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Abstract

This paper is concerned with the almost sure stabilization of hybrid systems by introducing intermittent stochastic noise with
jumps. By means of the Lyapunov function method and the ergodic property of Markov chain, sufficient conditions are given for
stability of hybrid stochastic systems with intermittent stochastic noise. With the aid of the comparison method and M-matrix
theory, it is shown that hybrid systems can be stabilized by discrete-time intermittent stochastic feedback control provided the
duration between two consecutive observations is sufficient small. Finally, two examples are presented to illustrate our results.
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1 Introduction

In our life, uncertainty is ubiquitous and pervasive, which
is often encountered and regarded as the resource of in-
stability of systems. However, it is noted that noise can
also be used to stabilise a given unstable system or to
make a system even more stable when it is stable. The
study of stochastic stabilization was initiated by Has-
minskii (1980) who used two white noise sources to sta-
bilize a system. Since then, stabilization of differential
system by noise have been studied by many authors and
we here mention (Arnold et al.,1983; Appleby et al.,2008;
Mao,1994; Caraballo et al.,2003; Wu and Hu,2009). In
particular, stabilization theory was further established
by Deng et al.(2012), Mao et al.(2007), Yuan et al.(2005),
Yin et al.(2012), Zhao et al.(2020) for hybrid stochastic
systems. Mao et al. (2007) considered the following un-
stable hybrid system

(t) = f(x(t),r(t)) (L.1)

and stabilized this system by introducing the noise feed-
back control g(x(t), r(t))dw(t), which is equivalent to ex-
amining the stability of the following stochastic hybrid
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system
dx(t) = f(x(t),r(t))dt + g(z(t),r(t))dw(t). (1.2)

In these systems, the underlying process is a two-
component process (x(t),r(t)), in which z(¢) describes
the state and r(t) is a continuous-time Markov chain in
a finite state space S = {1,2,---, N} and describes the
random environment. Actually, (1.2) can also be regard-
ed as a random switching system among the following N
stochastic differential equation (SDE)

(1.3)
according to the Markov chain r(¢). Recently, Chao et
al.(2017), Yin and Xi(2010), Zong et al.(2014), Tran and
Tien(2022) have extended the stability results of Mao et
al.(2007) to (1.2) and showed that even if some subsys-
tems are not stable, the overall hybrid system (1.2) may
still be stable, that is, Markov chain can serve as a stabi-
lizing factor. Chao et al.(2017), Yin and Xi(2010), Zong
et al.(2014), Tran and Tien (2022) revealed that jump
diffusion noise can also play stabilizing roles.

It can be noted that the above noise as the feedback
control needs continuous observation for the state z(t),
which is not easy to realize in practice. Mao(2013, 2016)
introduced the feedback control based on the discrete-
time state observations, and developed the correspond-
ing theory in Hagiwara and Araki (1988) from determin-
istic systems to stochastic systems, which may save ob-
serving costs. That is, introduce a discrete-time stochas-
tic feedback control g(z(4(t)),r(t))dw(t), where §(t) =
to+ | (t —to)/7] 7, and | (t — to)/7] is the integer part of
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(t — to)/7, such that the controlled system

4s(0) = (a0 r(O) + 6O POV, 12 1o
14

becomes stable. Following this work, some interesting re-
sults on stochastic stabilization with discrete-time feed-
back control were established by Dong(2018), Song et
al.(2018), Wan et al.(2023) and Liu et al.(2024). Indeed,
the feedback control g(x(d(t)),r(t))dw(t) is designed
based on the discrete-time observations of the state z(t)
at times tg + n7 for n € N. Thus this strategy can not
only save cost but also be easily implemented. Howev-
er, the existing results (Fei et al.,2019; Li et al.,2020;
Shao,2017; You et al.,2015) indicate that the original
system (1.4) can be stabilized by feedback control only
when the duration 7 is sufficiently small. It means that
the feedback controller g(z(4(t)),r(t))dw(t) is almost
continuously observing without any rest time. This pa-
per will introduce a class of intermittent control strategy
that allows the feedback controller to have obvious rest
time, which implies that this strategy is more economic.

As a non-continuous control strategy, intermittent con-
trol includes working time and rest time. During the
working time, the feedback controller is in running state,
while during the rest time, it is in off state. Therefore, the
controlled system can be viewed as a switching between
a random system and a deterministic system. In compar-
ison with continuous-time feedback control, this strategy
can achieve the stability of system with less control time,
and has wider application potential in stochastic stabi-
lization theory. Zhang et al.(2018) applied the intermit-
tent stochastic noise to stabilize nonlinear systems, and
establish a class of theories on stabilization by intermit-
tent stochastic perturbation. Liu and Wu(2020) showed
that an unstable system can be stabilized by the inter-
mittent stochastic feedback based on delay and discrete
time observation. Mao et al.(2022) studied the stabiliza-
tion of hybrid systems via periodically intermittent con-
trol and established a sufficient stability criterion on in-
termittent hybrid SDEs. Yin and Cao(2020) investigat-
ed the almost sure exponential stabilization of differen-
tial system by intermittent stochastic perturbation with
jumps. For more intermittent control results of stochas-
tic system, please refer to Liu et al. 2019, Liu et al. 2020,
Wu et al. 2019,2022, Mao et al. 2023; Wan et al. 2024.

This work will focus on the almost sure exponential sta-
bilization of nonlinear hybrid systems by intermittent s-
tochastic noise with jumps. Given the unstable hybrid
system (1.1), this paper aims to introduce the intermit-
tent stochastic feedback control driven by Brownian mo-
tion w(t) and the compensated Poisson random measure

N(dt, dv) to make the controlled system

dr(t) = f(x(t), r(t))dt + g(x(5(t)), r(t))I(t)dw(t)

+ / Wz (8(8)7),r(t™), v)I(t)N(dt,dv) (1.5)
0<v|<e

to become almost surely exponentially stable, where I :
[to,00) — {0,1} is defined by

I(t) =Y Tt t,40,) (1), 2> to,
n=0

to show the control time and [t,, t,,11) is called the n-th
control period. By the comparison method and M-matrix
theory, it can be shown that the hybrid system (1.1) can
be stabilized by intermittent stochastic feedback control.

The main contributions of this paper are highlighted as
follows:

(1) This paper exhibits significant differences in the con-
trol of stochastic noise. Specifically, the control of s-
tochastic noise adopts an intermittent mode, rather
than the continuous control approach used in previous
studies (Chao et al.,2017; Yin and Xi,2010; Zong et
al.,2014). Different from the above mentioned works,
we need to overcome the complex switching mechanism
where stochastic noise and intermittent control occur
simultaneously, and the derived stability criteria not
only depend on the intensity of stochastic noise w(-),

N(-,-), but also on the intermittent control parameter
0. Furthermore, Theorem 3.10 reveals that intermit-
tent stochastic perturbation induced by the compen-
sation Poisson random jumps serves as a stabilizing
factor, which is illustrated by Example 5.1.

(2) This paper focuses on the non-periodic intermittent
control strategy for hybrid stochastic systems. By re-
moving the quasi-periodic condition and the minimum
control ratio condition in the existing works (Liu and
Wu, 2020; Wu et al., 2022) and introducing the average
noise control ratio, this control strategy becomes more
flexible and efficient, which is also verified in Example
5.2. Meanwhile, it is mentioned that if ¢,,41 —t, =T
and 6,, = oT', 0 € (0,1), the non-periodic intermittent
control strategy adopted in this paper can degenerate
into a periodic case, which is consistent with the stud-
ies of Zhang et al. (2018), Mao et al. (2022), Wu et al.
(2019) and Wan et al. (2024).

(3) When I(t) = 1, (1.5) degenerates into the hybrid s-
tochastic systems with the classical feedback control
based on discrete time observation, namely, the state
need to be observed at discrete times tg + n7 for n €
N. In comparison with the existing feedback control
base on discrete time observation in Mao (2013), Dong
(2018), Song et al. (2018), Fei et al. (2019), Wan et al.
(2023) and Liu et al. (2024), the intermittent control
of this paper implies that the state is only observed at
discrete times in the control width, say {to + nt,n €
N} (WU,enltns tn+0,)}. In other words, the intermit-
tent control strategy proposed in this paper only re-
quires discrete-time observations within the working
time of intermittent control period. This significant-
ly reduces unnecessary observation operations, avoids
the monitoring of the system state during non critical
periods, and thus further reduces the control cost.

