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Abstract The almost surely (a.s.) exponential stability is studied for semi-Markovian switched stochastic
systems with randomly impulsive jumps. We start from the case that switches and impulses occur syn-
chronously, in which the impulsive switching signal is a semi-Markovian process. For the case that switches
and impulses occur asynchronously, the impulsive arrival time sequence and the types of jump maps are
driven by a renewal process and a Markov chain, respectively. By applying the multiple Lyapunov function
approach, sufficient conditions of exponential stability a.s. are obtained based upon the ergodic property
of semi-Markovian process. The validity of the proposed theoretical results is demonstrated by a numerical
example.
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1 Introduction

Stochastic hybrid systems represent a class of dynamical systems involving continuous evolution, in-
stantaneous change and random effects. As two important types of stochastic hybrid systems, randomly
switched systems and randomly impulsive systems have received increasing interests over the past decades;
see [1-6] for randomly switched systems, [7,8] for randomly impulsive systems. Randomly switched sys-
tems are composed of a family of subsystems and a random switching signal orchestrating the switching
among the subsystems. Recently, randomly switched systems have received increasing research interests
which involve stability analysis [1,3-6], controller synthesis [2], fault detection [9], and filter design [10].
Randomly impulsive systems combine continuous-time dynamics with abrupt state changes occurring
at random moments. In practice, randomly switched systems and randomly impulsive systems have a
variety of applications in diverse areas such as networked control systems, biological systems, air traffic
management systems and economic systems [11-13].

In the real world, dynamic systems may encounter sharp state jumps and abrupt dynamical changes,
which cannot be well modeled as purely switched systems or purely impulsive systems. Thus, a more
comprehensive model, namely, impulsive switched system [14-18], is proposed to characterize switched
systems with impulsive jumps at switching instants. In this case, the switching signal and impulsive
signal can be integrated as an impulsive switching signal [19]. For instance, the synchronization problem
of nonlinear systems was discussed in [14] by utilizing hybrid impulsive and switching control. For
randomly impulsive switching signals, the impulsive switching time sequence is a stochastic process. And
Markovian impulsive switching signal is an important class of them, in which the impulsive switching
signal is modeled by a Markovian process [16]. It is worth mentioning that the sojourn time for each
subsystem is required to obey the exponential distribution in Markovian impulsive switched systems. To
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remove this restriction, we introduce the concept of semi-Markovian process (see [20,21]), which has been
referred in switched systems [4,6,22-27], to describe a more general impulsive switching signal. For semi-
Markovian impulsive switching signal, the sojourn times of subsystems do not necessarily obey exponential
distribution and transition rates are time-varying. Up to now, researches about semi-Markovian impulsive
switched systems are few.

On the other hand, switches and impulses can also occur asynchronously in numerous physical and
man-made systems. For example, under switching communication topologies, networked systems with
continuous-time and impulsive communications can be described as switched systems with asynchronous
impulsive jumps [28]. It is known that the stability of switched stochastic systems with randomly im-
pulsive jumps can be impacted by different types of subsystems and impulsive jumps in different man-
ners [16, 18], that is, some subsystems and impulsive jumps can make positive effects on stability, and
others can potentially destroy stability. The impulsive switching frequency in impulsive switched sys-
tems can be restricted by utilizing dwell-time conditions such as fixed dwell-time condition in [16] and
average dwell-time condition in [18]. However, this approach cannot be applied to switched systems with
asynchronous impulsive jumps directly, because there exist two kinds of discrete-time signals, namely,
switching and impulses. To overcome this difficulty, Ref. [29] provided the stabilizing impulses condition
for Makovian switched systems with asynchronous impulsive jumps. Unfortunately, this condition is not
available for semi-Makovian switched systems in the presence of stabilizing and destabilizing impulses.
Therefore, an effective method is needed to tackle and quantify the mixed effects of subsystem’s stability,
switches, impulses, and stochastic noises for the whole system’s stability.

