doi.org/10.1016/j.jfranklin.2017.05.030

D. S. Xu, L. L. Li, C. K. Ahn, Y. B. Wu, H. Su, Intermittent event-triggered control for input-
to-state stability of stochastic systems, Int. J. Robust Nonlinear Control, 34 (2024), 8495-8516.
https://doi.org/10.1002/rnc.7417

X.D. Liu, FE. Q. Deng, W. Wei, F. Z. Wan, P. L. Yu, Periodically intermittent control for stochastic

nonlinear delay systems with dynamic event-triggered mechanism, Int. J. Robust Nonlinear
Control, 33 (2023), 9665-9683. https://doi.org/10.1002/rnc.6867

T. R. Chen, J. C. Chen, Input-to-state stability of stochastic complex networks based
on aperiodically intermittent sampled control, Neurocomputing, 570 (2024), 127100.
https://doi.org/10.1016/j.neucom.2023.127100

Y. Y. Sun, E Q. Deng, P. L. Yu, Y. J. Huang, Aperiodically intermittent control of switched
stochastic nonlinear systems based on discrete-time observation, IEEE Trans. Circuits Syst. 11,
71 (2024), 345-349. https://doi.org/10.1109/TCSI1.2023.3302949

G. J. Shen, R. D. Xiao, X. W. Yin, J. H. Zhang, Stabilization for hybrid stochastic
systems by aperiodically intermittent control, Nonlinear Anal-Hybri., 39 (2021), 100990.
https://doi.org/10.1016/j.nahs.2020.100990

Y. Guo, M. Y. Duan, P. F. Wang, Input-to-state stabilization of semilinear systems via aperiodically
intermittent event-triggered control, [EEE Trans. Control Netw. Syst., 9 (2022), 731-741.
https://doi.org/10.1109/TCNS.2022.3165511

Z. Y. Yu, S. Z. Yu, H. J. Jiang, Finite/fixed-time event-triggered aperiodic intermittent
control for nonlinear systems, Chaos Soliton Fract., 173 (2023), 113735.
https://doi.org/10.1016/j.chaos.2023.113735

Y. N. Wang, C. D. Li, H. J. Wu, H. Deng, Stabilization of nonlinear delayed systems subject to
impulsive disturbance via aperiodic intermittent control, J. Franklin Inst., 361 (2024), 106675.
https://doi.org/10.1016/j.jfranklin.2024.106675

G. L. Wu, X. T. Wu, J. D. Cao, W. B. Zhang, Event-triggered aperiodic intermittent
control for linear time-varying systems, ISA Trans., 144 (2024), 96-104.
https://doi.org/10.1016/j.isatra.2023.11.005

AIMS Mathematics Volume 10, Issue 4, 10062-10092.


https://dx.doi.org/https://doi.org/10.1016/j.automatica.2018.05.021
https://dx.doi.org/https://doi.org/10.1109/TAC.2019.2916285
https://dx.doi.org/https://doi.org/10.1016/j.chaos.2024.114880
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2019.07.001
https://dx.doi.org/https://doi.org/10.1016/j.jfranklin.2017.05.030
https://dx.doi.org/https://doi.org/10.1002/rnc.7417
https://dx.doi.org/https://doi.org/10.1002/rnc.6867
https://dx.doi.org/https://doi.org/10.1016/j.neucom.2023.127100
https://dx.doi.org/https://doi.org/10.1109/TCSII.2023.3302949
https://dx.doi.org/https://doi.org/10.1016/j.nahs.2020.100990
https://dx.doi.org/https://doi.org/10.1109/TCNS.2022.3165511
https://dx.doi.org/https://doi.org/10.1016/j.chaos.2023.113735
https://dx.doi.org/https://doi.org/10.1016/j.jfranklin.2024.106675
https://dx.doi.org/https://doi.org/10.1016/j.isatra.2023.11.005

10091

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. M. Y. Fu, L. H. Xie, The sector bound approach to quantized feedback control, IEEE Trans. Autom.
Control, 50 (2005), 1698-1711. https://doi.org/10.1109/TAC.2005.858689

T. F. Liu, Z. P. Jiang, D. J. Hill, A sector bound approach to feedback control
of nonlinear systems with state quantization, Automatica, 48 (2012), 145-152.
https://doi.org/10.1016/j.automatica.2011.09.041

T. F. Liu, Z. P. Jiang, Quantized nonlinear control—a survey, Acta Autom. Sin., 39 (2013), 1820—
1830. https://doi.org/10.1016/S1874-1029(13)60079-8

T. F. Liu, Z. P. Jiang, Event-triggered control of nonlinear systems with state quantization, /IEEE
Trans. Autom. Control, 64 (2018), 797-803. https://doi.org/10.1109/TAC.2018.2837129

Y. Y. Sun, F. Q. Deng, P. L. Yu, Event-triggered control of Itd stochastic nonlinear delayed
systems with state quantization, [Int. J. Robust Nonlinear Control, 34 (2024), 3167-3188.
https://doi.org/10.1002/rnc.7130

X. D. Li, X. Y. Yang, S. J. Song, Lyapunov conditions for finite-time stability
of time-varying time-delay systems, Automatica, 103 (2019), 135-140.
https://doi.org/10.1016/j.automatica.2019.01.031

B. Zhou, Finite-time stabilization of linear systems by bounded linear time-varying feedback,
Automatica, 113 (2020), 108760. https://doi.org/10.1016/j.automatica.2019.108760