2 Preliminaries

Throughout this paper, unless otherwise specified, we
use the following notation. Let |.| denote the Euclidean
norm in R™. If A is a vector or matrix, its transpose is
denoted by AT. If A is a matrix, its trace norm is de-
noted by |A| = y/trace(AT A) while its operator nor-
m is defined by || 4| = sup{|Az| : |z| = 1}. If Ais a
symmetric matrix, denote by A4, (A) and Ay (A) its
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largest and smallest eigenvalue, respectively. The func-
tion f : Ry — R"™ is said to be cadlag if it is right
continuous and left limits with f(¢7) = limgy f(s). Let
w(t) = (wi(t), -+ ,wm(t))T be an m-dimensional Brow-
nian motion defined on the probability space (2, F, P)
with a filtration {F;};>, satisfying the usual condition-
s (i.e., it is increasing and right continuous, Fy contains
all P-null sets). Let L(t) be an Fi-adapted Lévy process
with Lévy measure 7(.). Define

N(t,2):= Y Iz(AL(s) = Y Iz[L(s) = L(s7)],

to<s<t to<s<t

where N (-,-) defined on [ty,00) x R is an Fi-adapted
Poisson random measure, and Z is a Borel subset of R =
R™\{0}. The compensator N of N is denoted by

N(dt,dv) = N(dt,dv) — =(dv)dt,

where 7 is a Lévy measure satisfying [, (1A |v]?)7(dv) <
0
0.

Let r(t),t > to be aright-continuous Markov chain on the
probability space (2, F, P) taking values in a finite state
space S = {1,2... N} with generator I' = (7;;)nxn-
Here ;; > 0 is the transition rate from 4 to j, i # j,
while v;; = — Ej# vij- As a standing hypothesis, we
assume that the Markov chain r(¢) is irreducible. Under
this condition, we have that r(¢) has a unique stationary
distribution 7@ = (7,72, - ,7n) € RPV satisfying the
linear equation

N
7' =0 subject to an =1
i=1

and 7; > 0 for each 7 € S. Assume that the Markov chain
r(t), the Brownian motion w(t) and the Poisson random
measure N (dt, dv) are independent. Let us consider the
following hybrid stochastic systems by aperiodically in-
termittent feedback control based on discrete-time state
observations

da(t) = f(x(t), r(t))dt + g(x(5(t)), r(t))I(t)dw(t)
+/0 h(x(8(t)7),r(t7),v)I(t)N(dt,dv), (2.1)

<|v|<e

on t > tg, with the initial data z(to) = xo € R™, r(to) =
ro € S. Here f : R" xS — R" g: R*" xS — R"™™
and h : R" x S x Ry — R"™. Let 7 > 0, §(t) = to +
[(t —t9)/7] 7, in which | (¢ — tg)/7] is the integer part of
(t —to)/7. Recall that I : [tg,00) — {0, 1} is defined as

I(t) =Y Tt 4,40, (t), 2> to, (2.2)
n=0

where [t,,t,+1) is called the n-th control period, 0 <
0 < tn41—ty is the n-th control width and lim,, o t,, =
oo such that the average noise control ratio 6 is defined
by

n—oo

n—1
1
0 ==liminf ———— "0, € (0,1). 2.3
(tn - tO) k=0 g ( ) ( )

Clearly, when 7 = 0, the discrete-time state feedback
controlled system (1.5) degenerates into the continuous-
time controlled SDEs

dz(t) = f(z(t), r())dt + g(x(t), () (t)dw(t)
+/()<| P h(x(t™),r(t7), 0) ()N (dt,dv).  (2.4)

By the strong ergodicity of Markov chains, this paper
also utilizes the Lyapunov function method to establish
sufficient criteria for almost sure exponential stability of
hybrid stochastic systems (2.4).

Denote by C?(R™ x S; R, ) the family of all real-valued
nonegative functions V(y,7) on R™ x S, which are con-
tinuously twice differentiable in y. For any V(y,i) €
C?(R"™ x S; Ry), define GV : R™ x S x [tg,0) — R as

GV(y,i,t)
=LV (y,i,t) + /0< - [V(y + h(y,i,v)I(t),3) — V(y,i)
—Vy(y, )Ry, i, 0)I(t)]7(dv) + (TV)(y, 1), (2.5)
where

‘cv(yv ia t) = Vy (y’ Z)f(yv Z)
+Stracelg ™ (y, i) Vyy (g, DI (D),

2
TV, 8) =Y V(w5 =y 7 (V(y,5) = V(x, i)
jes jES i

and V, (-, -), Vyy (-, -) denote the gradient and Hessian ma-
trix of V'(+, ), respectively.

Remark 2.1 Eq. (2.1) can also be expressed as follows:

da(t) = f(x(t),r(t))dt + g(x(5(t)), r(t))dw(t)

+/ h(x(3(t) ), m(t7),v)N(dt, dv),
0<v|<e

t € [tn,tn + On),
dx(t) = f(x(t),r(t))dt, t € [ty + On,tny1).

(2.6)

When t € [t,, tn, +6,), (2.6) is a switching diffusion pro-
cess with jumps. when ¢ € [ty,,t, +6,), (2.6) is a switch-
ing process. In other words, system (2.6) will switch back
and forth between these two classes of systems over time.
This means that these three classes of noise, as noise feed-
back controls, are combined with intermittent control s-
trategies to form a special switching mechanism.

In Liu and Wu(2020), the authors added the following
quasi-periodic condition: inf, {6,} = a and sup,, {t,+1 —
t,} = b, where 0 < a < b < 00, or the minimum control

ratio condition: ¢ = limsup,,_, % € (0,1) to
the aperiodic intermittent control strategy. However, it
should be noted that these two conditions are still con-
servative and may not satisfy the wind power generation
(see Liu and Chen (2015)). In fact, these two condition-
s do not guarantee that the solution of Eq. (5.6) is pth
moment exponentially stable. This paper uses the aver-

age noise control ratio defined by (2.3) to characterize
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the aperiodic intermittent control. By the average noise
control ratio #, this paper can estimate the lower bound
on the length of the control interval on (¢g, ), i.e., for any
t > to, there exists a positive constant Lo > 0

L(to,t) > 0(t —to) — Lo (2.7)
denotes the total control interval length in (¢, t).

Remark 2.2 If t,,41 —t, =T and 0,, = oT', o € (0,1),
then

o0

I(t) = 1(t) = Z Tito4nT to+nT+or)(t)- (2.8)

n=0

This strategy is called as the periodic intermittent con-
trol with the control period T' and the control width oT'.
Moreover, it can be observed that the average noise con-
trol ratio is € = o.

In this paper, the following assumption is imposed on the
coefficients f, g and h.

Assumption 2.3 Assume that there exist three nonneg-
ative constants k1, ko and k3 such that

|f(2,0) = f(y, )| < Fkalz—yl, |g(z,9)—g(y,9)| < ka|z—1y]
[ o) = by io)Pa(de) < kafe - P
0<|v|<e

for all x,y € R™ and i € S. Moreover, assume that
f(0,7) =0, g(0,7) = 0 and h(0,7,v) =0 for alli € S.

Theorem 2.4 Under Assumption 2.3, Eq. (2.1) has a
unique global solution z(t) ont > tg.

The proof is omitted since it is similar to Yin and Xi
(2010).

Remark 2.5 When kq, k> and k3 are dependent on the
state i, that is, k1, ko and k3 are replaced by ky;, ko;
and ks3; in Assumption 2.4, the result of this theorem
still holds and the proof process is not changed by letting
k;j = max;es kji, j = 1,2,3. Of course, in this theorem,
the global Lipschitz condition in this assumption can be
replaced by the local Lipschitz condition and the linear
growth condition.

3 Intermittent continuous-time stochastic stabi-
lization

In this section, the stabilization problem of Eq. (3.1) via
the continuous-time intermittent control is investigated.
It is also shown that the hybrid system (1.1) can be sta-
bilized by the linear feedback control.