In fact, numerous practical systems are often perturbed by stochastic noises. For instance, air traffic
management systems are often subject to mode-switching and various stochastic disturbances such as wind
and air turbulence [30]; financial systems may undergo sudden changes of volatility rates [13]. Stochastic
noise also can be used to stabilize an unstable system. In [31], the stochastic stabilization problem of
continuous-time nonlinear systems was addressed by artificial multiplicative noise based on aperiodically
sampled data. In general, stochastic noises can be modeled as the Brownian motion. Switched systems
with the effects of stochastic noises are also known as switched stochastic systems [4,32]. It is natural to
consider a more general system model, i.e., switched stochastic systems with impulsive jumps [16,29,33].
Moreover, impulsive jumps do not always occur at fixed times, which means that the states of systems
may change instantaneously at random times. In order to simulate this phenomenon, random impulsive
systems, in which the impulsive time sequence is a stochastic process, were introduced in some literature
(see [7,8]). However, there is no work on semi-Markovian switched stochastic systems with asynchronously
randomly impulsive jumps.

Motivated by above discussion, we aim to investigate the exponential stability almost surely (a.s.)
problem for semi-Markovian switched stochastic systems with synchronously and asynchronously ran-
domly impulsive jumps, respectively. For the case that switches and impulses occur synchronously, the
impulsive switching signal is modeled by a semi-Markovian process. For the case that switches and im-
pulses occur asynchronously, the impulsive arrival time sequence and the types of jump maps are driven
by a renewal process and a Markov chain, respectively. The contributions of this paper can be highlighted
as follows: (1) The sufficient conditions of exponential stability a.s. are obtained for semi-Markovian im-
pulsive switched stochastic systems. These results provide the unified framework to study exponential
stability a.s. for impulsive switched stochastic systems driven by Markovian process or renewal process.
(2) By using the limit properties of semi-Markovian process and renewal process, sufficient conditions of
exponential stability a.s. are derived for semi-Markovian switched stochastic systems with asynchronously
randomly impulsive jumps. This class of systems cover the semi-Markovian switched stochastic systems
in [5,6] and randomly impulsive systems as special cases. (3) An effective method is proposed to balance
impulses, switches and stochastic noises in order to guarantee system stability.

Notation. R™ and R"*"™ stand for the n-dimensional Euclidean space and the set of n x m matrices,
respectively. Nt represents the set of positive integers and N 2 N* U {0}. || - || represents the Euclidean
vector norm. The superscript T denotes the transpose of matrix (or vector). P and E stand for the
probability measure and the mathematical expectation, respectively. C? denotes the set of all nonnegative
functions V(x,7) : R™ x Sg — [0, 00), which are twice differentiable in 2. The symbol tr[-] denotes trace
operator. The notation I(-) stands for the indicator function.
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2 Preliminaries

Consider the switched stochastic system with impulse effects at random times:

dz(t) = f(z(t),o(t))dt + g(z(t),0(t))dW (), ¢ # ti, W

z(t) = h(z(t™),r(k)), t=ty, keNT,
where x(t) € R™ is the system state. W(t) is a d-dimensional Brownian motion defined on the complete
probability space (Q, F,{Fi}i>0,P). o(t) : [0,00) = Sg = {1,2,...,r} is the switching signal, which
is a piecewise constant function specifying the index of the active subsystem. A strictly increasing
sequence Zg = {Ty,Ts,...} is called switching time sequence satisfying limy_,o, Tk = 00, in which the
switching signal o(t) randomly chooses a value from index set Sg. The functions f : R” x Sg — R™ and
g : R" x Sg — R"*? are assumed to be continuous and uniformly locally Lipschitz with respect to z
and f(0,7) = g(0,4) = 0, i € Ss. {r(k),k € NT} is a stochastic process taking values in the index set
Sy and r(k) represents the type of jump map at the kth impulse arrival time ¢;. The strictly increasing
sequence Ty = {t1, o, ...} is called impulse arrival time sequence satisfying limy_, . £, = 0o, in which r(k)
randomly chooses a value from index set S;. The function h : R" x S; — R” is assumed to be continuous
and uniformly locally Lipschitz with respect to 2 and h(0,7(k)) = 0, r(k) € S;. We assume that r(k),
ty, o(t) are independent with W (¢) and there exists a unique solution of system (1) (see [16,34,35]).

It is noted that there exist two kinds of discrete-time random signals in system (1), namely, switching
and impulses, which make effects on the stability. Next, some notations are introduced for such two kinds
of discrete-time random signals. For switching signal o(t), let NVi(¢) be the activated number of the ith
subsystem in the interval (0,t], A;;(t) be the number of switching from the ith subsystem to the jth
subsystem in the interval (0,¢] and 7;(¢) be the total time for system (1) active on the ith subsystem in
the interval (0,¢], where i € Sg. For the impulse arrival time sequence {t;,k € N*}, let NV;(¢) be the
total number of impulse occurring in the interval (0,¢] with A;(0) = 0. Let £(k) = ¢ — tx—1 denote the
impulsive interval between the (k — 1)th impulse arrival time and kth impulse arrival time.

