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Stability Analysis for Continuous-Time Switched
Systems with Stochastic Switching Signals
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Abstract—This paper is concerned with the stability problem
of randomly switched systems. By using the probability analysis
method, the almost surely globally asymptotical stability and
almost surely exponential stability are investigated for switched
systems with semi-Markovian switching, Markovian switching
and renewal process switching signals, respectively. Two examples
are presented to demonstrate the effectiveness of the proposed
results, in which an example of consensus of multi-agent systems
with nonlinear dynamics is taken into account.

Index Terms—Switched systems, stability, semi-Markovian
switching, Markovian switching, renewal process.

I. INTRODUCTION

Randomly switched systems are considered to be a class of
switched systems, which consist of a family of distinct active
subsystems under operation governed by a stochastic process.
According to one randomly switching rule, a subsystem will
be activated along the system trajectory at certain instants. The
randomly switching usually arises when modeling dynamical
systems, which exhibit switching phenomena among several
subsystems due to jumping parameters or changing environ-
mental factors. In addition, the randomly switching system
can be used to model the system affected by random structural
changes. It is known that the randomly switched system serves
as a suitable modelling paradigm and has wide applications to
diverse areas such as economic systems, manufacturing sys-
tems, communication systems and biological systems affected
by random delays and component failures [1-5].

Stability analysis of randomly switched systems is a fun-
damental and challenging research issue. In [2], the multiple
Lyapunov-like function method was firstly introduced to inves-
tigate the globally asymptotically stability in almost sure sense
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(GAS a. s.) for randomly switched systems, and stability crite-
ria were also presented for switched systems with Markovian
switching. Subsequently, the multiple Lyapunov-like function
method has been widely applied to the study on the stability
of randomly switched systems [6-9]. A system with Marko-
vian switching is an important randomly switched system,
its active time for each subsystem satisfies the exponential
distribution, which has limited the applications of Markovian
switching. To overcome this restriction, the stability of the
system with semi-Markovian switching has been investigated
in [6, 9—14], where the semi-Markovian switching does not
necessarily satisfy memoryless property of Markov switching.
In [12], the stability and stabilization were considered for
switched systems with discrete-time semi-Markovian signals
by using the semi-Markovian kernel approach. The necessary
and sufficient conditions for mean square stability are derived
for switched systems with semi-Markovian switching signals
in [14]. The distribution of sojourn time can depend on both
current and next system mode in [12, 14].

Due to the failure of a component or abrupt disturbances,
a subsystem of a switched system might be unstable. Thus, it
is more practical and interesting to consider switched systems
with both stable and unstable subsystems [15—-18], in which
the active time for stable subsystems should be ensured to
exceed a threshold such that unstable subsystems can be
compensated by stable subsystems. For randomly switched
systems with both stable and unstable subsystems, the GAS
a. s. was considered for randomly switched systems with
different switching signals in [6], where the sojourn time for
each subsystem is assumed to satisfy exponential and uniform
distributions, respectively. In addition, the GAS a. s. was also
examined in [6] for system with a special semi-Markovian
switching. It is well known that the stationary distribution
of Markovian chains is related to the active time for each
state of Markov chains, which thus can be used to restrict
the active time of stable and unstable subsystems for system
with Markovian switching. Recently, by using the comparison
theorem and the stationary distribution of Markov chains, the
moment stability was studied for the system with Markovian
switching in [8]. In [9], the comparison method introduced
in [8] was generalized to investigate the moment stability for
systems with semi-Markovian switching.

However, the moment stability presented in [8, 9] can
not imply the GAS a. s. and almost surely exponentially
stable (ES a. s.), which was also pointed out in [8], and the
method provided in [8, 9] cannot be directly applied to the
investigation on GAS a. s. and ES a. s. Thus, it is still open
to address the GAS a. s. and ES a. s. for the system with
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Markovian/semi-Markovian switching by using the stationary
distribution of Markov chains/embedded Markov chain. In
addition, the sojourn time for switching signals were assumed
to satisfy an exponential or a uniform distribution in [6], which
are the special cases of renewal process. Hence, the other
motivation of this paper is to consider the GAS a. s. and ES
a. s. for the system with renewal process switching signals.