3.1 Almost sure exponential stabilization

This subsection mainly aims to establish some sufficient
stability criteria on intermittently hybrid stochastic sys-
tems with jumps. Consider the following continuous-time

controlled SDEs

dy(t)=f(y(t), r(t))dt + g(y(t), r())I(t)dw(t)
+/0< . R(y(t™),r(t™),v)I(t)N(dt,dv) (3.1)

on t > tog with the initial value y(to) = yo, 7(to) = ro-

Similar to Theorem 2.4, it can be proved that Eq. (3.1)
has a unique global solution on ¢ > t3. Assumption 2.3
also indicate that y(¢) = 0 is the trivial solution of Eq.
(3.1). To study the stability of Eq. (3.1), let us propose
the following non-zero property, which means that almost
all sample paths of all solutions to (3.1) starting from the
non-zero initial value will never reach the origin.

Assumption 3.1 Assume that there exist two constants
h; > 0 and kg > 0 such that |z + h(z,i,v)| > hi|z| and
f0<|v|<c |z - h(x,i,v)|r(dv) < ky|z|? forallz € R",i € S
andv € Rj.

Lemma 3.2 Let Assumptions 2.8 and 3.1 hold. Then for
any yo € R andi € S,

Py, .i(y(t) # 0 for allt > ty) = 1. (3.2)

Proof. For y # 0 and i € S, define V(y,i) = |y|~!. It is
easily observed that

Vy(y,i) = —|y| 7y, Viy(y,4) = —ly| ">+ 3|y[Pyy "

Then we obtain

GV (y,.1) = ~Iol =" $y.0) + 5 (ol Loy, )P
+3ly 7y gy, D) (1)
. -1 _ -1
o enionor -
+yl =%y ly, i, 0) ()| m(do). (3.3)

Noting that |y + h(y,i,v)| > 0, and by Lemma 3.1 in
Applebaum and Siakalli(2009)
[y + Ry, i, 0) IO = [y~ + [y Py " hly, i, 0)1(t)
< Ihy, i 0)1* + 2]y " - h(y, i, v) 11 (1)
- ly*(ly + h(y, i, v)I(2)])

Substituting (3.4) into (3.3) yields

(3.4)

GV (y,i,t)
1
==l 7y (. 0) + 5 (=l gy, D)

+3ly| "y " g(y, )|*)I(t)
Hh(ya ia U)|2 + 2|yT ) h(ya iv U)HI(t)
+ PO LO

If I(t) = 0, then by Assumption 2.3,

<Jvl<e

gV(ya ia t) = _|y‘_3ny(y7 Z)
<Iyl 721 f(y, D) < Falyl ™ (3.5)
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If I(t) =

GV (y,i,t) < |yl 721 f (g, )] + |yl =P lg (v, )
1

+7/ h(y,i,v)|?
hz\y|3 0<\u|<c[| )‘
+2[y" - h(y,i,v)|]7(dv)

k 2kay, _
SO v vl (3.)

Combing (3.5) with (3.6) gives GV (y,i,t) < (k1 + k3 +
% + Qhﬂ)|y|_1 For the initial values y(to) = yo and
r(to) =14, let 0 < € < |yo| < d and define the stopping

time 7. := inf{t > to : |y(t)| < e} and 74 := inf{t > 1o :
ly(t)| > d}. By the It6 formula, we have
E[e—<k1+k2+ BT ATy A g t)l_l]
— |yo| eIt R+ Tt
B /TE/\Td/\t —(k1+k2+ 2| }k4)
to
ks 2k

<[t BT T GV (u(s), (5), )| s

< |y0‘—1 (’C1+7€2+ +2:4 )to. (37)

Noting that 7. < 74 A t, we have |y(7- ATq At)|71 > e~ L.
Then from (3.7),

_ 2 2ky
(ka5 + 7245000t eTMP(1. < Tg A T)
< e Ot RA S e mant) | n

—(k1+1€2+ -+ ;M )to

<l|yo| e

By Assumption 2.3, Eq. (3.1) has a unique global so-
lution. This implies that hybrid jump-diffusion process
(3.1) has no finite explosion time, that is, 74 — co almost
surely as d — oo Therefore, for any t > tg, P(7. < t) <

2 2k

lyo| " tee (mtk3+ 724 T8 (=t0) Noyy letting € — oo gives
P(ro <t) =0 for any t > tg, where 79 := inf{t > tg :
ly(t)| = 0}. This completes the proof. O

Now, let us show that (3.1) is almost surely exponentially
stable.

Assumption 3.3 Assume that there exist constants
a; € R, B; >0 and \; > 0 such that

el f(x,4) < ailzf?, |g(z,4)| < Bilel, |27 g, i) > Nz
forallz € R" andi € S.

Assumption 3.4 Assume that there exists a function
hi(v) > 0 and a constant ¥; > 0 such that |h(z,i,v)| <
h;(v)|z| and f0<|v‘<CxTh(x,i,v)7r(dv) > 9;|x|? for all
rE€R"andi € S.

Remark 3.5 By Lemma 3.2, it is known that Assump-
tion 3.1 prevents the process y(t) of (3.1) jumps from
a nonzero state to zero, which can help us construct a
Lyapunov function such as V(z) = |z|P for p € (0,1) to

obtain stability of Eq. (3.1). However, the proof of The-
orem 3.7 indicates that Assumptions 2.3 and 3.1 alone
are not sufficient to prove that Eq. (3.1) is almost surely
exponentially stable. To ensure the stability of the inter-
mittent hybrid stochastic system with jumps (3.1), As-
sumptions 3.3 and 3.4 are needed.

Let us first give a strong law of large numbers for local
martingales.

Lemma 3.6 (see Lipster (1980)) Let M (t), t > to be a
local martingale vanishing at t = to and ((t) a contin-
uous adapted mon-negative increasing process such that

lim; o0 €(t) = 0o and foo d<M7)()2 < 00 a.s., where

(1+<(s))
(M)(¢t) := (M, M)(t) is the quadratic variation process.
Then lim;_, o C(()) =0 a.s.

Theorem 3.7 Let p € (0,1) and Assumptions 2.3, 3.1,
3.8, 3.4 hold. If

max { /O<U|<C (o (1 + B2 () + 2 (0) ) () } < o,

€S

Eq. (3.1) satisfies

) < Z oy + 9maX (O 587

€S

Y —|—;/< » ﬁf(v)n’(dv)) a.s. (3.8)

lim sup — log(|y
t—o0

In particular, if ), g Tic; +60 max;es (0.561-2 A2+

%f0<|v|<c ﬁf(v)n’(dv)) < 0, then the trivial solution of
Eq. (3.1) is almost surely exponentially stable.

Proof. Fix yo # 0 and rg € S arbitrary, and rewrite
y(t; to, Yo, 70) = y(t). By Lemma 3.2, y(t) # 0 for all
t > to almost surely. Define V(z, i) = log |z|? for alli € S
and p € (0, 1). Applying the generalized Itd formula gives

log |y( )I”*loglyol”
/ s PP 2T (9 ((s). ()
+(Blys)P2tracely” (u(s),r(s))a(y(s),r(5))]

PP D=y T ()glu(s), ()7 1(5)]ds
~ [ S O a((s) )P ()

// » {Tog(lu(s) + h(y(s), 7(s), v)I(s)P)

~ log(ly(s)P")
ROl MOUCOROR LTI

ly(s)P
+My(t) + Ma(t), (3.9)
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where M1 (¢ D) gy (s) and

py' (s) g(y(S)
= Ju QL

// log Iy )
to JO<|v|<c

h(y(s™)r(s7),0) ()| — log [ly(s™)"| N (ds. dv)

are two local martingales vanishing at ¢t = t¢. By Assump-
tion 3.4 and the elementary inequality log(1+z) < z for
x>0,

/tt /O<|v<c { log(ly(s) + h(y(s),r(s),v)I(s)|")

—log(ly(s)[?)
Cply(s)P 2y T (s)h(y(s),r(s), v)I(s)
Iy( )I”

}W(dv)ds

) ()h(y(s)w(sm)r(s) r(dods

[y(s)]?
[ N rly(s)rhly(s), r(s), )1 (s)]?
‘/to /|¥ og [ )

XI{T(S)_i}ﬂ'(d’U)dS

/ / y ' (s)h(y(s),r(s),v)I(s)
0<v |<cZ— 1 ly(s)|?

