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Abstract: This paper addresses the asynchronous stabilization problem of two typical stochastic
switching systems, i.e., dual switching systems and semi-Markov jump systems. By dual switching, it
means that the systems contain both deterministic and stochastic switching dynamics. New stability
criteria are firstly proposed for these two switched systems, which can well handle the asynchronous
phenomenon. The conditional expectation of Lyapunov functions is allowed to increase during some
unmatched interval to reduce the conservatism. Next, we present numerically testable asynchronous
controller design methods for the dual switching systems. The proposed method is suitable for the
situation where the asynchronous modes come from both inaccurate mode detection and time varying
delay. Meanwhile, the transition probabilities are both uncertain and partly accessible. Finally, novel
asynchronous controller design methods are proposed for the semi-Markov jump systems. The
sojourn time of the semi-Markov jump systems can have both lower and upper bounds, which could
be more practical than previous scenarios. Examples are utilized to demonstrate the effectiveness of
the proposed methods.

Keywords: asynchronous stabilization; Markov jump system; stochastic switching systems; control
system

1. Introduction

Switched systems, as a special class of hybrid systems, have received considerable
attention in the past few years [1,2]. It usually contains a family of subsystems and a
switching law that coordinates between them [3]. A variety of physical systems, such as
mechanical systems [4,5] and network control systems [6-9], can be well modeled by the
switched systems. Due to the abrupt and unpredictable phenomenons in real practice,
a stochastic switching law is usually adopted for the switched systems. Hence, research on
stochastic switching systems are of great practical importance [10,11]. A large number of
excellent results have been obtained for various aspects of stochastic switching systems,
such as stability analysis [12,13], controller design [14—-17], state estimation [18,19], etc.

Markov jump systems are a typical class of stochastic switching systems [20-23].
The stochastic switching law is described by a Markov process. Numerous works have
been conducted on the Markov jump systems. For instance, [24] considered the problem of
state feedback stabilization for singular Markov jump systems by using the equivalent sets
technique. In [25], a sliding mode controller was designed for a Markov jump system with
digital data transmission. More recently, [10] considered the stabilization problem of a class
of Markov jump systems with generally uncertain transition rates. Namely, the transition
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probability is time-varying and governed by another deterministic switching law [26].
In fact, the system in [10] is a kind of dual switching systems [27]. By dual switching, it
means that the systems contain both stochastic and deterministic switching law. Many
practical systems can be described by dual switching systems. For example, consider a
serve motor system. The motor may work in different situations, such as no load, external
load, external inertia, etc. This can be represented by the deterministic switching. The fast
time-varying parameters, such as from stochastic disturbance, abrupt failure, and noise, can
be expressed as a stochastic switching sequence. Another application example is given by a
multi-loop networked control system suffered from failures. The stochastic failures of the
communication network can be expressed as a Markov chain, while the scheduling signal
selects which control loop is currently attended. Due to this hybrid feature, the controller
design problem becomes more difficult.

In contrast with Markov jump systems, semi-Markov jump systems, recently, have
drawn increasing attention [28-31]. It can be dated back to the work in Howard [32].
Compared with Markov jump systems, the sojourn time for the semi-Markov jump sys-
tems can satisfy various kinds of probability distributions, such as geometric distribution,
Weibull distribution, Bernoulli distribution etc. Hence, semi-Markov jump systems are able
to represent a much more general class of real systems. However, this feature gives the
transition probabilities in semi-Markov jump systems a “memory” property, which brings
significant difficulties to the stability analysis and controller design. In the earlier works on
semi-Markov jump systems, some special classes of probability distributions of sojourn
time were considered [33]. Recently, by introducing the semi-Markov kernel, [34] analyzed
the stability of semi-Markov jump linear systems. Then, an LMI-based design method
was proposed to compute the stabilizing controller gain. More recently, [11] considered
the stabilization issues of a family of semi-Markov jump systems with both lower and upper
bounds of sojourn time. This kind of system is more general and practical than the previous
works. In fact, by considering the lower bound of the sojourn time, less conservative results
could be obtained for controller design.

In real engineering, the system modes information for the switched systems is often
not fully accessible. This is the so-called asynchronous phenomena in the controller de-
sign [34-37]. This phenomena may be caused by the communication delay in the network
or the missing measurement of the mode detector. Therefore, it is a challenge issue to
design asynchronous controllers for the switched systems, especially stochastic switching
systems. Ref. [34] proposed a novel asynchronous controller design method for determinis-
tic switched systems with average dwell time. Ref. [38] addressed the asynchronous sliding
mode control problem for delayed singular Markov jump systems. An asynchronous He
control method was recently proposed in [39] for 2D Markov jump systems in Roesser
Model. However, few articles have paid attention to asynchronous stabilization of the dual
switching or semi-Markov jump systems.

Motivated by the above thoughts, this paper will conduct a further study on the
asynchronous stabilization problem of two typical stochastic switching systems, i.e., dual
switching and semi-Markov jump systems. The contributions are in the following points:

1.  New stability criteria are proposed for the considered stochastic switching system:s,
which can well handle the asynchronous phenomenon. It is noted that the Lya-
punov function is allowed to increase during some unmatched interval to reduce the
conservatism of controller design;

2. Numerically testable asynchronous controller design methods are presented for the
dual switching system. The proposed method is suitable for the situation where
the asynchronous phenomenon can come from both inaccurate mode detection and
time varying delay. Meanwhile, the transition probabilities are both uncertain and
partly accessible;

3. Novel asynchronous controller design methods are presented for the semi-Markov
jump systems. The sojourn time of the semi-Markov jump systems can have both
lower and upper bounds, which could be more practical than previous scenarios.
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The organization is as follows: Section 2 formulates the problem. Section 3 proposes the
stability and stabilization conditions for the considered two stochastic switching systems.
Examples are presented in Section 4. Section 5 concludes the paper. All the proofs are put
in the Appendix A.