Definition 1 ([20,21]). The switching signal o(¢) is said to be semi-Markovian switching, if let o(t) =
o(Ty) = ox for t € [Ty, Try1),k € N, (i) the discrete-time process {0,k € N} is a Markov chain with
P = [pijlrxr,i,j € Ss, where p;; = P{o(Tk+1) = j | 0(T}) = i} stands for the transition probability of the
subsystem transiting from i to j at time Tj1; and (ii) the distribution function of 7(k+1) = T'(k+1)—-T' (k)
is given by

F‘ij(s):P{T(k+1)<s|0k:iﬂo—k+1:j}a iaj68375>0;
which has the continuous differentiable density f;;(¢) and does not depend on k.

From Definition 1, let 7; be the sojourn time on the ith subsystem, i € Sg, and then its distribution
function can be defined by

Fi(s) =P{r; <s} =P{T(k+1) - T(k) <s|ox =i} = »_ Fy(s)pij, i€Ss, >0, VkeN,
JESs
Here, we assume that p; = 0 and the embedded Markov chain {0,k € N} is irreducible. Then,
{ok, k € N} has a stationary distribution 7 satisfying 7P =7 and ) ;s ™ = 1.
Definition 2. The system (1) is said to be exponentially stable a.s., if

1
limsup — In || (¢; zo, 00)|| < 0, a.s.
t—o00 t

holds for any initial conditions zg € R™ and oy € Sg.
Definition 3 ([3]). For any C? function V (z,1),i € Sg, the two operators £ and H, which are associated

with the system (1), are defined as

L0V (z,1)

OV (x,1) L1
& 2 f(x,0) + §tr gT(x,z) 52

ox

s OV (2,1)

LV (x,1) p g(x,1).

glx, )|, HV(x,9)

By means of operators £, H and Ito formula, we can obtain that for each i € Sg,

AV (x(t),7) = LV (x(t), d)dt + HV (), 7)dW (2). 2)
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3 Exponential stability a.s. of semi-Markovian switched stochastic systems
with synchronous impulsive jumps

In this section, we consider the first situation that semi-Markovian switching and impulsive jumps occur
synchronously and the types of impulsive jumps are determined by the modes of subsystems. In this
case, system (1) becomes to be a semi-Markovian impulsive switched system. Next, we will study the
exponential stability a.s. for system (1). Moreover, some corollaries will be given to show that our results
can be considered as a further development of some existing results.

Assumption 1. The semi-Markovian switching and impulsive jumps occur synchronously and the
types of impulsive jumps are determined by the modes of subsystems, i.e., Ty, = tr, Sy = Sg X Sg and
r(k) = ok—1, 0.

Lemma 1 ([6,21]). Let {o(¢),t > 0} be a semi-Markovian process and {ox, k € N} is its associated
embedded Markov chain; then

. Ti(t .
tlggo l; ) =m, as.,ViéeSs, (3)
. Nt T _
tlggo% = #, a.s., Vi € Sg, (4)
7
where m; = E[r;] and m = (71,72, ..., 7,) is the stationary distribution of o(¢), which can be given as
My =
YT Yjesg Tim

Theorem 1. Under Assumption 1, if there exist a function V € C2, positive numbers ¢, p, ij, and
constants 5; > 0, \; € R such that

cllw( NP <V (x(t), ),
LV (x(t),i) < NV (2(t),1),
|1V (x(t),4)]> = BV (x(t),4),

—~ o~ =~
~N
= D

V(h(l‘( _);Z,]);]) :u‘Z] (l’(t_),’i), 8
Som [ n +Zp” Inpi; — 0.56; | <0, 9)
1€Ss jESs

hold for all 7,5 € Sg, then semi-Markovian switched stochastic system (1) with synchronous impulsive
jumps is exponentially stable a.s..
Proof. Tt follows from It6 formula [35] and (2) that

LV (a(s)i) 1 |HV<:c(s)w)I2] ds+ VEED gy e se. (0)

A v(a(e, )] = |G - S I Valo). 1)

Hence, we obtain

t

[(I)(s)—%\lf(s)]ds—i—/T Y(s)dW(s), t € [Tk, Tr+1), k €N, (11)