XI{T( )= z}’i?’(d’l})ds

</ / 1og (14 R ()1()] )iy ()
to’ 0<|v|<c;—

/ qu‘}il{r(s):i}l(s)ds

to j=1

<, f ot

By Assumption 3.3, substituting (3.10) into (3.9) gives

I(s)r (dv)ds—/ P, (s)ds. (3.10)

t
log ly(£)|” <1og yo” + / (potry + 05082,
to

PO+ / <|v|<cBf(s)(v)w(dv)]l(s))ds

/ i) bl (5)a(us). () P ()ds
M)+ M) (3.11)

The quadratic variation of the martingale M (¢) is

o0y = [ EL O,

to ly(s)[*

For arbitrary e € (0,1) and k = 1, 2, - - -, the exponential
martingale inequality (Applebaum and Siakalli (2009))
gives

IP’{ sup [Ml(t) — g(Ml(t),Ml(t»] > glogn} <

to<t<n n2

By the Borel-Cantelli lemma, for almost all w € 2, there
is an integer ng = ng(w) such that if n > nyg,

Mi(H) < Zlogn + SOLM). M) (312)

for all ¢y < ¢t < n. Substituting (3.12) into (3.11), and
then using Assumption 3.3 yields

2 t
log[y(t)[” < log [yol” + ~ logm + / pau(syds + Mo(t)

to

t
#0582 -t e w)n(ao)
to o< |v|<e

—(p— o2, 1(s)ds

2

forallty <t <mn, n > ngalmost surely. Hence for almost
alwe Q,iftg+n—1<t<tyg+nandn > ng,

1
Loz (1)

1 (1 1ol
— < O,
S pto+n—1) g |yol” +

1/ 1
" rsd " 0.5 s
+t/toa (s) S+t/t {[ 5r(s (k)

! h 2
o /<U|<c hf(s) (W)m(dv) — (1 - ig)Ar(s)]I(S)}d&

PJo

2
- logn + Mg(t))

On the other hand, by Assumption 3.4,

M(t))
:/t /0<| < {log(‘y(s_) + h(y(s™),r(s7),v)
xI(s)[P) —log(|ly(s™)[P) 27T(dv)ds

/t /<| B Izneagi log(l + hp(U)I(S))F?T(dU)dS

<Ct—t0

where C' = max;cs f0<‘vl<c[log(1 + B ()27 (dv) < o0
Ma(t)

Then, by Lemma 3.6, lim; oo —5

plies that

=0 a.s., which im-

o1
Jim. ~log(ly(®))
t

1 t
< lim - OZT(S)dS-i- lim */ [05ﬁ3(s) _7‘97‘(8)
to t—oo t

t—o0

+1 /< y B2 ) (0)(dv)=(1= £ )2 ) 1 (s) pds. (3.13)

PJo

Since the Markov chain is exponentially ergodic for
the finite states, lim;_, o %ftto It (s)=iyds = 7; a.s and

. t . t
iy o0 ¢ fy Qo)A =1m o0 35 @ig fyy Tro)=yds =
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Zies ;o a.s. Thus,
I 1 ) .
Jim ~log(y(0))
1 _
<Y moctmax (059 vt [ Rl
€S P Jo<ol<e

i€S
1 t
—(1—- Qz—:))@) lim / I(s)ds
2 t—o0 t — to to

<Y 582 — 0,
_Zmal+9rzn€a§<(05ﬁl Y

i€S

41 /<|v<cﬁf(v)w(dv) - (1-29x). 319)

p
Letting € — 0 yields the desired assertion (3.8). O

Remark 3.8 The emergence of I(¢) has changed the o-
riginal characteristics of the hybrid system in Yin and
Xi(2010), Chao et al.(2017). As a result, the derived sta-
bility results are no longer applicable to the intermittent
stochastic system. Therefore, we utilize stochastic anal-
ysis and inequality techniques to address the problem of
the complex switching mechanism that arises when noise
feedback is combined with intermittent control. In addi-
tion, Theorem 3.7 shows that the trivial solution of E-
q. (3.1) is almost surely exponentially stable if and only
T Oy

, Zles :
if o € (mln,es{AQ—O 58249 i~y f0<‘ e p(v)w(dv)}’
convergent speed not only depends on «;, 5;, A\;, ¥; and

hi(v), but also on the parameter 6.

1), whose

Remark 3.9 Based on our assumption, the determinis-
tic system

y(t) = f(y(t), r(t)) (3.15)
is unstable, that is ), ¢ 7;a; > 0. Therefore, the right
hand side of equation (3.8), max;cg ¢ (0.5@»2 A2 -9+

1 f0<|v‘<c RE (v)7 (dv)) < 0 implies that for all i € S, the

determlmstlc system (3.15) can be stabilized by noise,
which in turn leads to the stability of the entire hybrid
system.

Let us return to Remark 2.2. If I(¢) is defined as (2.8),
stochastic system (3.1) degenerates the hybrid SDEs with
periodically intermittent stochastic noise

dy(t) = fy(t),r(t))dt + g(y(t),(t))I(t)dw(t)

(t
+/ h(y(t™),r(t™), v)I(t)N(dt,dv). (3.16)
o< |v|<e

Unlike I(t), we shall use the periodicity of the function

I(t) to obtain a better stabilization results than Theo-
rem 3.7. By improving the intermittent parameter p, the
following stability theorem follows.

Theorem 3.10 Let conditions of Theorem 3.7 hold. The

trivial solution y(t) of Eq. (3.16) satisfies

lim su 10 ) < 7l o + 0[0.58? )\2
m sup - log(Jy () K ( 0[0.587 —

€S
1 _
—9; + = / hf(v)w(dv)]) a.s
P Jo<|v|<e

In particular, if 0 is in

(3.17)

( Dics Tici
S ies TN — 0582 + 0 —

P

1
f0<|v\<c i

then the trivial solution y(t) of Eq. (3.16) is almost surely
exponentially stable.

To prove Theorem 3.10, the following lemma is need (also
see Song et al.(2018)).

Lemma 3.11 Foranyt>0,h >0 andi€ S,

)

P(r(s) # i for some s € [t,t + h]|r(t) =i) <1—e 7"
where § = masies(—).

Proof of Theorem 3.10. Similar to the proof of (3.13),

t

1 1
i _ < I _
thm tlog(|y(t)|) thm i), (ar(s [0. SBT(S

1 - -
A2y (s +*/ RY, (v)w(dv)]I(s))ds.
(s) (s) P Jo<o|<e r(s) )

By the ergodic property of Markov chain r(t),

t
) < Zmaz + lim / V()L (8)ds
€S to
(3.18)

lim — log ly(t)
t—o0
where

1 _
Vr(s) = 0-553(3)*>\72;(s)*19r(s)+5/ hf(s) (v)7(dv).
0<|v|<e

Let us claim that

tlggo t/ V(s )I ds-mezbZ a.s. (3.19)
i€S

To prove (3.19), it is sufficient to prove
liginf / Vrsy(s)ds > QZW% (3.20)

€S

and

lim su ” I )ds < ;. 3.21
msup - / Vr(s) QZ s (3.21)

i€S
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Let 6 € (0,1) be arbitrary and w = ¢T'/m for a suffi-
ciently large integer m such that w < §. It follows that

I -
lim inf f/ Yr(syI(s)ds
t Ji,

t—o0
to+3T+oT
3 O/ Griyds >Z Qu, (3.22)
t

o+iT

e
e G O -

where QU = hnnl}gf m P

Let us first show

n to+iT+(v+1)w
/ wr(s)ds
2

o+jT+vw

1 n to+iT+w
Qo = liminf ————— / Yy dS
nevoe (n+ 1T & Z ro T (®)

For each i € S, define 7§ = inf{j > 0: r(tg + jT) =i}
and 7, = inf{j > 7,y : r(to +j7T) = i} forn > 1.
Then 7, are finite stopping times such that 0 < 75 <

- <71, T ooas Set S; =inf{j > 0: 7; < n} and
let T represent the number of the elements in set S .
By the ergodlc property of the Markov chain, we have

lim,, oo +1 = 7;. Thus,

1 to+jT+w
Qo = liminf ————— / Yr(s)ds
n—roo (n+ zES €St to+5T
Tz 1 to+iT+w
—timinf { > (o / Urods) }
s ez (n+ )T \T} JEZS ot T
T 1
>3 g imint oy (tmint 7
to+jT+w
X[ eads)
jesi to+jT
T; T+w
_ Z fhnrggolf — Z / Uy(s)ds. (3.23)

€S

By the strong Markov property, {r(7;T + t)};>, form-
s a Markov chain with the same generator I' which s-

tarts from i. Then we have that {fT T Vr(syds}j>o
are independent identically distributed with mean value
]E(fT°T+w ¥r(5)ds). By the large number law,