2. Problem Formulation
2.1. Problem Formulation for Dual Switching Systems

Definition 1. Given the following dual switching systems.

x(k+1) = Ag(),r ()X (k) + Bg(i r(i) 1 (k) ¢))

where x(k) € R" is the system state, u(k) € R™ is the control input.
g(k) € My ={1,2,..., My} is a deterministic switching law. It is admissible with a average
dwell time T [34]. Namely, it satisfies the following condition

No (i) (k1,k2) < No+ (ko — k1) /14 2)

where No € N, 7y > 0. Ny (k1 ka) denotes the switching numbers of g(k) over the time
interval [k1,ky).

r(k) € My = {1,2,.., My} is a homogeneous Markov process defined in the probabil-
ity space (Q), F,Pr) where Q) is the sample space, F is a o-field, and Pr is the probability
measure. The evolution of r(k) is determined by the transition probability matrix defined as
11, £ [ﬂvi]‘],Vi,j € My with

myij = Pr{r(k+1) = jlr(k) = i,g(k) = v} 3)

withv € My,i,j € My. In practice, the transition probability could suffer from uncertainties and
may not be fully accessible. Suppose that

T0yjj < Tyij < Tyjj.

Then, define the following set My,; = MK + MUK, MK 2 &1 e My:

vi / vi
K . —
My; = {jlmyij, 7vij are known},
uK . —
M = {jlmyij, Tvij, 7vij are unknown .

Finally, assume that for each g(k) = v and r(k) = i, Ay; € R"™" and B,; € R™ " are
known constant matrices.

In an ideal case, a mode-dependent state feedback controller can be considered for the
above system, i.e.,

Uideal (k) = Kg (k) () X (K)-

However, due to the asynchronous phenomenon, the mode of the dual switching
system may not be detected exactly. In this case, we suppose that the actual control effort is
expressed as:

u(k) = Kg(ke—a(e)),(k—a) ¥ (K) 4)

where d(k) € N is an unknown time varying delay, such that 0 < d(k) < 1,5 < 75 with
known upper bound 1,5 € N. ¢(k) € L = {1,2,...,L} C My, such that

Hvip = Pr{¢’(k) = (p|7’(k) = i/g(k) = V}' ®)

withv e My, 9 € L,i € M;.
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Remark 1. As shown in Figure 1, (4) can be interpreted as follows: first when the mode detector
detects the mode of the dual switching system, due to the missing measurement, the detected mode
may not be the exact current mode. Therefore, a stochastic variable (k) depending on (5) is
presented to describe this pheromone. Second, when the detector transmits the mode information
to the controller side, there exists a transmission delay T,s. Note that we assume the deterministic
switching mode can be detected exactly. This may lie on that the deterministic g(k) has a larger
dwell time t; than the r(k). In fact, r(k) may change at every time instance, which implies that it
switches much more frequently than g (k). Hence, r(k) is more difficult to be detected, and there may
be some mismatch detection. Another reason is that since g (k) is deterministic. One can embed the
switching instances of g (k) to the detector in advance. This can improve the accuracy of detection.
Additionally, note that the proposed method can be extended to the case where g(k) is not detected
exactly.

Remark 2. Note that we have assumed that the stochastic switching r(k) represents the fast
time-varying conditions, while the deterministic switching g (k) represents the slowly time-varying
conditions. For example, consider the servo motor system, the motor may work in different situations,
such as no load, external load, external inertia, etc. This can be represented by the deterministic
switching. The fast time-varying parameters, which are from stochastic disturbance, abrupt failure,
and noise, can be expressed as a stochastic switching sequence. Note that the proposed method can
be easily extended to the case when g(k) switches more frequently than r(k). This can be performed
by dividing the slowly switching modes into more modes for r(k) intentionally.

Based on the above analysis, we present our first problem.

Problem 1. Propose a design method for the asynchronous controller (4), such that the dual
switching system (1) is mean square stable.

glk) — gk) — -

| | :_ L. LJ L ]

70 ﬂ T :

i |

system mode | | |

. | d(k)_ |

| mismatch | ! — |

: detection : el 3 [ - —i
T elay

' \l\ Por Ik |

' - I

! I

Neisiiizil| '

controller mode 1[ : : ! :
k i

nl kn kn+1

Figure 1. Asynchronous control in dual switching systems.

2.2. Problem Formulation for Semi-Markov Jump Systems

Definition 2. Given the following semi-Markov jump systems
x(k+1) = Ayyx(k) + Byryu(k) (6)

where x(k) € R" and u(k) € R™ are the same as Definition 1. r(k) € M = {1,2,..,M}
is a semi-Markov process and the evolution of it is determined by a semi-Markov kernel (SMK),
ie., [©;(1)],Vi,j € M with
©;i(t) = Pr{Ry11 = j,Sn = T[Ryy1 = i}
= mijhij(T)
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where i,j € M, R, represents the mode of system at n-th jump, Sy is the sojourn time between
(n — 1)th jump and nth jump. It is assumed that for the ith mode, its sojourn time Si, has a
lower and upper bound like [11], i.e., T; < S; < 7;,Vn € Nwith t;,T; being known constants.
i £ Pr{r(k+1) = jlr(k) =i}, hij () £ Pr{S, = TRy = i,R,41 = j} is the sojourn-time
probability density function (PDF). Meanwhile, for mode i define function H;(t) = Pr{S, <
T|R, = i}.

Similar to Section 2.1, the asynchronous controller for the above system is given by

u(k) = Ky(k—ar))x(k) @)

where d(k) € N is an uncertain time varying delay, such that 0 < d(k) < 7, < T;, i € M
with known upper bound ;5 € N.

Remark 3. Note that here we only consider the asynchronous phenomena caused by transmission
delay. Meanwhile, we consider a small delay effect for the mode detection and a slowly switched law
for the semi-Markov jump systems. Hence, compared with the time delay, the sojourn time of the
Markov jump systems may be much larger. Please see Figure 2.
Definition 3. For the closed loop systems by Definition 2, if the state trajectories satisfy

Jim B () 1%} x(0)0) (Su e i) = O

Then, the system is c-error mean square stable where o is defined as 0 = Y ;c \q 07 With o; =
|In(H;(T;) — H(T; — 1))| denoting the approximation error of the ith mode.