InV(z(t),o(t)) = 1DV(3U(Tk)aUk)+/

Ty

and

T

[(I)(s)— %\I/(s)]ds—i—/Tk T(s)dW(s), k € N*, (12)

Tk—1

IV (2(Ty ), 0%-1) = 1DV($(Tk—1)7ak—1)+/

Tr—1

LV (s HV (x(s),0(s))|? HV (x(s),0(s
where ®(s) = 7‘/((;((5)0(2)3) U(s) & Bii(els).ols))]” VQ((;;((S))J((Z))))‘ and Y(s) = 7{/@&%??0(&)?' By (8), we have

InV(x(Tk),or) = InV(h(x(T), ), 0n-1,0%),0%) < I pig, o + IV (x(T)),00-1), ke NT. (13)

Combining (11), (12) with (13) yields that for any ¢ € [Tk, T+1), k € NT,

t

o) - )+ [ X)W (s).

Tr—1

InV (2(0),016)) < Wiy + IV (olTir)on1) + [

Tr—1
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Repeating the above procedure, we have for all ¢ € [Ty, Ty1),k € NT
k t 1
IV (x(t), o) < Vo+ > pg_, o + / [@(s) - 5\1/(5)} ds + M(1), (14)
1=1 0

where M (t) £ fg T (s)dW (s) is a continuous local martingale with M (0) = 0 and Vp = V(z¢, 0¢). Thus,
for any t > 0,

‘ 1
InV(z(t),o(t)) <InVo+ Y Ny(t)Inpi; + / {CI)(S) — 5\1/(5)} ds + M(t). (15)
i,JESs 0
Notice that the quadratic variation of M (t) is (M (t) fo s)ds. Setting € € (0, 1) and using the
similar analysis used in Theorem 3.1 of [5] or Theorem 2 2 of [3 ], we can obtain that there exists an

integer Ny = Ny(w), such that

2 t
M(t) < glnNJr/ g\Il(s)ds, VN > Ny, a.s., (16)
0

holds for 0 < ¢ < N. Substituting (16) into (15), we obtain

1—c¢
2

InV(z(t),o(t)) <InVp+ Z Nij;(t 1nu”+§lnN+/O {(I)(s)—

\I/(s)] ds, 0<t<N. (17)
,j€Ss

Combining (17) with (6) and (7) yields that for any 0 < ¢ < N, N > N,

t 1_
InV(z(t),o(t)) < InVh+ Z N () In i + 1nN+/O <)\U(s) — Tsﬂ”(s)> ds

i,JESs
2 1—¢
=InVy+ Z N () In i + B InN + Z <)\i — T@) Ti(t), a.s.. (18)
i,JESs 1€Ss

Hence, if N —1 <t < N and N > Ny, we can get that

1 1 2 Niji(t 1
Ean(:c(t),a(t)) < N1 <an0+g1nN) + Z %muwr Z ()\i

i,jESs 1€Ss

€ T:(t

)70
. (19)
Let NVi(t) = Ni(t) — I(o(t) = i) be the total number of the events “deactivating the ith subsystem”. It
can be got from (4) that

lim M = lim pijNS(t) = lim pijNS(t) —Ile® =19 = ﬂi&, i,j € Sg, a.s.. (20)

t—00 t t—o0 t t—00 t m;

Substituting (20) and (3) into (19), we can get that

Dij
hmsuptan Zm )\—l—z Jln Mij —

t—
> i€Ss ]ESS

Tﬁi | as..

Letting ¢ — 0, according to conditions (5) and (9), we obtain that

lim sup = 1n||ac(t xo,00)|| <0, as..
t—o00 t

Thus, semi-Markovian switched stochastic system (1) with synchronous impulsive jumps is exponen-
tially stable a.s..
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Remark 1. Conditions (6) and (7) provide a quantitative estimate of the stability degree of each
subsystem of system (1). For each subsystem i € Sg, the negative value of A\; — 0.55; corresponds to the
case that the ith subsystem is exponentially stable a.s.. Compared with the switched system without
impulsive effects, in which f;; is often assumed to be independent with j, the different types of impulses
can affect the impulsive switched systems in different manners; that is, some impulses (called stabilizing
impulses) can contribute towards stability (0 < p;; < 1), and others (called destabilizing impulses) can
potentially destroy stability (u;; > 1). Furthermore, according to condition (9), we can observe that if
the positive effect of stabilizing impulses is big enough, system (1) will be exponentially stable a.s., even
all systems are unstable (i.e., A; — 0.58; > 0,Vi € Sg).