TT+w T +w
iy [ vt = [ s

T

Note that r( ¢T) = i and w < 6. Letting Qy = {w €
Q: r(s) #ifor some s € [73T, 74T + @]} and by Lemma

3.11, we get P(Qp) < 1 — e 7% < Y. Hence,

TST+‘!Z
N
TéT
TeT+w 5T+
— (I, / C Uneds) +E(Ig, / )
7o T 75T

T

> IE(IQO /0 - min zpjds) + E(IQO /0 - wids)

= min ;@ P(Q) + ;wwP(Qo)

78T+w i
> E(IQO / min wjds) + ]E(IQD / wids)
TiT J#i T

> Hélgl Viyw® + Yiw — iy’
1

> piw — (I?eagi/fz’ —in Pi)Fw?.
Substituting this into (3.23) gives Qo > F D egTithi —
(max;es 1 — minges ;)% . Similarly, we can show

Qv Z T ZiGS Wlwz (maXZES ¢7L - mlniES %)’YT for
v=1,2,---, m— 1. Combing these with (3.22) yields

2
w ~ W
>ml—= Z i (rzneagcwl — min wl)WT]
€S
> Cmi N\ A
QZ i — mag,( i I;Iélél ;) py0.
€S
Similarly,

lim sup / UrsyI(s)ds <m[— mez—&-maxwﬁ—]

t—o0 165

< Wi PO
<o) Fithi+maxiipy

€S

Since 6 > 0 is arbitrary, iminf; o 2 [} ¥y()I(s)ds >

Qzles i, imsup,_, t fto wr(s ( )ds < szes ;-
The required assertion (3.17) follows from (3.18) and
(3.19). The proof is therefore completed. i

Remark 3.12 The proof of Theorem 3.10 is highly tech-
nical. In this process, not only the transition probability
inequality is employed, but also the periodic characteris-
tics of I(t) and the ergodic property of the Markov chain
are utilized. Furthermore, under the periodic control s-
trategy, the criteria for determining stability are much
more lenient. In Theorem 3.10, when the right hand side
of equation (3.17) is less than 0, it implies that the hybrid
system is stable. However, the right hand side of equation
(3.17),

1 _
> 7ol 0l0.562 = A2 — 0+ - / B (v)n(dv)]) <0
ies P Jo<jv|<e

does not require that for all ¢ € S, all deterministic sys-
tems (3.15) can be stabilized by noise. In other words,
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this theorem allows that the subsystems are unstable un-
der some modes i. By using the ergodicity of the Markov
chain, we can cleverly ensure the stability of the whole
hybrid system and effectively make up for the instability
of subsystems in some modes.

Remark 3.13 In Theorems 3.7 and 3.10, A; and 1; re-
veal the stabilization contribution of Brownian motion
w(t), the compensated Poisson noise N and Markov
chain r(t). For the periodic intermittent control, when
the control period T is fixed, we can enhance or weak-
en the noise intensity to shorten or increase the con-
trol time. Hence, the intermittent control strategy in
this paper is more flexible. For example, as the t-
wo parameters A; and ¢; increases, the lower bound

i€S Tic . .
of the intermit-
Zies%i[/\?—oﬁﬁzﬂ-ﬁ _,f0<‘v|< 2 (v)m(dv)]

tent parameter p can be taken smaller, which means
that the control time can be shortened and the control
cost can be reduced accordingly.

3.2 Design of linear feedback control with intermittent
Jump-diffusion noise

Suppose that f satisfies Assumptions 2.3 and 3.3. Let
us show that the hybrid system (1.1) can be stabilized
by linear feedback control with intermittent Brownian
motion and the compensated Poisson random measures.
Let g(z,i) = (G1,z,Ga,z, -+ ,Gmix) and h(z,i,v) =
H;(v)x where Gy ,; and H(i,v) are all n X n matrices.
Then the controlled hybrid stochastic systems becomes

)t + > Grrayyt)I()dw(t)

k=1

+/ H,i—(0)y(t ) I()N(dt, dv), (3.24)
o< |v|<e

where I(t) is defined by (2.2).

Assumption 3.14 For any i € S, assume that
f0<|v‘<c |H;(v)|m(dv) < oo and that H;(v) does not have

any eigenvalue equal to —m almost surely.

It is obvious that Eq. (3.24) has a unique solution on
t > tg. By Theorem 3.7, we shall obtain some sufficient
conditions on the coefficients of (3.24) for the trivial so-
lution to be almost surely exponentially stable.

Theorem 3.15 Let Assumptions 2.3 and 3.1 hold.
Assume that for any x € R” and i € S, there
are nonnegatwe constants B;, N\i and U; such that

> ket |Grgzl® < Bilxl?, Zk 1|27 Gral® = Ailz]*, and
f0<|v‘<cx H;(v)zm(dv) > 9;|x|?. Then the trivial solu-
tion y(t) of Eq. (3.24) satisfies

hmsup log(|y ) < Zmaz—i—ﬁ max (0 58; — A — Ui
= €S

1 P
+5 /0<|U<C|Hi(v)| w(dv)) a.s.

In particular, if ), o T + 0 max;eg (0.581- —Xi—0;+
%f0<|v|<c |Hi(v)|p7r(dv)) < 0, then the trivial solution of
Eq. (3.24) is almost surely exponentially stable.

Proof. Let 5; = \/E, A = \/5\71 and ¥; = 0. It follows
that the coefficients of Eq. (3.24) satisfy Assumptions
3.3 and 3.4. By Theorem 3.7, Eq. (3.24) is almost surely
exponentially stable if

E 0y + Gmax (O5B, — 5\1' - ’L§z
i€s ies
1

+ /0<Ul<c |H¢(v)|p7r(dv)) <o0.

If I(t) of Eq. (3.24) is changed to I(t), then we have the
following hybrid stochastic systems

dy(t) = f(y (1), r(8))dt + D G rnyy(D)I(£)dw(t)

k=1

+/ . H,i—(0)y(t)I(t)N(dt,dv). (3.25)

Theorem 3.16 Let conditions of Theorem 3.15 hold.
The trivial solution of Eq. (3.25) satisfies

) <> i+ 0l0.55; = X — 0

€S

+1 / (H ()| (dv)] )a.s

P Jo<|v|<e

lim sup log(|y
t—
. (3.26)

If

_ _ E;ies T
FiDa— 055+ 0i—

oc (55 mora )

1
i€S P f0<\v|<c

Eq. (3.25) is almost surely exponentially stable.

Actually, there are many choices for the matrices Gy, ; and
H;(v) in order to stabilize the given hybrid systems (1.1).
For example, in (3.25), let Gy ; = ox;I for 1 < k < m,
i € Sand H;(v) = h;(v)I, where oy, ; are constants and [
is the n x n identity matrix. Then the hybrid stochastic
system (3.25) can be rewritten as

r()dt + Y on @yt (t)dw(t)

k=1

+ / ho—y (0)y(E) ()N (dt, dv).  (3.27)
0<|v|<e

Note that foreachi € S, Y " | |Gy z|* = (221:101%,1) 2|2,

S o7 Gral? = (X5, 02, ) lel* and
f0<|v|<c " H;(v)xr(dv) = f0<|v‘<c hi(v)m(dv)|z|? for all
x € R™. By Theorem 3.16, Eq. (3.27) satisfies

<Z7rz(az+gcp —05ZU,H>

€S

lim sup — log ly(t)

t—oo 1
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almost surely, where

p 1 (v)[Pr(dv) — ;(v)m(dv
ct,= / L mpea) / o),

If o € ( Zles:al

Z esﬂ-l[OSZ =1 kz Cp ])
stochastic system (3.27) is almost surely exponentially
stable.

) then the hybrid

4 Intermittent discrete-time stochastic stabi-
lization

This section will establish a sufficient stability criterion
on hybrid stochastic systems by intermittent feedback
control based on discrete-time observations. In fact, Eq.
(2.1) can be rewritten as the following hybrid stochastic
delay differential equations (SDDEs)

da(t) = f(x(t), r(t))dt + g(a(t — (), r(£))I(t)dw(t)
“ o, (= COY) 7)) TNt o), (41)

where ( : [tg, 00) — [0, 7] is defined by ((t) =t —tg — kT
forto+kr <t <to+(k+1)7,k=0,1,2,---. For
delay system, Lemma 3.2 is invalid, so the It6 formula
to log|z(t)|P for p € (0,1) cannot be used. This section
will adopt a comparative method to study the almost
sure exponential stability of the solution to Eq. (4.1).
It will be shown that if auxiliary hybrid stochastic sys-
tem with continuous-time intermittent feedback control
(3.1) is pth moment exponentially stable, then so is the
hybrid stochastic systems by discrete-time intermittent
feedback control (4.1) for sufficiently small 7. Let us use
the M-matrix theory to study the pth moment exponen-
tial stability of the system (3.1).