According to the above analysis, we present our second problem.

Problem 2. such that the semi-Markov jump systems (6) are o-error mean square stable.

Rn+l
- :
! |
g S, n+l ]
R +
system mode ] ‘
| |
i i
| i
| i
| i
| i
0 |
! H |
| i Sn+l i
| bemmeeececcens 1
controller mode ¢ i i
i i
I | i
| i

| |
n-l k"‘ K, n+l1

Figure 2. Asynchronous control in semi-Markov jump systems.

3. Main Results
3.1. Asynchronous Controller Design for Dual Switching Systems

Substituting (4) into (1), we obtain the closed loop system:

(k1) = (Ag(io,r(k) T Bei)r(k) Ke(k—ras) 9 (k—7a) ) ¥ (K)
= (Ayi + ByiKpg)x (k)
= Ayojpx(k) ®

where 0,v € My, j, § € My, Ayyjp = Avi + ByiKop.
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To handle the asynchronous phenomenon in (8), we first present the following stabil-
ity criterion.

Lemma 1. For the system (8), suppose there exists C' Lyapunov functions Ve (k) (x(k)) : R" —
R, g(k) € My, r(k) € My such that for any 0,v € Mq, j, j1,j2, s jrpe—1,1 € Mo,

Ki(llx(0)[]) < Vii(x(k)) < Ka(llx(K)]]),

E[Vekr1),rkr1) O+ D)L 500 =171,y 1)
SEL (k) Ve, (i) X DL ) 700=L sy 1,717
Vk € Nlkn, kpt1), )
Voi(x(kn)) < AVyi(x(kn)) (10)

where A > 1; KCq(+) and KCy(+) are two Koo(-) functions; k, with n € N denotes switching
instances for the signal g(k). 7(k) is a vector of the previous system modes and given by

7(k) = [r(k),r(k—1),...,r(k—d(k))].
Fork € NN [kn, ky11) x(k) € R satisfying
{a, if r(k) # < d(k)), an
B, if r(k) =

witha > 1and 0 < B < 1 being two positive constants.
Then, the system (8) is mean square stable for any switching signal g(k) with average
dwell time

x(k) =

T > 1) = —[Ts(Ina —Inp) +1InA]/ InB. (12)
Based on the above lemma, we have the following theorem in terms of matrix inequalities.
Lemma 2. The following statements (i)—(iii) satisfy
(iii) < (ii) = (i).

i) The system (8) is mean square stable with dwell switching signal (k) satisfying (12).
it) There exist matrices T,p;jp = 0, Pyj = 0 such that for any 0,v € My, i,j, ¢ € My,

Z szqJ-Am/]q;P Avvjq‘)

gLl
+ Z HoigAvsioPut Avsjp — XuoPoj < 0, (13)
Z ﬁvjlpvl/
le MK
UK
ij =\|1- 2 TTyji 2 Py,
lemk leMUK
Py; < APy;. (14)

where A > 1 and X, is calculated as:

e ifv#ED,
XW_{IB, ifl/:f/, (15)
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witha > 1and 0 < B < 1 being two positive constants.
(iii) There exist matrices Tyoijp = 0, Pyj = 0 such that for any V,v € My, 1,j, ¢ € My,

—Tuwsijp  Avojp
{ e e <o, (16)
My
Hoigp Tvoijp — XvoPrj <0, 17)
o=1
Py; = APy

where D, = diag{PVl Pvz PvM2 }, .A,Vf,]¢ = [ ﬁvlez,}/]'@Pvl ﬁijAz,}/j@PvZ ﬁVjLAZf/j(APPVMz]'
A and X, ;, are the same as statement (ii).
ﬁvﬂ,l e Myis deﬁned as:
J— . K
= = TCyji, lf l e Mw-, (18)
vi 1= Yok myj, if 1€ MUK

Remark 4. It is noted that statements (ii) and (iii) are equivalent and can be both used to check
the stability of dual switching systems with asynchronous phenomenon and uncertain probability
transition rates. However, statements (iii) are in strict LMI and can be solved efficiently.

Based on the above result, we can compute the control gain in (4).

Theorem 1. For the system (8), if there exist matrices Tygijp = 0, Pyj = 0, Qui > 0, Koy, Gog,
such that for any 0,v € My, i,j,$ € My, k € [1, 75 — 1],

Tviijp = Gop = iy Busjg
e <0, 19
[ * -D, 19)
¥ P i —2X,0Quoiio Quoiio
vt vj v Rviij§ vijp
[ R T } <0, (20)
Pyi < APy

where A, X5 and 7t,j,1 € My, ¢ € L are the same as Theorem 2. D, = diag{P,1 Py2 ... Pym, },
Toi = diag{Typij1 Tusij2 -+ Tuoijm, )

Buoio = [\ Tt (AurGog) " + (BurKog)T) o/ TTujmt, (AnrGog) T + (BurKog) )],
Quoijp = [vHoi1 Quoijp /Hoi2Quiij -+ /Hointy Quoijgl-

Then, there exists a set of stabilizing controllers, such that (1) is mean square stable for dwell
switching signal g (k) satisfying (12). The admissible controller can be given by:

Remark 5. Compared with [25,37,38] the proposed stability criterion and controller design method
can be used to simultaneously handle dual switching dynamics (switching sequence g(k),r(k)),
mismatch mode detection (¢p(k)), and mode transmission delay (Tus). This is achieved by using a
multiple Lyapunov function technique (see the proof of Lemma 1). It is noted that the conditional
expectation of the Lyapunov function is allowed to increase from (9). This is more general than the
existing studies [25,37,38]. Meanwhile, different from [25,37,38], the condition for the expectation
of the Lyapunov function is not only dependent on the latest mode r(k — 1) but also on the latest T,s
mode r(k — 1), ..., r(k — Tus). This will bring more difficulties to the controller design.
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3.2. Asynchronous Controller Design for Semi-Markov Systems
Substituting (7) into (6), we obtain the closed loop system:
x(k+1) = (Ayg) + Brio Kr(k—rs) ) X ()
= (A] + B]Kl)x(k)
= Ai]-x (k) (21)

where i, j € M.
To handle the asynchronous phenomenon in (21), we first present the following
stability criterion.