M. Liu, H. J. Jiang, C. Hu, Finite-time synchronization of delayed dynamical networks
via aperiodically intermittent control, J. Franklin Inst., 354 (2017), 5374-5397.
https://doi.org/10.1016/j.jfranklin.2017.05.030

X. Y. Yang, X. D. Li, Finite-time stability of nonlinear impulsive systems with applications
to neural networks, IEEE Trans. Neural Netw. Learn. Syst., 34 (2021), 243-251.
https://doi.org/10.1109/TNNLS.2021.3093418

T. X. Zhang, X. D. Li, J. D. Cao, Finite-time stability of impulsive switched systems, IEEE Trans.
Autom. Control, 68 (2022), 5592-5599. https://doi.org/10.1109/TAC.2022.3219294

L.Y. You, X. Y. Yang, S. C. Wu, X. D. Li, Finite-time stabilization for uncertain nonlinear systems
with impulsive disturbance via aperiodic intermittent control, Appl. Math Comput., 443 (2023),
127782. https://doi.org/10.1016/j.amc.2022.127782

L. Y. You, S. C. Wu, X. D. Li, Finite-time stabilization of nonlinear systems via hybrid control and
application to state estimation of complex networks, IEEE Trans. Autom. Sci. Eng., 22 (2025),
4154-4167. https://doi.org/10.1109/TASE.2024.3408105

T. Xu, J. E. Zhang, Intermittent control for stabilization of uncertain nonlinear
systems via event-triggered mechanism,  AIMS Mathematics, 9 (2024), 28487-28507.
https://doi.org/10.3934/math.20241382

L. Mchiri, A. B. Makhlouf, D. Baleanu, M. Rhaima, Finite-time stability of linear
stochastic fractional-order systems with time delay, Adv. Differ. Equ., 2021 (2021), 345.
https://doi.org/10.1186/s13662-021-03500-y

J. Ge, L. Xie, S. Fang, K. Zhang, Lyapunov conditions for finite-time stability of
stochastic functional systems, Int. J. Control Autom. Syst., 22 (2024), 106-115.
https://doi.org/10.1007/s12555-022-0516-7

AIMS Mathematics Volume 10, Issue 4, 10062-10092.


https://dx.doi.org/https://doi.org/10.1109/TAC.2005.858689
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2011.09.041
https://dx.doi.org/https://doi.org/10.1016/S1874-1029(13)60079-8
https://dx.doi.org/https://doi.org/10.1109/TAC.2018.2837129
https://dx.doi.org/https://doi.org/10.1002/rnc.7130
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2019.01.031
https://dx.doi.org/https://doi.org/10.1016/j.automatica.2019.108760
https://dx.doi.org/https://doi.org/10.1016/j.jfranklin.2017.05.030
https://dx.doi.org/https://doi.org/10.1109/TNNLS.2021.3093418
https://dx.doi.org/https://doi.org/10.1109/TAC.2022.3219294
https://dx.doi.org/https://doi.org/10.1016/j.amc.2022.127782
https://dx.doi.org/https://doi.org/10.1109/TASE.2024.3408105
https://dx.doi.org/https://doi.org/10.3934/math.20241382
https://dx.doi.org/https://doi.org/10.1186/s13662-021-03500-y
https://dx.doi.org/https://doi.org/10.1007/s12555-022-0516-7

10092

37.J.. L. Yin, S. Y. Khoo, Z. H. Man, X. H. Yu, Finite-time stability and
instability of stochastic nonlinear systems, Automatica, 47 (2011), 2671-2677.
https://doi.org/10.1016/j.automatica.2011.08.050

38.J. Y. Liu, Q. X. Zhu, Finite time stability of nonlinear impulsive stochastic system and its
application to neural networks, Commun. Nonlinear Sci. Numer. Simul., 139 (2024), 108298.
https://doi.org/10.1016/j.cnsns.2024.108298

39.Y. Zhou, A. Polyakov, G. Zheng, Finite/fixed-time stabilization of linear systems
with state quantization, IEEE Trans. Autom. Control, 70 (2025), 1921-1928.
https://doi.org/10.1109/TAC.2024.3473619

Appendix

Parameters

Tm.i Event-triggered sampling instants, where 0 < i < [S?’”'I, [S?’”] is the maximum number of
communications on the interval [z,,, t,, + S.,)

- Starting point of the workspace

Sm Length of the working interval

0 Minimum working interval length

w Maximum control interval length

q(v) System state quantization

0 Constant related to the quantization density p and 0 < ¢ < 1, where the higher the
quantization density, the smaller the ¢, and the higher the quantizer accuracy

L; Positive constants in Assumptions 2.3 and 2.5 (i = 1,2,3,4)

&1 Upper bound on the initial state of the system

& An upper bound on the state E|x(#)| of the system in finite time 7’

0 During the time interval [T — 7, T'], the state E|x(¢)| of the system does not exceed o

€ Suspension time, indicating that the next trigger moment is executed after at least €

A Event-trigger related parameters for adjusting the trigger thresholds

K; The coefficients in Lemmas 3.1 and 3.2, consisting of 6, €, A, L, L,, and Lj

N(@,7) Number of control intervals on interval (0, T']

ﬁi, ,éi The correlation coefficients in Theorems 3.1 and 3.2, consisting of L, L, L3, Ly, €, ¢y,
¢2, K1, and Kk, where @1, ¢, and ¢y, ¢; are given by Assumption 2.4 (i = 1, 2)

A; Upper bound on the execution time between events in Theorems 3.1 and 3.2 (i = 1, 2)
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