Assumption 4.1 There exists p € (0,1) such that

Ap ,pn(p)) =T (4.2)

:= diag(p1(p), - -

is a nonsingular M-matriz, where p;(p) = 0.5p[(2—p) A7 —
ﬁ?]—kpﬂ f()<‘ |<chz( ) (dv) pay;.

Remark 4.2 Assumption 4.1 is proposed to ensure the
exponential stability of Eq. (3.1), which is the key to ob-
tain the exponential stability of Eq. (4.1) by using com-
parative method. Moreover, this assumption is easy to
be checked by the M-matrix theory.

Since A, is a nonsingular M-matrix. By Lemma 4.2 of
Mao(1999), A, is well deﬁned with A! > 0. Setting

(51, ,on) T = A, 1? where 1 = (1,---,1)7, we can
obtain that ¢; > 0, i € S. For simplicity, define ¢ =

. - _ N S
minjes G, < = maXes G, § = maXjes (poi+ ;-1 Vij L)

Theorem 4.3 Let Assumptions 2.3, 3.1, 3.3, 3.4 and 4.1
hold. There exists constant T > 0 such that for anyt > T

Ely(t)[" < Iyolf"6 it (4.3)

10

where y = ({71 48)0 — <. The trivial solution of Eq. (3.1)
is pth moment exponentially stable if 6 € (ﬁ, 1).

Proof. If yo = 0, y(t;to,0,79) = 0, the assertion (4.3) is
trivial. Fix yo # 0 and ro € S arbitrary. Define V(y, 1) =
sily[?. Clearly, ¢ly[” < V(y,4) < <[y|P. By (2.5),

GV (y,i,t)

- {ﬁﬁgm N g(trace[gT&; Dg(y. 1)
O LT B
—1—pyTh(y|’;’2”) 7 (dv) +Z%] }<l|y|” (4.4)

By Assumptions 3.4,

[ i Al
0<|v|<e |y|p | ‘2
lyl” + lh(y, i, 0)IPI(t) 45 _

</0<|v<c[ |y|p 1] (d ) pﬁZI(t)
< h dv 3, I (t 4.5
L Fema@o o) (45)
Substituting (4.5) into (4.4) gives

GV (y,i,t)
< a; +0.5p[B2 — (2—p)\? RE (v) 7 (dv) —pd;
< { (poi+0.50(82 —(2-p) 1+/<lm (v)(d) ~p; )
+Z%J } t)silylP+ (paz{:%g ) I(t))silyl”

= i{ (o + 059087 = (2= 2]

' ) N
+/<| - h‘f(v)ﬂ(dv)fpﬂOQJrZ'yijgj}f(t)V(y,i)

N
Sj .
(pos + 3072 ) = IOV (.9).
j=1 ¢
Then, by Assumption 4.1, we have

OV (y,i.t) = —glz(t)x/(y, )

+(poi + Zv 2)a 1)V
<= G+ QIO (b 0)

When ty < t < tg+ 6y, the generalized It formula gives

(4.6)

E[V(y(t),r(t)e"

5[ 0 GV (y(a),(5) ) 4V (), (5) ) .

l(t—to):| _ V(yo, TO)

to
By (4.6), we have GV(y,i,t) < —< 'V (y,i) for
to <t < tg + by, which implies that EV (y(¢),r(t)) <
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V (yo, ro)e_(l(t_tf’). Similarly, when to + 0y < t < t1,

E [V (y(t), r(t))e™¢="=%) | BV (y(to+60), 7(to+60))

= / tefc’(sft(ﬁeo)(gV(y(s),r(s),5)7§_V(y(5),r(s)))d8.

to

Therefore, when ¢y + 0y < t < t1, GV (y,4,t) < IV (y,1)
and

EV (y(t),r(t)) <EV(y(to + o), 7(to + bp))e b0
< V(yo,ro)el” <M 0o+<(t—to—60)]

By induction, when ¢, <t < t,, + 0,,, we have
EV (y(t),r(t)) <EV (y(tn),r(t,))est )

< V(yo,ro)eﬂv_l[zz o Ot (t=tn)]

Xeézz;; (trpr—t—0k)
And when t, + 0, <t <t,41, we have

EV(y(t),(t))

S EV (Yt 4 0n),7(tn + 0y))es 7t 0n)
< V(yo, To)e_g1 D oo O

e iso

(4.7) and (4.8

EV(y(t),r(t)) < V(yo,ro)e
plies

(tpt1 =t —0k)+(t—tn

)], (4.8)

) together yields that for any ¢ > ¢,

fto =™ +§_)I(S)]ds. This im-

U|”ef:o [6— (¢~ 4+)I(s)]ds

Ely(0)" < 3y (4.9

In fact, for any ¢ € [t,, t, + 05), we can derive that

/ = (4 I(s)ds

<S(t—to) = (¢TH+9) /tn I(s)ds
=3t —to) — (T +Q)L(to, tn)
<S(t—to) = (<7 + ) [0(tn — to) — Lo]-

While for any t € [t,, + 0y, tnt1), we have

/ = (1 + QI(s)]ds

to

tn+0n
Sc‘(t—to)—(é’1+<‘)/ : I(s)ds

=3(t—ty)— (Tt + f)ﬁ(zo,tn +6,)
~ C_(t - tO) - (671 + g_)[o(tn + on - tO) -

Therefore, we have

Lo).

1 t
lim sup / [C— (T +9)I(s))ds
t—o00 t— tO to
. 1 _ 1, =
< lim sup (((t—to)—(C +9)[0(tn —tU)_EOD
t—oo b — tO
—c— (490 (4.10)

11

Consequently, (4.10) shows that there exists a T > 0
such that for any ¢ > T, [;'[c — (71 + &) I(s)]ds < [¢ —
(¢ +8)0](t —to). Hence, it is concluded that E|y(t)|P <
g|y0\pe[f*(5_1+f)0](t*t°), as required. O

In fact, we are only interested in the case ¢ > 0, otherwise
dy(t)/dt = f(y(¢),r(t)) is already exponentially stable in
pth moment. In addition, Theorem 4.3 will play a crucial
role in the proof of the following Theorem 4.6. In order
to prove the main result, the following two lemmas are
needed.

Lemma 4.4 Let Assumptions 2.8, 3.8 hold and p €
(0,1). Then, for anyt > to,
Elz(t)|P < |xo[Pel-PCr(t=to), (4.11)

Elz(t) — 2(8(t))” < |wolPe® P M (p, 1), (4.12)

where & = max;eg oy, B = maxeg fi, C1 = [2a + 2 +
ksl, Hi(p,7) = [37(7h7 + k3 + ka)]

Proof. Applying the It6 formula yields that for ¢ > ¢y,

oOF =loo* + [ {227 (9)f(as).r(5)

Hg(@(3(5)), ()21 (s) fds

T / 27 ()92 (5(5)), ()1 (s)duw ()
/t/<| )+ (0() ), 7))

(5) P~ 22T (5)R(2(6(s) ). (57, v) I(s))e(dv) s

/t/<| . (I(s) + h(a(6(5) ) r(s7), 0)I(3)]
N(dt, dv).