Lemma 3. For the system (21), suppose there exists mode-dependent Lyapunov functions V. (x(k), k —
kp) :R" = R,r(k) € M,k € NN [ky, ky41 — 1], such that for Vi, j € M,

Ka(llx(o[]) < Vi, (x(k), k = kn) < Ka(llx(K)]]),

E[Vy (i) (x(k), & = k)] L) () =i (1) =i
<E[or (k) Vr k) (X Kn ) O (k) (k) = (1) =i
k € Nk + 1, ki1 — 1], (22)

E[Vy (k1) (1), O (i) e (k) =jir (k1) =i
—E[Vy (k) (x(kn ), O (k) (k) = r (k1) =i < K ([[x(R)[]) (23)

where IC1(+), Ka(+), and KC3(-) are all Koo () functions, p,, are finite positive constants.
Then, the system (21) is o-error mean square stable.

Remark 6. Compared with [11,28], the condition for the expectation of the Lyapunov function is
not only dependent on the latest mode r(k,) but also on the r(k,_1). This will bring difficulties to
the controller design.

Based on the above lemma, we will present the stability criterion in terms of matrix
inequalities.

Lemma 4. Given matrices P;({) = 0,j € M, € NN [0,T; — 1], the closed loop system (21) is
o-error mean square stable if

(A jAigj - - Ai) TP (D) AiyjAi - - Aigj — piP;(0) < 0, (24)
T
Y (A Ai ) Pi(T) Ayj- - - Ay — P;(0) < 0, (25)

forany i,j € M,¥g € NO[LT) — 1), Vig 2 {in,ig, i} € I}, Vir & {ir,ip, ..,ix} € I

where Pj(tT) = yM @;(7)Pi(0), IZ with x = { or T are defined as follows.
IfTaSSIi,iEM/

I} ={icliy = ip = . = iy—r,, = J;
Ity 17 Iy —tgs 420 r iy € {0,7}} fOr X = Tus; (26)

I;é = {iX|i1,i2,...,iX € {i,j}}for 1< X< s (27)
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I]cTas>Ii,i€M/

i e s . .
Iy —{1g|11 =i =.. =iy =]
i}(*TﬂerlriX—Tas-l-Zr"-/ iX—Tas"rL' € {ZI]}I
Iy —tast 1410 by € M} for x > T

I} ={iyli1, iz, .. iz, € {i,j};
I 41, by € M} for s — T+ 1 < x < Tas;
I;g = {iyli1,ip, ... iy € M} for 1 < x < 15 — 75
Specifically, if d(k) = Tas, then
IJCTEISSII'II‘GM/
I} ={iflh =ip = . = iy—q,, = J;
Iy mtget1 = Iy—gpeq2 = oo = iy = i} fOr x > Tgs;
1) = {iyli1, ig, iy € {i,j}} for 1< x < s
I_fTIZS>Ii/i€M/

TR . N
Iy :{1g|11 =) =..=ly 1, =J;
iX*Tas‘Fl = iX*Tas+2 == iX—Tas+Ii =i
Iy —tgo 4417 s Iy € M} for x > Tus;

I ={iyli1 =iy = ... = ir, = i;
It iy € MY for Tos — T +1 < x < Tgs;

I;é = {i)(|i17i2""’i)( S M}fOT 1<x<t-—-1

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

Remark 7. According to whether 1,5 < T; or not, I;{ is defined separately. Meanwhile, as stated
in Remark 3, we mainly consider a small delay effect and slowly switched law for the semi-Markov
jump systems. Therefore, there is a high probability that T,s < T;, i € M. Thus, (26)—(27) and

(31)—(32) are applicable.

The above result can be converted into strict LMI form.

Lemma 5. Given matrices qf)j(C,p) = 0, YG(T,q) =0, Tjjr = Owherei,j€ M;{,p,T,q €N
are integers lying in intervals [0,T; — 1], [0,¢], [z, 7;] and [0, T], respectively. Then, the closed

loop system (21) is o-error mean square stable if

~®(Lp) AL p+1)
* (g, p+1)

[ ~¥(t,T—-1) A(7)

. ' ] <o

i,mjlf’j(T/q +1)

~Y¥i(t,q) Al ~0
* ~¥(t,q+1) '

(36)

(37)

(38)

(39)
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lf’]'(T,O) — Tij-r <0, (40)
T
Y. Tjjr — @;(0,0) <0 (41)
T:I]
foranyi,j € M,V(, P74 in intervals [0,T; — 1], [0,¢ — 1], [}, T;] and [0, T — 2], respectively,

Vig 2 iy, iy, ... Jir} € I Vir = {iy, o, . iz} € I]T where I)é with x = { or T are defined as
Lemma 4,
® = diag{ ®1(0,0) ®(0,0) .. Pp(0,0) },

A7) = [{/0 (1) AT#1(0,0) .\ /@i (1) AT ¥ (0,0)]
Based on the above lemma, we can compute the control gain in (7).
Theorem 2. Given matrices @(@,p) = 0, ‘E(@,q) > 0, Tijr =0, Riz = 0, IC]-, G; where

i,j € M; C,p,T,q € N are integers lying in intervals [0,T; — 1], [0,¢], [z}, T;] and [0, 7],
respectively. Suppose

6](g, p) - gip+1 (A Glp+1) (B ICIP+1) <0 (42)

* —Pi(x,p+1) ’
®;(0,0) — p;®;(Z,0) <0, (43)
[‘?j(T'T_l)_Gf_G]’T B(®) ] <0, (44)

* -

qu(TIQ) - giq+1 (4,G; +1) + (B ’C‘Hl) <0 (45)