If the distribution function Fj;(s) is only dependent on the current subsystem mode i € Sg and obeys
an exponential distribution with parameter ¢;, in other words,

Fij(s) =P{r(k+1)<s|op=i,0p401=j}=1—e %% s>0, (21)

then the corresponding semi-Markovian impulsive switching signal reduces to Markovian impulsive switch-
ing signal. The generator of Markovian impulsive switching signal o(¢) can be given as @ = [¢;;]rx» with

qi;A +o(A), i 7,

P{a(t+A)jla(t)i}{Hq..AJro(A) i=j

where 4,7 € Sg, A > 0, ¢;; > 0 is the transition rate from i to j if ¢ # j and ¢;; = — Z#i ¢i; = —¢i- In
this case, the stationary distribution m of o(t) can be given by solving 7@ = 0, and Ziess m; = 1.
Corollary 1 (Markovian process case). Under Assumption 1 and condition (21), if there exist a function
V € C?, positive numbers ¢, p, f1;;, and constants 3; > 0, \; € R such that (5)—(8) and

Z | A+ Z Qij In Mij — 0.56; | <0 (22)

i€Ss JESs,jFi

hold for all 4, j € Sg, then Markovian switched stochastic system (1) with synchronous impulsive jumps
is exponentially stable a.s..
Proof. From (21), we have E[r;] = m; = 1/¢;. Next, we show that

S X — Yom=1 (23)

ZjGSs ﬁ]/q] i€Ss

are equivalent to 7@ = 0 and Ziess ;= 1.
Noting that 7P = 7 and }_,c s 7 = 1, we obtain that 7, = >, s 7;pji. It follows that

e > jess Tibii
- = S = g, =1 (24)

q;T; = - = —
o Zjess T/ Zjess /45 jese i,

By using ¢;; = qjp;:;, we have
Gmi =Y mig, Y m=1, (25)
J#i i€Ss
which means that 7Q =0 and } ;s m = 1.
Thus, condition (9) can be written as condition (22).
If the distribution function of sojourn time 7(k+ 1) is independent on the subsystem mode i € Sg, i.e.,

F,;(s) = Fir(s) = Fi;(s) = F(s), i,4,k,1 € Ss, s >0, (26)

then the total number of switching Ng(t) is a renewal process and the corresponding semi-Markovian
impulsive switching signal reduces to renewal process impulsive switching signal.

Corollary 2 (Renewal process case). Under Assumption 1 and condition (26), if there exist a function
V € C?, positive numbers ¢, p, f1;5, and constants 3; > 0, A; € R such that (5)—(8) and

Z | A+ Z % 1n,uij —0.58;]1 <0 (27)

1€Ss JjESs
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hold for all i,j € Sg, where E[7(1)] = m, then stochastic system (1) switched by renewal process with
synchronous impulsive jumps is exponentially stable a.s..
Proof. From condition (26), it is easy to get that m; = i

B ZJESS mjm
to condition (27). Then, Corollary 2 follows from Theorem 1.

Furthermore, the subsystem transition probability p;; is independent on the current subsystem mode
i € Sg, ie.,

= ;. Thus, the condition (9) reduces

pij =P{o(Ths1) =j | o(T) =i} =P{o(Th41) =j} =p;, k€N, j € Ss. (28)
Then we can obtain the following Corollary 3.

Corollary 3 (Renewal process case). Under Assumption 1 and conditions (26) and (28), if there exist
a function V' € C2, positive numbers ¢, p, p1;;, and constants 8; > 0, \; € R such that (5)-(8) and

NALEDS %muij — 058 | <0 (29)

1€Ss JjESs

hold for all 4,j € Sg, where E[7(1)] = m, then stochastic system (1) switched by renewal process with
synchronous impulsive jumps is exponentially stable a.s..

Proof. From conditions (26) and (28), we can see that the stationary distribution of impulsive switching
signal o(t) is m = (p1,p2,...,pr). Thus, the condition (9) reduces to condition (29). Then, Corollary 3
follows from Theorem 1.

Remark 2. (1) In Theorem 1, if there is no impulsive jump at switching instants and the esti-
mate of Lyapunov function at switching instants is independent on the transition subsystem mode,
ie, h(z(t™),rk)) =x(t™) and V(h(x(t™),4,5),7) < pu;V(x(t™),), then Theorem 1 reduces to the The-
orem 3.3 of [5].