Motivated by above discussions, in this paper, we aim to
investigate the GAS a. s. and ES a. s. for randomly switched
systems, where the switching signal is assumed to satisfy semi-
Markovian process, Markovian process and renewal process,
respectively. The contributions of this paper are summarized
as follows: 1) The GAS a. s. and ES a. s. are investigated
for system with Markovian and semi-Markovian switching by
using the stationary distribution of the Markov and embedded
Markov chain, respectively. In addition, GAS a. s. and ES a.
s. are also taken into account for system with renewal process
switching signals; 2) A new analysis technique is introduced
here to comprehensively consider the GAS a. s. and ES a. s.
of randomly switched systems by using the strong law of large
number.

Notations: Let R = (—o00,400),RT = [0,+00), Nt =
1,2,---,N=0UNT, and ' = {1,2,--- ,r}, where r > 0 is
a finite integer. Let (Q, F, P) be a complete probability space
with some filtration {F;};>( satisfying the usual conditions
(i.e., the filtration is increasing and right continuous while
Fi, contains all P-null sets). Let C* denote the family of all
nonnegative functions V(z,47) on R? x I' — R* and that are
once differentiable in x. For x € RY, |x| denotes the Euclidean
norm of x. Moreover, let K denote the class of continuous
strictly increasing function x : RT — R* with x(0) = 0,
and K., be the subset of K functions that are unbounded. E
denotes the expectation operator.

II. PRELIMINARIES

In this paper, we consider the following randomly switched
system:

L(t) = fo(x(t),t 2 0, (1

where z(t) € RY; the randomly switching signal o(t) € T is
a piecewise constant function, which is continuous from the
right, specifying the index of the active subsystem, i. €., o(t) =
in € T for t € [Ty, Tnt1), and 7, is the nth switching time
instant, where n € N and 7y = 0; the functions f; : R — R?
are locally Lipschitz and f;(0) = 0 for ¢ € T'; the probability
space (92, F, P) is generated by the cadldg random process
o(t). In addition, it is assumed that there are no jumps in the
state x(t) at switching instants.

Let N(t) be the occurrence number for total switching over
the interval [0,¢], N;(t) be the occurrence number for the ith
subsystem over the interval [0,¢] and T;(¢) be the total time
for the switched system active on the ¢th subsystem over the
interval [0,¢]. Let s(n) = 7, — T,—1 be the sojourn time of
a subsystem for the nth visiting of o(¢) and the s;(n) be the
sojourn time of the state ¢ for the nth visiting of o(t), where
n € NT.

Before giving the main results, we firstly present the fol-
lowing definitions.

Definition 1: [19, 20] The switching signal o(¢) is said to
be
1) semi-Markovian switching, if let o,, = o(t) for 7, < t <
Tn+1,n € N be the embedded chain,
(i) the discrete-time process {c,, s(n)} is a Markovian renew-
al process and satisfies

P(o, =1,8(n) < tlop—1,8(n—1), -
=P(oy,

701’3(1))
i,8(n) <tlop-1),i €Tt >0, )

(ii) the distribution function of sojourn time s(n) is defined
by

E](t) = P(S(TL) S t|0'7,, = j70n—1 = Z)7Zaj S th Z 07 (3)

which depends on o, and 0,_1;
2) Markovian switching, if for Vi, € I''n € N,

P(O’(tn) = ’L‘n‘O'(tnfl) = Zlnfl, te 7U(t1) = Zl)
=P(o(ty) = in|o(tn—1) = tn—1),

where 0 <t <ty <--- <ty

3) renewal process switching, if the occurrence N(¢) of the

switched signal o(t) satisfies a renewal process, that is, the

sojourn times {s(n),n € N} are a sequence of nonnegative

independent random variables with a common distribution F'.
Definition 2: [2, 21] The randomly switched system in (1)

is said to be

1) globally asymptotically stable almost surely (GAS a. s.), if

the following two properties hold simultaneously:

SP1) for any ¢ € (0,1), there is a 6 = §(¢) > 0 such that

such that when |z¢| < 0,

P(sup |z(t)| < &) > 1—¢,
>0

SP2) for any h > 0 and &’ > 0, there is a positive random
variable T'(h,e’) such that P(sup;sp, oy [2(t)] < €') = 1,
provided |zo| < h;

2) almost surely exponentially stable (ES a. s.), if

1
lim sup n log |z(t; x0)| < 0, a. s.,

t—o00

for all zy € R,

III. MAIN RESULTS

In this section, by using the probability analysis method and
the strong law of large number, GAS a. s. and ES a. s. will
be considered for system (1) with semi-Markovian switching,
Markovian switching and renewal process switching signals,
respectively.