* ~¥i(t,q+1) ’
TijT — 1E(T,O) <0, (46)
[ ®;(0, )* 2Qijr Qi %T ] 20 (47)
hold for any i,j € M, ¥, p, T, q in intervals [0,T; — 1], [0,{ — 1], [z, T;] and [0, T — 2], respec-

tively, Vig £ {iv, i, ... g} € Ié, Vi & {i1,ip, ..., iz} € I]T where I)g wlth X = C or T are defined
as Lemma 4,
G =G +Gl(leM)

7) = [,/01(1)V} \/Op(T)V] . \[Om(T) V],
Vi=(A,6)T + (B;ik))T,
Qijr = [Qijr Qijr -+ Qijel,

T = dlag{ ijT; Tij/1j+1 Tiﬁj }

Then, there exists a set of stabilizing controllers, such that (21) is o-error mean square stable.
The admissible controller can be given by:

_ -1

Remark 8. In contrast with the methods in [11,28-301], the proposed method has three distinguish-
ing features: (1) asynchronous stabilizing controllers are designed which fully consider the effect
of mode transmission delay. This can be seen from r(k — d(k)) in (7), which is different from the
controller in [11,28-30]; (2) it is suitable for the semi-Markov jump systems, of which the sojourn
time can have both lower and upper bounds (T;, T; in semi-Markov kernel). Note that, in order to
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handle both the sojourn time and the time delay, we have introduced the definition Iy in Lemma
4. This is the key for tackle this issue; (3) some auxiliary matrix variables T;jr are introduced to
transform (24)—(25) into (36)—(41) and (42)—(47). This may result in a simpler controller design
criterion in terms of strict LMI.

Remark 9. We have only considered the stabilization problem for semi-Markov jump systems.
However, the proposed method can be extended to solve the controller design problem under per-
formance constraints, such as mixed Heo and passivity [3,4]. Nevertheless, note that the state
equation of the semi-Markov jump system needs to be iterated from time instant k to time k + T; to
describe the relationship between Lyapunov functions at time instant k to time k + ;. In this case,
the external disturbance terms in the system may bring some difficulties.

4. Examples

Example 1. Consider a DC motor system described in [37]. It is expressed by Definition 1.
The DC motor is driven by the traditional speed loop controller [6,40]. The state variables x1,
xp represent the velocity and current of the DC motor, respectively.g(k) has two modes, which
represent that the DC motors are working in two conditions with different loads. r(k) has three
modes, which corresponds to (1) 0% of rotary (normal mode); (2) +20% of rotary for improving the
power (low mode); and (3) —40% of rotary for decreasing the power (medium mode). The initial
conditions are selected as x(0) = [1,2,1] and r(0) is randomly generated from the set M. The
system matrices in (1) are given by: Ay; =[—0.4799 5.1546 0; —3.8162 14.4732 0; 0.1399 0
—0.9255], A1, =[—1.6026 9.1632 0; —0.5918 3.0317 0; 0.0740 0 —0.4338], A13 =[0.6346 0.9178
0; —0.5056 2.4811 0; 0.3865 0 0.0982]; Ay =[—0.750; —4140;0.20 —1.5], A1 =[-1.590;
—0.630;0.10—04], Aj3 =[0.510; —0.52.50; 0.4 00.1]; By; = By; = [5.870515.50100],
By = Byp = [10.29512.22820]7, and By; = By = [0.78741.53020]".

The transition probability matrices are given by:
IT; = [00.40.6;0.500.5;0.70.30], I, = [00.30.7,0.400.6;0.90.10].

We also assume that these two matrices are not known exactly. The accessible informa-
tion about these two matrices are as follows:

0 04 06 0 (0.3,04] ?
I, = | [0506] 0 2 |,II,=| [0405] o 2|

[0.7,08] 2 0 0.9 ? ?

The switching signal g(k) and (k) are shown in Figure 3. It can be seen that g(k) has
an average dwell time 7; = 7 and (k) is a stochastic process. Hence, the considered system
contains both deterministic and stochastic dynamics.

In order to stabilize the DC motor system, the asynchronous controller (4) is utilized.
Letag = ap = a3 = 1.1, 1 = 092,8, = 090,83 = 095, A; = 1.1, Ay = 1.2,A3 =
1.1, 75s = 2 in Theorem 1. It can be verified that for this parameters 6.5 = 7; < 7.
Then, we can compute the mode-dependent control gain by solving the LMI in (19) and

(20). The solutions of the LMI are given by K1; = [—0.1036 — 0.40250.2260]7 x 10710,
02635  0.2114 —0.0976

K1 = [-0.1040 — 0.38130.2419]T x 10710, G;; = { 0.1850  0.5070 —0.2749 | x
—0.0570 —0.2487 0.8192

02612  0.1933 —0.0914
10710,Gy; = | 0.1842 04801 —0.2892 ] x 10719, Other modes are similar. The control
—0.0530 —0.2347 0.8201
gains are given as Kq; = [0.2313 — 0.88760.0056]7, K51 = [0.2244 — 0.87980.0098]7, K1, =
[0.2306 — 0.88730.0064]T, K5 = [0.2244 — 0.87960.0098]", K13 = [0.2306 — 0.88730.0064]T,
and Kp3 = [0.2229 — 0.88020.0094]".
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By applying the proposed controller for the DC motor system, the state responses
and control effort are shown in Figures 4 and 5. We have run the simulations 100 times.
The gray lines in Figures 4 and 5 represent the trajectories of x1 (k), x2(k), x3(k), and u(k)
for each simulation. The blue line is the average value of ||x(k)||? and ||u(k)||? for this
100 simulations which represent their expectation. It can be seen that both the expectation
and trajectories converge to zero asymptotically. This verifies the validity of Theorem 2.
We can also see that the controller has switched according to a different switching mode.
The control effort is a piecewise signal and also finally converges to zero. This implies
that the proposed controller can tolerate the mode transmission delay. In order to further
show the effectiveness of the proposed method, we take the control gain from reference [11]
where no delay and mismatch mode. In this case, K;; = [0.2463 — 0.9332 — 5.7399 -
10737, K1p = [0.1431 — 0.8488 — 1.9401 - 1073]7, K33 = [0.0911 — 1.52421.7233 - 1073]7,
Koy = [0.2463 —0.9332 —5.7399 - 1073]7, K», = [0.1431 — 0.8488 — 1.9401 - 10-3]7, and
Koz = [0.0911 —1.52421.7233-10~%]T. It can be seen from Figures 6 and 7 that the controller
cannot stabilize the considered system.