—|{E

By Assumptions 2.3 and 3.3,

t
Elz(t)? < |aof + (20 + 3) / Ela(s) [ ds

to

+k3/ E|(5(s)")[2ds

to

t
< |£L'0|2 + C’l/ sup ]E|ac(u)|2ds,

to to<u<s

where C) = [2¢ + (% 4 k3. It is easy to observed that

t
sup Elz(u)]* < |x0|2+01/ sup E|z(u)|?ds.
t

to<u<t o to<u<s
Consequently, the Gronwall inequality gives

sup Elz(u)]? < |zo|?eCr¢t0),
togugt

(4.13)

By the Holder inequality, we then have E|xz(t)[P <

P

(E\x(t)|2) * < |ao[Ped-5rC1(t=t0)  On the other hand, it
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can be computed that

Elz(t) - :v( G

f(z(s),r(s))ds

2
< 3IE’ ‘

5(t)

+3E| /5 06

+3E‘/§; /<| KCh(x(d(s)’),r(s’),v)[(s)N(dv,ds)

2
r(s)I(s)du(s)|

:

By the Cauchy-Schwarz inequality, the It6 martingale
isometry and Assumption 2.3,

Ela(t) — x((t))[”

< 37E /5 NEONORE
+3E / 19(2(5(5)), 7(s))PT(s)ds
()

t
+3E / / Ih(2(5
§(t) Jo<|v|<e

t t
< 37k} / Elz(s)|*ds + 3k3 / Elz(3(s))[*ds
5(t) 6(t)

(5)7),r(s7), v)[PI(s)(dv)ds

+3k3/6 E|z(5(s)7)|*ds. (4.14)

(®)

Substituting (4.13) into (4.14) gives

Elz(t) — x((t))[”

t
< 3(7’1@ + k3 + kg) / sup Elz(u)|*ds
t—1 to<u<s

< 37(7’]@% + k2 4+ kg) |$0|2601(t7t0).

Once again, by the Holder inequality, we have E|z(t) —
z(5())|P < |ao[Pel POt [ (p, T), as required. O

Lemma 4.5 Let Assumptions 2.3, 3.3 hold and p €
(0,1). Then, for any t > to,

Elz(t) —y(t)

S |x0|pH2(p7 T)(601(t_t0) - 1)§€0~5p02(t—t0)7

(4.15)

where Cy = 2k1+2k3+2ks and Ha(p, )= [W‘;&] 5

1

Proof. By the It6 formula,
t
y(t)]* < 2kE | Ja(s) —

to
t

19(2(8(5)),7(5)) — g(y(s),7(s))|*ds

“E/to /| 2(3()7),7(57), )

( (s7),7(s7), v)|*m(dv)ds

Elz(t) - y(s)[*ds

(4.16)

By Assumption 2.3,

t

t l9(2(8(5)),7(s)) = g(y(s),7(s))|*ds

t l9(2(8(5)),7(5)) — g(a(s),7(s))[*ds

+28 [ lg(a(s).r(s)

<2E

— g(y(s),7(s))*ds

< 2K2E / 12(5(s)) — w(s)[2ds
+2k3E t |9C( )—y(s)|*ds (4.17)
E/ /0<| PUCCORRTRRS
—ht(y(s_)7r(s_)7v)|27r(dv)ds
< 2k3E |$( (s)7) — a(s7)’ds
+2ksE / lo(s™) — y(s~) |2ds. (4.18)

Because both z(t) and y(t) are cadlag processes,
they have at most countable jumps. Therefore, the
jump processes Az(s) = x(s) — z(s7) = 0 and
Ay(s) = y(s)—y(s™) = 0 for almost every s € [to, t], and
t ~ _ ¢

hence E [, |z(s7) — y(s7)[?ds = E [, [z(s) — y(s)[*ds.
Similarly, we can have Eftto lz(8(s)7) — 2(s7)|?ds =
Eftz |z(6(s)) — x(s)|?ds. By Lemma 4.4, substituting
(4.17) and (4.18) into (4.16) gives

YO < GE | a(s) -

to

t
(k2 4 2k3)E/ [£(3()) — x(s)|"ds
to
t
to
(2k2 +2k3)H1(2 7')|£l'0| ( Ci(t—to) _ ]_)’
Cy

Elz(t) (s)*ds

—y(s)Pds

where Cy = 2k; +2k3 + 2k3. Then, the Gronwall inequal-
ity implies that

(2/{% + 2k3)H1(2, T)|$0|2
Cy
% (ecl(t—to) _

Elz(t) — y(t)]* <
1) eC2(t—to)

Applying the Hélder inequality gives

2k2 + 2k3)H, (2 5
E|$(t)fy(t)|p§|$0‘p{( 2+ 3) 1( T)}z
Cq
% (ecl(t—to) _ 1) %6051)02@—%)7
which is the required assertion. ]
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Now, let us establish the main results.

Theorem 4.6 Let Assumptions 2.8, 8.1, 3.3, 3.4 and 4.1
hold. Choose a free parameter ¢ € (0,1). Let 7* > 0 be
the unique root to the equation

log(é)

log(£)
H(p, T)[ecl(T+ ) — 1]g60'5p02(T+%) =1—c¢.
(4.19)

Then, for any initial values xo € R™ and rg € S, the
solution of Eq. (2.1) satisfies

1
lim sup = log(E|z(¢)|?) < 0 (4.20)
t—o0 t
and .
limsup - log(|z(¢)]) < 0 a.s. (4.21)
t—o0 t

provided T € (0, 7).
Proof. Let

log(£) log(£)
v v

F(T»P) = Hg(p, T)[ecl(T+ ) 1]%60.5p02(7—+7).

When p is fixed, F(-, p) is a continuously increasing func-
tion of 7 > 0. When 7 = 0, F (-, p) equals to zero, so Eq.
(4.19) must have a unique root 7* > 0. Choose a positive

integer k such that

log(z2) <k<1l+

4.22
T T 422

This implies %e"”;’ < e. Write y(tg + ]NCT;I‘(),’I"O) = Yj-
By Theorem 4.3,

Elygl? < SlzolPe ™ <elaol’.  (4.23)
S

By the elementary inequality (a + b)? < aP 4 bP for any
a,b>0and 0 <p <1, Elz;|? < Ely;|? + E|lz; — vz 7.
Using (4.23) and Lemma 4.5,

Elzy [P <|zol” <€+H2(p, T)[eCIkT—l]geO'SpCQkT). (4.24)
By (4.22), we have

&+ Hy(p, 7)[eCrFT — 1]5e09PCFT < o 4 Hy(p, 7)

log(22) log(22)

X[eC1(7+ =) _ 1}%60.5p02(7’+ =) <1.

Thus, we can choose A > 0 such that ¢+ Hy(p, 7)[e“1F™ —
1]5¢0-50C2kT — =AkT Tt then follows from (4.24) that
E|z|P < |xo[Pe **7. Let us now consider the solution
z(t) of Eq. (2.1) on t > to + k7. Since Eq. (2.1) is a
SDDEs, the pair (z(t),r(t)) is not a time-homogeneous
Markov process. However, due to the special feature
of Eq. (2.1), the pair {(z(to + k7),r(to + k7))}jen,
forms a discrete-time R™ x S-valued time-homogeneous
Markov process (for example, see Mao (2013)). Ow-
ing to the time-homogeneous property of Eq. (2.1),

we can get E(|z,;|P|F;,) < |x,~€|”e_’\’~”. This implies
E|z,;|P < Elzg|Pe 7 < |zo|Pe 7. Repeating this
procedure gives

E|£E“;‘p S]E|x(l—l)l~c|pe_>\l%7 < ‘x0|p€_l)\fm—’l = 07 1a 27 Tt
(4.25)

For any t > to, t~here is aunique ! > 0 such that to—l—”;T <
t <to+ (I +1)k7. By Lemma 4.4 and (4.25),

Elz(t)|P < E|zz|Pe®5P (t—to—1kT)

< |(E0‘p€_l>\iﬂ—€0'5pclfﬁ— < |{E0|pM€_A(t_to)7

where M = ¢ +0-57CET The assertion (4.20) follows.
Finally, by Mao(2016), we can obtain another assertion
(4.21). The proof is therefore completed. |

5 Examples

Example 5.1 Let 7(t) be a right-continuous Markov
chain taking values in S = {1,2} with the generator

-2 2
I' = (Mij)axe = . Consider the following
1 -1
hybrid system
(t) = Aypz(t), t>0 (5.1)
-1 1 —0.5 1
where A; = , Ay =
1.5 -1 1 —15
Obviously, the Markov chain r(¢f) has the station-
ary distribution Y, ¢ = (f1,72) = (3,2). In
fact, f(x,i) = Az, (i = 1,2) satisfies Assump-
T
tion 3.3, where a; = AmaX(AH;A"' ). Then, we have

2
2 i = Yoo Filmax (AEA) = 0.162, which im-
plies that the trivial solution of hybrid systems (5.1)
is almost surely exponentially unstable. To make this
hybrid systems (5.1) stable, let us introduce the period
intermittent noise such that the intermittently hybrid
SDEs with jumps can be described by

dx(t) = Apyx(t)dt + Bygyx(t)I(t)dw(t)

- / Crii—y(0)x(t)I(t)N(dt,dv),  (5.2)
0<|v|<1

where N is a compensated Poisson random measure on
[0, 00) x Ry whose corresponding Lévy measure is given by

—-0.5 —04
n(dv) = 0.5 1*Idv. Here B = , By =
0.2 0.3
0.1 0.6 v? 0
, and Cy(v) = , Co(v) =
—-0.3 —04 0 1.20°2
1.50% 0 B oo
, I(t) = Z It mryor)(t). Assume that
0 1.51)2 n=0

w(t), N(dt,dv) and 7(t) are independent. It is easy to see
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that 31 = 0.7285, \; = 0.5258, B2 = 0.7659, Ao = 0.3898
and v = 0.1606, ¥ = 0.2409. Then we get that

M

7~T1‘ (Oli + 9[0552 —S\i —'l§i+2

\/C’i(v)w(dv)])

(5.3)

i 0<|vl<1

I
o -

162 — 0.2849p.