A. Stability of system with semi-Markovian switching

In the subsection, the switching signal o(t) is assumed
to be governed by a semi-Markovian chain. It can be got
from (2) that the embedded chain {o,,n € N} is a Markov
chain. Let the embedded chain have a transition probability
matrix P = [p;j]rx,, Where p; = 0 for ¢ € r, and
assume that it is irreducible and has a stationary distribution

T = {ﬁ17ﬁ27"' aﬁ—r}'
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Firstly, a lemma is provided to connect the active time
on each subsystem and the stationary distribution of the
embedded Markov chain, which is crucial to examine the
stability of system (1) with semi-Markovian switching.

Lemma 1: Let o(t) be a semi-Markovian process with state
sojourn time sequence s(n),n € N, and 7 be the stationary
distribution of the embedded Markov chain ¢,,n € N. Then
for Viel

T;(t
lim L) =7, a. s,
t—oo t
where
T
= =),
C Y jer Ty

Proof: A brief proof has been provided in Appendix. O
In the following, the GAS a. s. will be presented for system
(1) with semi-Markovian switching.
Theorem 1: Assume that there exist functions xk1,ky €
Koo, constants p; > 1 and A\; € R,i € T" such that
(Hy) w1(lz]) < V(x,1) < Ka(|2]),
(Hp) for V € C! and o(t) = 4,i € T,
oV (x,1)
ox
(Hy) V(z,4) < w3V (2, 5),¥i,j € T,
(Hy) > e mi(As + n“7) <0.
Then system (1) with semi-Markovian switching is GAS a. s.
Proof: It can be derived from (H3) and (Hs) that for Vt €
[Th+1, Tnte) and o(t) = ipy1,n €N,

V(a(t),ing1)e
V(&) insr) + /

Tn+1
<V(@(Tn41),in+1)
S:uinJrlv(x(T’fH-l)v in)a
which yields that for Vi > 0

i1 (E=Tng1)

t

d(V(.Z‘(S)’ Z.n—i-l)e_kin-u (S—TnJrl))

N(t)

(2o, i0) H i efo X
k=1

=V (xo,10) H ,ufvi(t)ej
i=1

where x is the initial value of system (1). Combing this with
(H;) implies that

d(s)ds

Viz(t),ot)) <V

t
0 )\(,(s)ds,

(&)

t U( )dé

r1(lz(t)]) < wa(lzol) Hu

It follows that

lz(t)] < Ky (,{2 (Jzol) H“N (0) o Jd Aos )ds) (6)
=1
By (H4), we can select a positive constant €1 such that
> mik; +Z—+51 )In p; < 0. (7)

el i€l

3
It can be got from Lemma 1 that for Vi € I’
T;(t
lim L =m;, a.s. ()
t—o0

On the other hand, it can be checked by using (29) that for
Viel,

) S sik)
LN T AR T N e s O
Combing (8) with (9) yields that
lim Ni(t) = ﬂ, a. s.
t—00 t m;

Thus, for Vi € T' and the £; defined in (7), there exists a
positive constant T'(g1) such that if ¢ > T'(;)!, then,

Ni(t) < (22 1 ety as. (10)
mg
It follows that for ¢t > T'(e1),
H ,U/iVI(t)erf kg(s)ds
i=1
—e2icr Ni(t) 1n#iefot Ao (s)ds
Se(zier(%+€1)]nui)t€‘fg )\a(s)ds
—elo (/\f’<5>'*‘zier(%“‘El)l‘”“)d‘(”7 a. s. (11)
It can be obtained from Lemma 1 that
t
lim — /\[,.(S ds
t—oo t
_t]lglo : Z/ i I((T( ,)ds
=> A tl%o => Am, as. (12)

i€l el
Combing this with (7) follows that

t

.1 T

fan g ) Ge *;% +en)lnu)ds
—Z)\ m—f—z ——1—51 Inp; <0, a.s.,

el el

which implies that

t

tlggo ) (Ao(s) + ;(:’Z +e1)Inp;)ds = —oo, a.s.
(13)
Thus, it can be checked by (11) and (13) that
L(t) [ o(s )ds —
tIHEOH“ 0 0, a.s. (14)