2l
S
£
1

0 20 40 60 80 100

0 20 40 60 80 100
time instances

Figure 3. Switching signals g(k) and (k).

z1(k)
—Elja(®)II°| |

0 20 40 60 80 100
time instances

Figure 4. State responses x1 and x; for dual switching systems.
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4 : : : T
u(k)
2f — ElJu(k)|]* |
s 0f —
2+ 1
4 . . . .
0 20 40 60 80 100

time instances

Figure 5. State responses x3 and control effort u for dual switching systems.

50 X107
510 ﬁ
0
0 20 40 60 80 100
10X 10%
g5 ﬂ
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100
time instances
Figure 6. Performance comparison for state responses x; and x,.
50 X107
£ 107 J
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100
42107
- j\
0
0 20 40 60 80 100

time instances

Figure 7. Performance comparison for state responses x3 and u.

Example 2. Consider the system studied in [28], which has three distinct modes. This example
can be used to represent some mechatronic system with possible failures in both structure and
actuator. The three modes represent that the system suffers from different failures. The initial
conditions are selected as x(0) = [1,2] and r(0) is randomly generated from the set M. The
system matrices in (1) are given by: A1 =[—0.36 0.69; —1.81 1.97], A, =[0.34 0.62; —0.37 1.36],
As =[0.340.7; —0.37 1.36], B; = [-0.10.1]7, B, = [0.10.1]T, B3 = [00.1]T. We assume that
the system dynamics are subjected to a semi-Markov jump process. The transition probability matrix
is expressed as IT = [00.40.6;0.500.5;0.70.30]. The sojourn-time PDF [h;;(T)],Vi,j € M

. . T-30 (7T T30 77T
is given by hy1(T) = hp(t) = haz(t) = 0, h1a(7) = %, his(T) = %,
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th (T) _ 0.9(7—3)22 B 0.9(7_2)2.2, hzs(T) _ %, h31 (T) _ 0.4(7_3)1.3 . 0.4(7—2)1.3,

and h3p(T) = 0.3(t=3)" — 0.3(v=2* The PDF contain both Weibull and Bernoulli distributions.

The switching signal (k) and the sojourn time S,, for each mode is shown in Figure 8.
It can be seen that both the mode R, and the sojourn time S;, are stochastic processes. This
implies that r(k) is a semi-Markov jump process.

In order to stabilize the considered system, the asynchronous controller (7) is utilized.
Note that Theorem 2 in fact provides a set of LMIs. By solving the LMIs, one can obtain the
solution G;. Then, the controller can be determined by K; = K; Gj_l. We suppose that the

controller suffers from a time varying mode transmission delay d(k). Let p; = p» = p3 = 2,
T =T, =T33 =3,T] = Tp = T3 = 7, Tgs = 2 in Theorem 2. Due to 7,5 < 15, (26)-
(27) are used for the set I;é. Then, we can compute the mode-dependent control gain
by solving the LMI in (42)~(47): K; = [7.2934 —9.9766]T, K, = [7.5367 — 10.4652],
K3 = [7.7874 —10.7313]T.

The computed controller is utilized for the DC motor system. In total, 100 simulations
have been conducted. As shown in Figure 9, all the trajectories have reached zero, including
the state response x(k) for each simulation and E||x(k)|[?>. This shows the effectiveness of
the proposed method.

=2
=

0 50 100 150
time instances

40 60 80 100
time instances

Figure 9. State responses xj and x; for semi-Markov jump systems.

Example 3. We finally consider a DC system as Example 1 with three distinct modes. The system
dynamics is also subjected to a semi-Markov jump process. The transition probability matrix is
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expressed as Il = [00.40.6;0.500.5;0.70.30]. The sojourn-time PDF [f;;(7)],Vi,j € M is
. -3 10—7 -3 10—1

given by hi1 (1) = haa(t) = has() = 0, hia(7) = Yo—itean Ma(v) = oS-

ho1 (1) = 0.9V — 097 hyy(t) = 95074 o (1) = 04097 — 042" gpg

309 _2)09 G-t
hap(t) = 0373 — 0.3(t=2"",

)1.3

In order to stabilize the DC motor system, the asynchronous controller (7) is adopted.
We suppose that the controller suffers from a time constant delay ;s = 2. Let p; = pp =
03 =2,T1 =13 =4,T1 =T3 =7,T, =1, T = 5in Theorem 2. Due to 155 > T,,
(33)—(35) are used for the set I;Z. Then, the mode-dependent control gain from LMI in
(42)~(47) are given by: K; = [0.2493 — 0.88570.0076]7, K, = [0.2408 — 0.87810.0089]7,
and K3 = [0.2446 — 0.88320.0091]T. The computed controller is utilized for the DC motor
system. It can be seen from Figures 10 and11 that the state response x (k) in every simulation
and E||x(k)||? have all reached zero. This verifies the validity of the proposed controller.

100 150

0 50 100 150
time instances

Figure 10. State responses x1 and x; for semi-Markov jump systems.

x3

0 50 100 150

4
u(k)
20 — Eluh)]
s 0r o
o= 1
0 50 100 150

time instances

Figure 11. State response x3 and control effort 1 for semi-Markov jump systems.