By Theorem 3.16, if o € (0.5686,1), then Eq. (5.2)
is almost surely exponentially stable. That is, hy-
brid systems (5.1) can be stabilized by intermit-

tent stochastic perturbation B,z (t)I(t)dw(t) and

Jocpoi<1 Cre—y W)z (t)I(t)N(dt, dv) with o € (0.5686, 1).

However, if the jumps are excluded from the hybrid s-
tochastic systems (5.2), that is, if C;(v) =0, ¢ = 1,2,3
or N = 0, we have Z?Ilfri(ai + 0[0.58; — Xl]) =
0.162 — 0.0842p. In particular, when o = 1, then we get
2 & (ai 0.5 — Xi) — 0.0778 > 0, which implies
that the following linear hybrid system

dz(t) = Ar(t)x(t)dt + Br(t)x(t)dw(t) (5.4)
is almost surely exponentially unstable. This example
shows that even if p = 1, the intermittent noise of on-
ly one Brownian motion cannot ensure the stability of
the system (5.4), while the jump noise N can stabilize
stochastic system (5.4). Obviously, Eq. (5.3) becomes

T (Oéi +0.58; — A\ + o[-,
1

2 / VOy(dv)]) = 0.0778 — 0.2141p.
0<|v|<1

2

K2

By Theorem 3.10, if o € (0.3634, 1), the following inter-
mittently hybrid SDEs

dz(t) = Ar(t)x(t)dt + BT(t)x(t)dw(t)

+/ Crii—y(0)z(t7)I(t)N(dt, dv)
0<|v|<1

becomes almost surely exponentially stable. This implies
that hybrid stochastic systems (5.4) can be stabilized by
intermittent jump noise f0<|u|<1cr(t*) (v)z(t7)I(t)N (dt,dv)
if 0 € (0.3634,1).

Example 5.2 Let r(t) be a right-continuous Markov
chain taking values S = {1,2} with the generator
-1 1

I = (yij)2x2= . Consider the scalar hybrid
3 -3
system

z(t) = ur(t)m(t), t>0, (5.5)
where 7 = 0.4, ua = —0.2. Obviously, the Markov chain
7(t) has the stationary distribution 7 = (71, 72) = (3, 1)
with the average 25:1 i = 0.25. It is obvious that
hybrid systems (5.5) is unstable.
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Now, let us design an aperiodic intermittent control to
stabilize the hybrid systems (5.5). Consider the intermit-
tently hybrid stochastic systems with jumps

da(t) = ()t + 0,y 2(1)1(1)dw (1)
+ / By (0)2(E) (ON (At dv),  (5.6)
0<|vl<1
where N is a compensated Poisson random measure on
[0,00) X Ry whose corresponding Lévy measure is given

by 7(dv) = 0.5¢~"ldv. Here oy = /2, 09 = 1, hy(v) =
—0.502, ha(v) = —0.4v? and

o0
I(t)zzI[k,lc+0.15)u[k+0.3,k+L)(t)v 0.3<u<1. (5.7)
k=0

Assume w(t), N(dt,dv) and r(t) are independent. By
(5.7),

0.15n 4+ (¢ — 0.3)n

lim — Or=1 =:—0.15
g 2 0=l = L
and
2n

1 —0. 1
lim szlimo 5n+ (¢ — 0.3)n + 0.15
n—00 fon41 Py n—00 n-+0.3

=1 —0.15.

Hence, we obtain the average control ratio § = ¢ — 0.15.

Choose p = 0.5 such that p;(0.5) = 0.089 and
p2(0.5) = 0.256. The matrix Ag 5 defined in (4.2) be-
1.089 -1
comes Ag5 = , which is a nonsingular
-3 3.256

M-matrix. Then, we can determine ¢; = 7.795, ¢, = 7.489
and hence, ¢7! = 0.1283 and ¢ = 0.1607. By The-
orem 4.3, if § € (0.556,1), the intermittently hy-
brid stochastic system (5.6) has the property that
limsup;_,, 1 log E|z(¢)[P < 0.1607 — 0.2890. This im-
plies that hybrid systems (5.5) can be stabilized by inter-
mittent stochastic perturbation o,z (t)I(t)dw(t) and

f0<|v|<1 By -y (0)z(t~)I(t)N (dt, dv) if « € (0.706,1).

Next, let us use the intermittent feedback control based
on discrete-time state observations to stabilize (5.5)

da(t) = pirqy2 ()t + o, (3(0) 1 (£)duw(t)

+ / ho(i—y () 2(8(8) ) I(t)N(dt, dv). (5.8)
0<|v|<1

Choose 6 = 0.75, ¢ = 0.9 such that (4.19) becomes
Hy (0.5, 7)[e(3:35TTT+4.0116) _ 1]0.25(1.57887+1.7803) — ()
which has the unique positive root 7% = 1.161 x 10710
(which is about 3.66 milliseconds if the time unit is of
year). By Theorem 4.6, the intermittently hybrid stochas-
tic system (5.8) is almost surely exponentially stable if
7 < 1.161 x 10719, Figure 1 shows the hybrid system
(5.5) can be stabilized by intermittently feedback control
based on discrete-time state observations when 8 = 0.75.
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Fig. 1. The sample paths of intermittently hybrid stochastic
system (5.8).

Remark 5.3 If the minimum control ratio ¢ is employed
in Example 5.2, then we have ¢ = 0.5 and the average
control ratio # =1 —¢, v = ({71 +§)§ — ¢ = —0.0162 <
0, this implies that stochastic controlled system (5.6) is
pth moment exponentially unstable. In other words, the
existing assumptions about the infimum of control time
and the upper limit of control ratio cannot work.

Remark 5.4 It can be seen from the definition of I(t)
that the control cycle is not periodic and the control
width is not unique. In fact, let ¢« = 0.9, when n is odd,
then t,, 41 —t, = 0.3 and 0,, = 0.15, while when n is even,
then t,41 —t, = 0.7 and 6,, = 0.6. Therefore, Example
5.2 shows that the unstable system (5.5) can be stabilized
by using the aperiodic intermittent control with (5.7).

Remark 5.5 The control strategy proposed in this pa-
per can also be used to investigate the consensus prob-
lem of homogeneous multi-agent systems. For example,
Li et al. (2014) considered the consensus control for a
network of multi-agent systems, and utilize stochastic
noise to achieve mean square and almost sure consensus
of these systems. However, when communication band-
width and channels are limited, it is unrealistic for multi-
agent systems to perform continuous measurements to
obtain control signals. Intermittent stochastic control in
multi-agent systems can work well.

6 Conclusion

This paper is devoted to the stochastic stabilization of
hybrid systems by intermittent stochastic feedback con-
trol. The Lyapunov function method and intermittent
control strategy are used to establish sufficient stability
criterion on intermittent hybrid SDEs with jumps. How-
ever, by comparison method and M-matrix theory, it is
also shown that the hybrid system can be stabilized by
the intermittent feedback control based on discrete-time
observations as long as 7 < 7*. This paper mainly aim-
s to investigage the time-triggered control strategy. The
event-triggered control laws for hybrid systems is also in-
tersting and will be considered in the future. In addition,
the consensus of multi-agent systems with intermittent
stochastic noise will be investigated.
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