To show that system (1) with the semi-Markovian switching
is GAS a.s., we first let h and & be two arbitrary positive

'For almost all w € €, there exists a corresponding positive constant
T(e1,w) (relying on the w and €1) such that if ¢ > T'(e1,w), inequality
(10) holds. For the convenience, w is always omitted in the following.

0018-9286 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAC.2017.2779882, IEEE

Transactions on Automatic Control

numbers. It follows from (14) that there is a positive random
variable T'(h, ") such that

H,u Nt e Jy Aa(rds) < L(S/)> =1.

P( sup
t>T(h,e")

This, together with (6), implies
P( sup |z(t)] < 5’) =1, V]zo| <h.
t>T (h,e’)

In other words, SP2) in Definition 2 is fulfilled. Let us now
fix any ¢ € (0,1). It follows from (14) that

Ni(t) f ds
sup w7 edo tele < oo, a.s.
(1] )

Hence, there is a positive number p such that

P(sup H,UNL(t) s U(q)ds) <p) >1—e.
t>0

Let 6 = 6(¢) be so small that £2(0) < k1(€)/p. Using (6), we
therefore see that

P(sup|z(t)| <e) >1—g¢,
>0

Vll‘ol < 0.

That is, SP1) in Definition 2 is satisfied too. The proof is
therefore complete. g

Remark 1: From the definition of semi-Markovian switch-
ing, the distribution F;;(¢) should depend on ¢ and j. Un-
der this assumption, the stability and stabilization problems
were investigated in [12, 14] for systems with discrete-time
semi-Markovian switching by using the semi-Markovian ker-
nel approach. However, for continuous-time semi-Markovian
switching, some special assumptions should be given for semi-
Markovian process in [6, 9-11]. For example, the distribution
F;;(t) only depends on ¢ in [6, 9-11], and satisfies the Phase-
type distribution in [10, 11]. These restrictive assumptions are
removed from this paper. Thus, the semi-Markovian signal
considered in this paper is more general than in [6, 9-11].

As a corollary, the ES a. s. will be given for system (1) with
semi-Markovian switching.

Corollary 1: Assume that there exist positive constants
w; > 1,cand \; € R, ¢ € T" such that
Hy) V(z,4) > c|z?,
(Hp) for V € C! and o(t) = 4,i € T,

%ﬁ(lﬂ) < \V(a,i),
Then,
lnuz
li 1 (t; ) < (N ), a.s. (15
1£nsup og(|z(t; zo)] ZTF (15)

el

In particular, if (Hy) in Theorem 1 holds, then system (1) with
semi-Markovian switching is ES a. s.

Proof: Combining (5) with (11) yields that, for Vi € I' and
1 defined in (7), there exists a corresponding constant 7'(¢1)

such that for ¢t > T'(g1),
log (V(x(t),0(t)))

<log(V(zo,i0)) + ZN YIn p; + / Ao (s)ds
el

) t

<log(V(zg,i0)) + (Z(ﬂ +e1)lnp)t+ / Ao(s)ds, a. s.
ier 0

It can be checked by using (H;) and (12) that

lim sup — 10g(|x(t x0)|)
t—o0
<limsup — log (V(x(t),o(t)))
t—o0 t
1t
< — Inp; +1 Ao(s)d
Zml—i—sl) nu+1msupt/0 (s)ds
el
:ZA’WHZ(EZ +e)Inp;, as. (16)
el i€l
Then, (15) follows by letting €1 — 0 in (16). This completes
the proof. O

B. Stability of system with Markovian switching

Here, the switching signal o(t) is assumed to be a Markov
chain, the GAS a. s. and ES a. s. will be obtained for system
(1) with Markovian switching.