5. Conclusions

This paper focuses on the study of asynchronous stabilization of discrete time Markov
jump systems. Two classes of typical Markov jump systems are considered, i.e., dual
switching systems and semi-Markov jump systems. New stability criteria and numerically
testable controller design methods are proposed for these two stochastic switching systems,
which can well handle the asynchronous phenomenon. Future works may include extend-
ing the proposed results for more complex switched systems. Another interesting research
line is considering the control of semi-Markov jump systems under cyber-attacks [41,42].



Entropy 2022, 24, 1126

16 of 22

The additional attacks may further complex the structure of the controller, which is a
challenging issue.
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Appendix A.

Appendix A.1. Proof of Lemma 1

Proof. First, according to the property of Markov process, we have
E[Vekr1),rk+1) O+ D)) 100 =171,y 1.1

=E[Vgkr1),r(kr1) (x(k+1)]ly(x)
where Y (k) = {x(0),7(0), x(1),r(1),..., x(k —d(k)), r(k — d(k)), ..., x(k),r(k)}.
It follows that
E{E[Vg(ks1),r(k+1) (X (K +1)]ly(i) Hz(0),1(0)

=E[Vg(kr1),r (k1) (X (k + 1))]]x(0),1(0)

where x(0),7(0) are given constants.
Therefore, (9) implies that

E[Ve(ks1)rk+1) (x(k +1))] < Ex (k) Vo) ) (x (k)]

where E[] 2 E[]|1(0) r(0)-
Then, during the time interval [k, k1), we have

E[Vy (s (x(k))] <l B[V roy (x(kn))]

gtk (ﬁ) BV (20kn))]

where I; and I;s denote the unions of time intervals that (k) = r(k — d(k)) and r(k) #
r(k — d(k)) respectively. |Is| and |I;s| denote the total lengths of intervals I; and I,s.
Next, by (10)—(11) and (2), we have

E[Ve (i), rk) (x(k))]

L Ny (0,k) Tus N0
<p (ﬁ) ANODE[Y o (x(0))].

NoTas 7 « InA
(44 Inp+ In( & )+22)k
<<ﬁ> Ao 0P 5 ()5 B o) (x(0)
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Hence, if (12) holds, we can conclude that E[V, ) ) (x(k))] — 0 as k — +co. This
completes the proof. [

Appendix A.2. Proof of Lemma 2
Proof. (ii) = (i).
Given a time interval k € [ky, k,;1) and consider the following mode-dependent

Lyapunov function
Vi = xT(k>Pvix(k)'

As shown in Figure 1, we first consider the case when r(k) # r(k — d(k)).
Hence, we can compute the expectation in (9),

B (K) Ve ey ri) TN (k)00 = 111
:xT(k)txPV]'x(k). (A1)

E[Ve(ka1),r(k+1) (K + D)) 70011, 1o 1.1

=E[x" (k) AJp;o P r(re 1) Avojpx ()] (e

Noting the asynchronous behavior described by (5), we have
E[Ve (k1) rk+1) (2K + 1) | x (i) 700

M,
:xT(k) < Z ]/lﬁj(p.Azﬁ]'@Py]’Ayﬁj@) x(k). (A2)
$=1

where PV] = Zle./vl nvjlpvl~
According to whether or not the bounds of 7, are known or not, (A2) can be ex-
pressed as

Z VVZ([)AVV]@P Avvjq3

=Y woigAnjo| X iPu | Avoje
gLl

le MK,
+ Y moigAioio | Y P | Avjg (A3)
pet MUK

Note that for ! € Mfl and [ € M%K, we have:
m,i < vl e MK
vil = 7tyjly vi
UK
My <1— ), mpvle Mt
le MK

Hence, we can conclude that
Z ,uuz(pAyy]q;P -Avuj(p

< Z PLVlQOAVV]QDP Ayy]q) + Z ]/IVZ(PAVU]@P AVV]‘@



Entropy 2022, 24, 1126

18 of 22

It follows that (13)=-(9) if r(k) # r(k — d(k)).

By the same reasoning, we have (13)=(9) if r(k) = r(k — d(k)). Meanwhile, it is
obvious that (14)=-(10). Hence, we show that if statement i) is true, then the system (8)
is mean square stable with dwell switching signal g(k) satisfying (12). This completes
the proof.

(iii) < (if).

First note that (A3) is equivalent to the following matrix inequalities.

AloioPoiAvojo < Tusijgr (A4)
M
Y 10igTusijp — XuoPuj < 0. (A5)
$=1

where 751/]' = Yiem TwjiPur-
Using the definition 77, in (18), we have (A4), (A5)=-(13). For (13)=(A4), (A5) since
(A3) holds, then there must exists a small constant ¢, such that

My B
Y Hoig (AzﬁjgaPUjAvﬁj(p + EI) — XvoPvj) < 0.
9=1

Let Typijp = AgﬁjgbﬁUjAWj@ + €I, we have (A4), (A5).
Next, by using Schur complement, (A4) is equivalent to (16). This completes the
proof. O

Appendix A.3. Proof of Theorem 1

Proof. First, performing a congruence transformation to (16) by diag{G/, 8 Dy} with D, £
D, !and using the inequalities —GoT (IA)TU]%]‘@G{)(,’} =< Tv}}j . Gop — Gpgy, we can have (19) with
Tm;i]-q;, = Tv_ﬁ}j Y Kop = K73 Gpy. Next, performing a congruence transformation to (17) by

Qw-]-@ and using the inequalities —Qvﬁi]-(PPVjQW,-j@ < Ple — ZQUWW, we have
Quoijp Tooijg Quaijp + Xuo P, V}l — 2X9Quoijp =< 0. (A6)

Then, by Schur complement and letting ?V]- = Pv_jl, (A6)=(20). This completes the
proof. O

Appendix A.4. Proof of Lemma 3
Proof. The proof is similar to the proof of Lemma 1. Note that, we have

E[Vy (s, (x(K), & = k)] k) (k) =i (k1) =i
=E[V(k,) (x(k), k — kn)]ly )