(2) For system (1), if we do not take into account the effects of impulsive jumps and stochastic
noise, i.e., h(z(t~),r(k)) = x(¢t~) and g(z(t),o(t)) = 0, then Theorem 1, Corollaries 1 and 3 reduce to
Corollaries 1-3 of [6], respectively.

4 Exponential stability a.s. of semi-Markovian switched stochastic systems
with asynchronous impulsive jumps

In this section, we consider the second situation that semi-Markovian switching and impulsive jumps
occur asynchronously. We assume that r(k), ti, o(t) and W (t) are mutually independent. In this case,
we will study exponential stability a.s. for system (1). Firstly, we make some assumptions to describe the
randomness of impulsive jumps, including the types of impulsive jumps and the impulsive arrival time
sequence.

Assumption 2. The {r(k),k € NT} is an irreducible Markov chain taking values in Sy = {1,2,...,¢}.
Lemma 2 ([37]). Suppose that Assumption 2 holds, and then the Markov chain {r(k),k € N*} has a

unique stationary distribution 7 = (71, T2, ...,7,) and
T I(r(k) =1
lim Zk:l (r() ) =y, a.8., VI € Sj. (30)
n— o0 n

Assumption 3. The {{(k), k € NT} is a family of nonnegative independent identical distributed random
variables.

Remark 3. For the random impulsive signal, there are two ingredients, namely, the impulsive arrival
time sequence and the types of impulsive jumps. In [8], the impulsive arrival time sequence is driven by
a Poisson process, i.e., £(k),k € NT are independently exponentially distributed, and the types of jump
maps are independently identically distributed. Compared with the case in [8], Assumptions 2 and 3 are
more general. However, Assumption 2 is not suitable to describe the situation that each of the types of
jump maps is driven by a different renewal process.

Lemma 3 (Renewal theorem [21]). Suppose that Assumption 3 holds, and then N () is a renewal
process and

lim =—, as., (31)
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where 6 = E[¢(k)], 0 is a positive constant.

Theorem 2. Under Assumptions 2 and 3, if there exist a function V' € C2, positive numbers ¢, p, g, O,
and constants 5; > 0, A\; € R such that (5)—(7) and

V(h(z(t),1),i) <V (x(t), i), (33)
3 ﬁlln% I IAEEDY %m% — 055 | <o, (34)
€Sy i€Sg jess "

hold for all 4,5 € Sg,l € Sy, then semi-Markovian switched stochastic system (1) with asynchronous
impulsive jumps is exponentially stable a.s..
Proof. F¥or any t € [Ty, Tx+1) and o(t) = ok, 0(Tk—1) = ok—1, k € Nt let {#1,%2,...,¢m} be the impulse
arrival time sequence in the time interval [T}, t) and {l1,l2,...,l,} be the corresponding types of jump
maps.

Combing (10) with (33) yields that for any ¢ € [ty,, Tkt1),

InV(z(t),o()) = WV (x(tm), ok) +/{ [@(s) - %\Il(s)] ds+/{ T (s)dW (s)

<hha, Jran(:c(t_,_n),ok)Jr/t: [@(s) %\Il(s)jder/;T(s)dW(s). (35)

Similarly, we have

V(@) o) = an(z(tml),ak)Jr/t:”l [@(s)%\ll(s)]der/ttm T(s)dV(s)

m—1

o) - juis)as+ [ " aw(s)

tm—1

Em
<lnag, , +WnV(z(t,_ 1), 0%) +/

tm—1
Iterating the above procedure, we can see that for any t € [Tk, Ti41),k € N,

t

InV(x(t),o(t)) < InV(x(Ty), o) +/T

t

[@(s) - %\y(s)} ds + /t T(s)dW (s) + ilnaln

T

_ an(:c(Tk),ak)—i—/T {(I)(s)—%‘ll(s)}ds—i—/T T (s)dIW (s)
+ 3" may (W (1) = N (T)), (36)

€Sy

where N (t), | € Sy is the activated number of the /th impulsive jump map in the interval (0,¢]. Similarly,
one has

IV (2(T ), 05-1) < MV (2(Th1),06-1) + Y may(NG(Tk) = N5 (Ti—1))
leSy

t 1 t

+/ [(P(s) - —‘I/(s)} ds +/ Y(s)dW (s), k € NT. (37)
Tr—1 2 Tr-1

Combining (36) and (37) with (32) implies that

InV(x(t),or) < o, 4.0 + IV (2(Tho1),06-1) + Z Inoy (N (t) = N5(Th—1))
lES

+/t [Q)(s)—%\lf(s)]ds-i-/t T(s)dW (s), t € [Tk, Tita). (38)