Let o(t) € T',t > 0 be a right-continuous Markov chain
with generator @ = [¢;;]rxr,?,j € I' given by

oy — oy J G A+ o(D),
P{o(t+ A) =jlo(t) =i} = { 1+ giyA + o(A),
where A > O,limA_,O% =0andif 7 # j, ¢ > 0
is the transition rate from ¢ to j, while ¢; = — > i Qig-
Assume that the considered Markov chain is irreducible,
then the Markov chain has a unique stationary distribution
™= (77177T2a e >7Tr)~ Set q; = |Qii‘7i el

Lemma 2: [22] The sojourn times s;(1),s;(2),--- are
independent exponential random variables with parameter
q,t €.

In the following, the GAS a. s. is studied for system (1)
with Markovian switching.

Theorem 2: Assume that (H;)-(H3) in Theorem 1 hold, and
(Hy) ZieF 7Tz(>\1 + q; ln,u,;) <0, a.s.

Then system (1) with Markovian switching is GAS a. s.

Proof: It can be got from Ergodic theorem [22] (Theorem
3.81) that for Vi € T,

i F 7,
i =7

lim L)

t—oo

= m;, a.Ss.

7)

where ; is the stationary distribution of the Markov chain
{o(t),t > 0}. By the strong law of large number and Lemma
2, we have for Vi € T,

L) _ L S sik)

li =Es;(1) = —,a.s. (18
ti{rolo Nz(t) t—)oo Nz(t) S( ) q; as ( )
Combining (17) with (18) yields that
N,
lim i(®) = g, a.s.
t—o0
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Then, this theorem can be proved similarly as the proof given
in Theorem 1, here we omit it. O
The ES a. s. will be studied for system (1) with Markovian
switching in the following corollary.
Corollary 2: Assume that (H;)-(Hs) in Corollary 1 hold.
Then,

<2:7'rz

i€l

hmsup , log(|x(; xo)| i tagilnp), as.
t

— 00
In particular, if (Hy) in Theorem 2 holds, then system (1) with
Markovian switching is ES a. s.
Proof: The proof is similarly to the proof presented in
Corollary 1. Here we omit it. O

C. Stability of system with renewal process switching signals

In this subsection, the switching signal o(¢) is assumed to
be governed by a renewal process. Let the state sojourn time
sequences s(n),n € Nand o(7,,),n € N be mutually indepen-
dent, and F'(0) = P(s(n) = 0) < 1 for avoiding trivialities. In
addition, we assume that there exists a probability distribution

€ (0,1),4 € T, such that for Vn € N,

P(o(rnt1) = ilo(a), -, 0(m0)) = pi-

The GAS a. s. and ES a. s. will be investigated for system
(1) with this renewal process switching signals. Firstly, a
lemma is presented for getting the main result.

Lemma 3: [19] Let N (¢) be a renewal process, then

N(t 1
lim L =—, a.s.,

t—oo 0 ’
where Es(n) = 60,n € N and 0 is a positive constant.
In the following, the GAS a. s. will be considered for system
(1) with renewal process switching signals.
Theorem 3: Assume that there exist functions ki,ks €
Koo, constants p > 1 and A\; € R, ¢ € " such that
(Hy) ra(lz]) < V() < ro(|z]),
(Hp) for V € C! and o(t) = i,i € T,
oV (z,1)
Ox
(H3) V(z,4) < pV(x,j),Vi,j €T,
(Ha) Yier Aipi + 75 < 0.
Then system (1) with renewal process switching signals is
GAS a. s.
Proof: By using (Hy), there exists a positive constant ¢

such that
> Aipi +
el

By using (Hs), (H3) and (5), we can get that for V¢ > 0,
V(@ (t),a(t)) <V (xo, ig)u™elo Ao,

Then, for Vi € I' and ¢; defined in (20), it can be got from
Lemma 3 that there exists a positive constant 7'(e1) such that
if ¢ Z T(e’:‘l),

———fi(z) <AV (z,9), (19)

+51)lnu<0 (20)

2y

1
—+e)t, as.