E{E[V,(x,) (x(k), k = Fn)lly (k) }x(0),(0)
=E[V, (k) (x(k), k = kn)lx(0),r(0)

where Y (k) = {x(0),7(0), ..., x(ky,_1),7(ky_1), x(ky), 7(kn)}.
Therefore, from (22) and (23), we can conclude that
E[V} (k) (x(k), k = k)]l x(0),7(0)

<E[or(k,) Vi (k) (X (kn), 0)]|x(0),7(0)
k S N[kn + 1/k1’l+1 - 1],
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E[Vy(k, 1) (x(knt1),0)]|x(0),1(0)
—E[V, k) (x(kn), 0)] ] x(0),r0) < Ks(l[x(K)]])-

This can complete the proof. [

Appendix A.5. Proof of Lemma 4

Proof. Consider the following mode-dependent Lyapunov function

V(x(k), r(k),0) = xT (k) Py (£)x (k)

where { = k — k,. Meanwhile, let the system mode be k,,_1 = i, k, = j, k41 = | with
i,j,1 € M. The proof is divided into the following cases.
Case 1). d(k) is time invariant and 1,5 > T;.

In this case, (33)—(35) will be used for set I;g. Then, suppose { € NN [t + 1,7 — 1].
From Figure 2, it can be seen that during time interval { € [1, 7], the proposed state
feedback controller (7) is asynchronous with the systems mode. Meanwhile, r(k — T55) =
iwhen { € [1;5 —1; +1,T5]. At time interval { € [1;5 + 1,7 - 1], the controller is
synchronous with the system mode, hence, i.e., r(k — 75s) = j. Therefore, the expectation in
(22) can be computed as:

B[V (k) (2 6) O ety etk =jor (k) =i
=xT (k) ((Aileizj c e Aig) TP (E) Ay A - 'Aiif)x(k)’

Elor (k) Vekn) (€ Kn ) O (k) (k) = (1) =i

where i, £ {i1, 12, ..., ig} c Ilé] Based on the above analysis, (24)=-(22).

Similarly, we have (24)=(22) when { € [t;s — T; + 1, Tas] and { € [1, Tys — T;]. In these
two situations (34) and (35) will be used for the set I;{, respectively.

Next, denote the sojourn time k,, 11 — k,, by 7. Similar to the above analysis, we have:

E[Vyk,.1) (k1) O (i) r (k) = (k1) =i
=E[x"(Ayj - Aij) TPI0) Aiyj - AijxX] (i) e o) (k)

where ir £ {i1,iy,...,ir} € I{. Note that (33), (34), and (35) will be used for the set I when
T E [Tgs + 1,?]'], TE [t —1T;,+1,7s]and T € [Ij/ Tas — T;| separately. Hence, (25)=(23).

Case 2). d(k) is time invariant and 7,5 < T;.

In this case, (31)-(32) will be used for set 1%. Then, suppose { € NN 15 + 1,7 — 1].
From Figure 2, the controller is asynchronous with the system mode when ¢ € [1, 7],
ie., Ky(x—r,) = Ki, and synchronous when ¢ € [Tas + LT — 1], i.e., K, (k—,,) = Kj. There-
fore, we have

E[V} (k) (X (6), O] (k) (k)= (k1) =i
_ as {—"Tas C—Tus as
= (k) (AfpT (AT ) TR AT A ) x(R).
Thus, we can conclude that (24) implies (22).

Similarly, we can show (24)=-(22) when { € [1, 7], and (25)=(23).
Case 3). d(k) is time varying.
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The proof in this case follows the line of the above two cases. Note that since d(k)

is time-varying, then IZ will be defined by (28)-(30) when 7,5 > 7;, and (26)—(27) when
Ts <150 O

Appendix A.6. Proof of Lemma 5
Proof. By using Schur complement, (36) and (37) implies

A @500+ DA, — 25 p) <0,
1<p<C-1
®;(,0) — pj®;(0,0) < 0.

where Vi, £ {iv, i, ..., ic} € Ié.
It follows that

(Aij- - Aig)) T 0;(2,0) Aij - - - Aiyj — pj@;(0,0) < 0. (A7)

By letting @;(Z, ) = P;({), ©;(0,0) = P;(0), we have (36)~(37)=-(24).
Next, we will show (38)-(41)=>(25). First note that (25) is equivalent to

(Agj - '-AiTj)TPj(T)Ailj - Apj = Tije <0, (A8)
Ta
Y. Ty — P;(0) <0. (A9)
=1,

This can be proved by the same reasoning in the proof of (iii) < (ii) in Theorem 2.
On the other hand, by Schur complement, (38)—(40) are equivalent to

AT (T, 9+ 1)A,~q+1]’ —Y¥(t,q9) <0,

1g9+1]
Ts <g<T1-1,
lP]'('L',O) — TijT =<0
where ¥;(7, 7) = Pj(1), @;(0,0) = P;(0). It follows that (38)-(40)=>(A8). Additionally, note
that (41)<(A9). This shows that (38)—(41)=-(25). This completes the proof. 0
Appendix A.7. Proof of Theorem 2
Proof. First, performing a congruence transformation to (36) by diag{Gii » C.Bj(g, p+1)}
with Efy(@, p+1) = @‘D]fl (¢, p+1) and using the inequalities —Gg;ﬂ (2, p)Gi,,, < 615;1 ¢, p)—
BT -1

Gi ., — GI{M, we can have (42) with @;({, p) = ?; (¢, p), K; = K;G;. B

Next, we perform a congruence transformation to (38), (39) and (41) by diag{G]-T o},
diag{GiZ+1 ¥;(1,q+1)} and Qyz, respectively, where @ = @~1(, p), ¥j(t,q+1) = ¥j(1,q9+
1~). Then, use the inequalities —G].T'{’j(r, T-1)G; <~‘Pj(’r, T-1)-Gj— G].T, —G};H'Pj(*r, q)qu+1 =<
¥i(7,9) = Gi,, — G! and —Q;;z®;(0,0)Qijr < Pj(0,0) — 2Q;jr. We have (44)-(47)=(38)-

lg+1

(41). This completes the proof. [

p
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