Tr—1 Tr-1

Repeating the above procedure, we have

InV(z(t),o(t)) <InVo+ Z Niji () In iy + Z lnoq/\/}(t)—i—/o {@(s)—%ﬁ/(s)] ds+M(t), t > 0. (39)

1,jE€Ss leES
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With the similar analysis used in Theorem 1, we can obtain that for any € € (0, 1), there exists an
integer Ng = No(w), such that VN > Ny, 0 <t < N,

InV(x(t),o(t)) <IlnVy+ lnN+ Z Nij () In iy + Z In oy N (1) + Z ()\i 1 ;Eﬁi) Ti(t), a.s..

i,jESs €Sy i€Ss

Consequently, if N —1 <t < N and N > Ny, we can get that

IV (a(0,0() < g (¥ 2un) + 3 lna Ny (t)

lES

+ A@lnuij‘FZ(i

i,JESs 1€Ss

\—/
=
=1
=
N—
ja
W
—
iy
=
=

By (30), we have that
Sk =1

lim =7, as., €Sy

t—o0 M] (t)
Combining this with (31), we obtain

l ~
i M) _ as., [ €Sy (42)

t—00 t 6’

Substituting (3), (20), (42) into (41), we have

125 as.

In oy Dij
hmsuptan( Zﬂ' +Z7Tz i +Z Jlnu”— 5

o0 €S, i€Ss JjESs

Letting ¢ — 0 and then by conditions (5) and (34), we get that

lim sup — 1n||:c(t x0,00)|| <0, as..
t—o00

Thus, the semi-Markovian switched stochastic system (1) with asynchronous impulsive jumps is expo-
nentially stable a.s..
Remark 4. Notice that there are three sources of randomness (i.e., stochastic noise, semi-Markovian
switching and randomly impulsive jumps) and two kinds of discrete-time random signals in system (1).
The effects of impulses, switches and noises are coupled and quantitated in (34). In other words, we
provided a design approach to balance impulses, switches and stochastic noises in order to guarantee
system stability. Moreover, Eq. (34) is different from these in existing results. For example, only
switches or impulses were discussed in [5-8], and switched systems with synchronous impulses were
studied in [16,18,19].
Remark 5. Theorems 1 and 2 discussed the exponential stability a.s. for semi-Markovian switched
systems with synchronous impulsive jumps and asynchronous impulsive jumps, respectively. For the case
that switches and impulses occur synchronously, the impulsive interval is equivalent to the sojourn time
of subsystem between consecutive impulses, which means that £(k),k € NT may obey dependent and
different probability distribution. For the case that switches and impulses occur asynchronously, the
impulsive signal and switching signal are mutually independent; that is, there may be zero or multiple
impulsive jumps during the activation time of a subsystem. However, the impulsive intervals £(k), k € N
are independently and identically distributed. Thus, these two cases cannot be determined that which is
more general.

In addition, Theorem 2 also can be used to analyze the exponential stability a.s. of the following
randomly impulsive systems with multiple jumps:

{dm) = f(@(t)dt + g(x()dW (1), t# ty,

x(t) = h(z(t™), r(k)), t=t,, ke NT, (43)

where t;, and r(k) are the same as in system (1).
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Figure 1 (Color online) The state trajectories of the three subsystems of system (1). (a) o(t) = 1; (b) o(t) = 2; (¢) o(t) = 3.

Corollary 4. Under Assumptions 2 and 3, if there exist a function V' € C2, positive numbers ¢, p, oy,
and constants 5 > 0, A € R such that

cllz(®)|” < V(x(1)), (44)
LV (x(t)) < AV (2(t)), (45)
[HV (x(t)* = BV (x(t), 1), (46)
V(h(z(t),1)) < aV(2(t)), (47)
Zﬁlm%+>\—0.5ﬁ<0 (48)

leSy

hold, then randomly impulsive system (43) with multiple jumps is exponentially stable a.s..

Proof. In Theorem 2, if f(x(t),o(t)) = f(x(t)) and g(x(t),o(t)) = g(x(t)), that is, there is no subsystem
mode switching in system (1), then system (1) reduces to system (43). In this case, conditions (5)—(7),
(33), (34) become to conditions (44)—(48), respectively. Thus, Corollary 4 can be easily obtained by using
Theorem 2.