N < (G

Combining this with (21) follows that for ¢ > T'(eq),
V(l‘(t),a’(t)) < Kz(‘l‘g‘)ef(f (A0(8>+(%+51)1n#)d5

By using the strong law of large number, we have for [ = 0, 1,

a.s. (22)

1 TN (t)+1
Il =: lim — )\U(s)ds
t~>oot
N(t)+1
. N(t)
= jim P2 [ s
N(t)+l
N+l 1
=1 A k—1
RN (OFY kz::l o(re_) Sk —1)
1

1
ZEE(/\U(H)S(I)) = EE/\U(H)ES(:[)

which yields that

= E)‘o(rl)a a. S.,

s | )\ ds =EXgry =D Aipi, as.  (23)
iel
Consequently,
1! 1
tlirglo ), ()\U(S) + (5 +e1)Inp)ds
=3 Aipi+ ( +z—:1)lnu<0 a.s.
iel

It follows that
t

1
lim (/\U(S) + (=

Jm | 7 +e1)Inp)ds = —oc0, a.s.

Combing this with (22) implies that
tl_l)rgo V(z(t),o(t)) =0, a.s.

Then, by utilizing the proof of Theorem 1, we can similarly
derive that system (1) with renewal process switching signals
is GAS a. s. This completes the proof. a
By the proof of Theorem 3, the ES a. s. can be obtained as
a corollary.
Corollary 3: Assume that there exist positive constants p >
1,cand \; € R,i € T such that
Hy) V(x,i) > c|x|P,
(Hg) for V € C and o(t) = i,i € T,

8V(w Z)fz( ) < AV (@),

(HB) V(SU,Z) < MV(%,]),VL] er.
Then,
lnu

) < Z/\lp’ , a.s.

i€l

hmbup log | (t; zo)]
t—

In particular, if (Hy) in Theorem 3 holds, then system (1) with
renewal process switching signals is ES a. s.
Proof: The proof is similarly to the proof presented in
Corollary 1. Here we omit it. O
Remark 2: It is worth pointing out that condition (Hy)
in Theorem 3 implies that when Zzef‘ Aipi < 0, we need
0 > S oA 1““ to get the GAS a. s. and ES a. s., that is, if
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the expectation of sojourn time 6 is larger than ——2£—,
EiEF Aipi

stability can be guaranteed.

Remark 3: Though the GAS a. s. was also considered in
[2, 6], it is worth pointing out that the system model considered
in this paper is more general. In [2], the GAS a. s. was
investigated for randomly switched systems with all stable
subsystems. In [6], the GAS a. s. was considered for randomly
switched systems, where the sojourn time of switched signals
satisfies an exponential distribution in Theorem 3.2 and a uni-
form distribution in Theorem 3.4, respectively. It is well known
that the sojourn times {s(n),n € N} of renewal process are a
sequence of nonnegative independent random variables with a
common distribution F', where the distribution F' may satisfy
an exponential distribution or a uniform distribution. Thus,
the renewal process switching signals considered in Theorem
3 contain switching signals considered in Theorems 3.2 and
3.4 of [6] as a special case.

Remark 4: By using the comparison principle, the moment
stability was investigated for the system with Markovian
switching in [8] and with semi-Markovian switching in [9],
respectively. Unfortunately, the moment stability cannot yield
GAS a. s. [23]. In addition, the methods used in [8, 9]
cannot be directly applied to investigating the GAS a. s.
Thus, a new analysis technique is introduced in this paper
to consider the GAS a. s. and ES a. s., which has provided
a uniform method to investigate the stability for systems with
semi-Markovian switching, Markovian switching and renewal
process switching signals, respectively.

the

IV. EXAMPLES

In this section, two examples are given to show the effec-
tiveness of the main results. The first example is a switched
system with both stable and unstable subsystems, and some
comparisons will be given between this paper and some well-
studied existing works. In the second example, it is shown that
the results in this paper can be used to consider the consensus
of multi-agent systems with semi-Markovian switching and
nonlinear dynamics.

Example 1: In this example, the switched systems contains
both stable and unstable subsystems. Consider the following
dynamic system:

&(t) = for) (x(t)), (24)

where

. —3x1 + 22
hilw) = {(ml + xo)sinzy — 33:2} ’
~ [—-1.52y — a3 R E4

fQ(x) - |:$1 —0.75x5 af3(x) - T .
In the following, it will be assumed that the switching signal
o(t) satisfies Markovian process, a renewal process and a
semi-Markovian process, respectively, and shown that system
(24) with the assumed switching signal is GAS a. s. and ES a.
s. Consider the following three candidate Lyapunov functions

1 1
Vi(e) = 23 + 03, Va(e) = 5 (o3 +3), Va(w) = 503 + 23,

which yields that A\; = —3, Ay = —1 and A3 = 2. We can
select 1 = 2, uo = 1.01 and psz = 2.

Let the switching signal o(t) be a Markov chain, and the
generator of the Markov chain be

-2 1 1

Q=4

2 1

Then, we have the invariant distribution 7 = (0.6,0.2,0.2). It
can be checked that » ;. mi(A; + ¢;Inp;) = —0.483 < 0.

Fig. 1 (a) presents the state trajectories for system (24) with
Markovian switching.

-4
0 2 4 6 8
t
80
.
60 K
o
40 SN
5
O’ “
20 RN
— - (N
= of; o o
g s
-20 e 3
-40 k
-60 5
_80 .
0 2 4 6 8 10
1
4
3
b
I
2l
.
L}
1t
.
— )
E o} NMrmam e m e g
8 N
L
_2:[
_3fF
-4
0 2 4 6 8 10
1

Fig. 1. (a) State trajectories of x(¢) for system (24) with Markovian signals.
(b) State trajectories of x(t) for system (24) with renewal process signals. (c)
State trajectories of x(t) for system (24) with semi-Markovian signals.

If the switching signal o(¢) is a renewal process, and p; =
0.6,p2 = 0.2,p3 = 0.2, then we have } ;. A\ip; + lr‘T“ <0,
when 6 > 0.432. Fig. 1 (b) shows that when 6 = 1, system
(24) with renew process switching signals is stable.

If the switching signal o(¢) is a semi-Markovian process,
and the transition probability matrix for the embodied chain
is

0 025 0.75
P=1042 0 0.58
0.36 064 O
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and has a unique stationary distribution It has been checked in [24] that RV(G;) =
1.7835, RV(G2) = 1.2884,RV(G3) = 0.6402. Assume

7 = [0.3986, 0.3409, 0.2605]. the transition probability matrix for the embedded chain is

In addition, let the expectations of sojourn time for states 1,2 0 08 0.2
and 3 be my = 2, my = 2 and mg = 3, respectively. Thus, we P=107 0 03
get T = [0.3521770.3016,0.3457] by using Lemma 1. Then, 06 04 0
Yier Ti(Ai + SH) = —0.4647 < 0. Fig. 1 (c) presents . . o
the state trajectories for system (24) with semi-Markovian ~and has a unique stationary distribution
switching. 7 = [0.4,0.4,0.2].

In this example, the subsystems of switched systems can
be stable and unstable. Ref. [2] cannot be applied to switched In addition, let expectations of sojourn time for states 1,2 and
systems with unstable subsystems. For renewal process, we 3 be m; = 1,mo = 3 and mgs = 2, respectively. Thus, we get
give an easy-to-check criterion, where the distribution of 7 = [0.2,0.6,0.2].
sojourn time contains the uniform distribution and exponential
distribution in [6] as a special case. In addition, for switched
systems with continuous-time semi-Markovian signals, the
distribution F;; in this example depends on 4 and j. Thus,

Refs. [9-11] have assumed the distribution F;; only depends
on 7, which cannot be used in this example. e
Example 2: In the following, A coupled dynamic system
was considered in [24, 25]
7 m
dr'(t) = f(z'(¢),t) + Zaszj (t),t € [Tk—1,7K), (25)
j=1

dt

where i = 1,---,5,A; = [afj] € Sg, k € NT, Sg =
{Gi|Gi = [g}]7;=1 € R™",1 = 1,2,3}. In addition, we
assume that each (G; is a matrix with zero row sum and
nonnegative off diagonal entries. For any A, define RV (A) =
min; j{a;; +aji + Yy, ; min{aix, aji }}. Then, RV(G) de-
fined by RV (Gy) = min, ;{gj; +¢}; + 2 ktig min{gj, g%, }}
is a random variable on S¢. In [24], the consensus was consid- sk
ered for system (25) with independent identically distributed
(i. i. d.) and Markov chains switching signals, respectively. 0 05 1 15 2
In the following, it will be shown that system (25) achieves