5 Numerical example

Example 1. Consider system (1) with the subsystems’ parameters:

f(@(t),1) = (=221, &1 — L5x2)", g(x(t),1) = (1, x2)",
Fla(t),2) = (=321 + 222, 4z —522) ", g(a(t),2) = (0.5w3 coswy, 1sinwa)’,
f(z(t),3) = (0.5 — 0.125z9, 0.5zpsin®z; — 0.12521)T, g(x(t),3) = (21 cosza, x2)T.

Choose Lyapunov functions: V(z,1) = 0.522 + 23, V(x,2) = 22 + 0.523,V(z,3) = 0.5(z% + 23). We
can calculate that A\ = —1, Ao = —1.5, A3 = 2.25 and 51 = 4,82 = 0,83 = 4. We can see that there are
both stable subsystems (o(¢t) = 1,2) and an unstable subsystem (o(¢t) = 3) in the whole system. The
state trajectories of three subsystems are given in Figure 1.

Firstly, we consider the case that the semi-Markovian switching and impulsive jumps occur syn-
chronously. The types of jumps are given by h(x(t),2,1) = h(z(t),3,1) = (vV2z1, @(Jcl — x9))7,
h(x(t),1,2) = h(z(t),3,2) = (Yxs, 3x1)T and h(x(t),1,3) = h(z(t),2,3) = (321, L2u2)T. For the
impulsive jumps, we can get that pi2 = 3, u13 = 0.25, o1 = 2, pes = 0.5, ug1 = 4, us2 = 3 based on (8).
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o)
¥

X

X

Figure 2 (Color online) The switching signals (a) and state trajectories (b) of semi-Markovian switched system (1) with syn-
chronous impulsive jumps.

For the semi-Markovian switching signal o(t), let the transition probability matrix of oy, be

0 0208
P=106 0 04],
0.703 0

and my; = 0.5,me = 0.6 and mg = 0.8. Then, we calculate that the stationary distribution of o(t) is
7 = [0.3125,0.1875,0.5]. Thus, we have Y, s mi(Ai + 3 cs. md Inpy; — 0.58;) = —0.7938 < 0 and the
semi-Markovian switched stochastic system (1) with synchronous impulsive jumps is exponentially stable
a.s.. The switching signals and state trajectories are shown in Figure 2.

Next, we study the case that the semi-Markovian switching and impulsive jumps occur asynchronously.
The switching signal, Lyapunov functions and subsystem parameters are the same as those above. We can
get that o = 2, 13 = 1, o1 = 2, 23 = 1, 31 = 2, pge = 2 based on (32). For the asynchronous impul-
sive jumps, let 7(k) be a discrete-time Markov chain taking values in S; = {1, 2, 3} and the types of jumps
are given by h(z(t),1) = (Lz1, L2a2)T, h(x(t),2) = (vV2z1, V222)T and h(z(t),3) = (v3z1, V3x2)T.
A simple calculation shows that a; = 0.5, = 2 and ag = 3. Let the transition probability matrix of

r(k) be

0.5040.1
II=103040.3
0.2 0.3 0.5

and have a unique invariant distribution 7 = [%, g—g, é—g]. The impulsive interval in the mean is 6 = 1.5.

Thus, we can get Y5, T2 + Y es, Ti(Ai + Yjess whnp; —0.56;) = —0.2164 < 0 and the semi-

Markovian switched stochastic system (1) with asynchronous impulsive jumps is exponentially stable a.s..
The switching signals, impulsive jumps and state trajectories of system (1) are shown in Figure 3.

6 Conclusion

The exponential stability a.s. was discussed for semi-Markovian switched systems with synchronous
impulsive jumps and asynchronous impulsive jumps, respectively. By applying the multiple Lyapunov
function approach and the ergodic properties of semi-Markovian process and discrete-time Markov chain,
sufficient conditions of exponential stability a.s. were obtained. Theorem 1 presents a unified framework
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Figure 3 (Color online) The switching signals and impulsive jumps (a), and state trajectories (b) of semi-Markovian switched
system (1) with asynchronous impulsive jumps.

to study exponential stability a.s. for impulsive switched stochastic systems driven by Markovian process
or renewal process. Theorem 2 can be regarded as a general result of the semi-Markovian switched
stochastic systems and randomly impulsive systems. Future work will focus on applying our results to
real-world complicated systems such as networked systems [28].
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