almost sure consensus with semi-Markovian switching signals
under our results. 27
. . .. \
The dynamics of each node is assumed to be a Chua’s circuit 1

pl=r1 + 22 + g(21)],

flz,t) = ¢ @1 — 22 + 23, (26)
—qr2,
where g(z1) = moz1 + %(ml —mo)(Jz1 + 1 = |z1 — 1), 3
mgy = —0.68,m = —1.27,p =9, g = 12.87. 0 0 ; 8 2

Let S¢ = {G1, G2, G5}, where the randomly three coupling

matrices are defined as in [24], Fig. 2. State trajectories of z (t), 5(t) and z%(t) for system (25) with

[—2.2889  0.8464  0.9573  0.2553  0.2299 semi-Markovian switching.
0.6423 —2.6972 0.6203 0.8586 0.5761
Gr= 83%2 8'3122 5212722168 _05911 613 1 8'25[;2 ) By utilizing Theorem 1 in [24] and the definition of RV (G),
09711  0.2369  0.0903 07252  —2.0235 we can get from Theorem 1 in this paper that if Y, . 7; (L —
L = 1 i
r—1.4357 05566  0.3178  0.2699  0.2915 ] eRV(G;) + ?TH) < 0, where L = 12.87 and ¢ = 10.5
0.3209  —2.1481 0.4522  0.5246  0.8504 are defined as in [24], then system (25) with semi-Markovian
G2 = 8'(5)(15(1)3 8'222(8] _031%)%‘27 _Oigggg5 8'2%3 » switching is almost sure synchronous. Here, we let p; = 1.01,
| 0.7257  0.7890  0.1097  0.3119  —1.9363] and get >, mi(L — eRV(G;) + 754) = —0.3317 < 0,
r—1.5879  0.5846 0.3934 0.1338 0.4761 7 which implies that system (25) with semi-Markovian switching
0.8383  —3.2444  0.8266  0.6715  0.9081 achieves almost sure consensus. Fig. 2 is the simulation result
Gs = | 0.5847 0.8277 —2.5356 0.5710 0.5522 i . . _ + o
09481 01910 0.2076 —13796  0.0329 of @ (t) where the sojourn time sequence sl(n),n € NT is
| 0.0610  0.4425  0.3181 0.1477  —0.9693] an i. i. d. sequence and satisfies a uniform distribution on the
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interval [0, 2[] for I = 1, 2, 3. It can be seen from Fig. 2 that the
system (25) with semi-Markovian switching achieves almost
sure consensus.

V. CONCLUSIONS

In this paper, the GAS a. s. and ES a. s. have been
considered for the randomly switched systems by using the
probability analysis method. Three kinds of switching sig-
nals are investigated in this paper including semi-Markovian
switching, Markovian switching and renewal process switch-
ing signals. Two examples have been presented to illustrate
the effectiveness of the proposed results. The sojourn time
sequence and embodied chain have assumed to be mutually
independent for renewal process, which limits the application
of the results. Our future research topic will try to generalize
this assumption.
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APPENDIX

Proof of Lemma 1: It can be checked that

Ti(t) S si(k)
oy o s (k)
]zvvi((f)) qul(t) e si(k) . o
Sser M w et s5(k)

As the embedded Markov chain {o,,,n € N} is an irreducible
Markov chain, by using Ergodic theorem (Theorem 1.10.2 in
[22]), we have

Ni(t)

A N =
On the other hand, it can be derived from (3) that for n € N,

a.s. (28)

P(si(n) <t) =P(1y, < tlop_1=1)
=ZP(Tn <t,on =jlon-1=14)
jer
= Fi(t)pij,
Jjer
which implies that s;(n) are i. i. d. random variables with

Es;(n) = m;,n € N. Then, it can be checked by the strong
law of large numbers that for Vi € T,

N;i(t)
tlggo D) Z si(n) =my, as. (29)
n=1
Substituting (29) and (28) into (27) yields that
T e
lim i) = 7Tm}@ , a.s.
tooo b Y iep Ty
This completes the proof. O
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