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This paper first investigates the problem of finite-time boundedness of Markovian jump system with piecewise-constant transition
probabilities via dynamic output feedback control, which leads to both stochastic jumps and deterministic switches. Based on
stochastic Lyapunov functional, the concept of finite-time boundedness, average dwell time, and the coupling relationship among
time delays, several sufficient conditions are established for finite-time boundedness and H, filtering finite-time boundedness. The
system trajectory stays within a prescribed bound. Finally, an example is given to illustrate the efficiency of the proposed method.

1. Introduction

Markovian jump systems were introduced as a class of
stochastic switched systems, which can be governed by a
Markov chain in a finite mode set of linear dynamics. In
recent years, because it is appropriate to model many physical
systems with economics, random failures, and networked
control systems, more and more people draw their attention
to Markovian jump systems [1-4]. As a special class of
stochastic systems in the finite operation modes, Markovian
jump systems can switch from one to another at different
time. Up to now, many important results in the literature
are based on the assumption that the complete knowledge
of transition probabilities is available in the jump process.
However, at mode observation instants, the Markovian jump
modes of the systems cannot be accurately obtained, and to
get the ideal information on all transition rates is hard or
generally expensive in reality, and the obtained results are not
accurate. Therefore, it is very important to consider systems
based on the assumption that transition probabilities are
completely unknown. Recently, the Markovian jump systems
subject to partially known transition probabilities have been

reported [5-10]. However, the Markov processes are time-
invariant in most of aforementioned obtained results.
Nowadays, piecewise-homogeneous (namely, time-
varying transition probabilities) Markovian jump systems
are developed for practical applications, affecting not only
the time-varying transition probabilities but also the state
dynamics. The evolution between two operating modes
with time-varying transition probabilities was proposed in
economy systems [11, 12]. Because of the important issue
of the possibility in measuring the variations, up till now, a
few people in view of stochastic Markovian jump systems
with time-varying transition probabilities except in [13-19].
In [14], there is a bounded real lemma for Markovian jump
linear systems with time-varying transition probabilities in
discrete-time domain. The Markov switching is employed for
sustainability of US external debt in [15]. The linear matrix
inequalities are used for control theory in Markov switching
[16]. In [19], newly Lyapunov functional is proposed with
piecewise-constant transition probabilities. It should be
noted that average dwell time switching is very important
in dynamic systems [20-23]. In [20], the average dwell time
switching and uncertainties are considered. Correspondingly,



a dependent average dwell time approach is proposed in [21].
The piecewise-homogeneous is taken into account which
makes the considering dynamic of the Markovian jump
systems more controllable and optimizes the performance of
systems.

Furthermore, in a finite horizon, the practical application
problems tend to care about the described systems’ transient
characteristics state, especially the transient performances of
control systems. It is necessary to consider the state in a
fixed region; therefore, the concept of finite-time stability was
introduced [22, 23]. Some research results in finite-time case
for Markovian jump systems can be found in [24-30]. For
example, the finite-time stabilization with output feedback
control is introduced in [24]. Finite-time boundedness is
considered with state-dependent switching strategy in [26].
In [27], finite-time H,, control is proposed for nonlinear
jump systems. In [29], the partially unknown transition
rates are introduced for finite-time filtering of stochastic
systems. It is noted that, in the engineering area, there are
still some problems related to stochastic systems to be solved.
In order to make the finite-time behaviour of stochastic
Markovian jump systems more reasonable and satisfy the
requirements, the finite-time boundedness of Markov jump
systems with piecewise-constant transition probabilities via
dynamic output feedback control has not been studied. The
problem is interesting but also challenging, which motivates
us to conduct this study.

The main contribution of this paper is that we present
a novel approach for finite-time boundedness of Markovian
jump system with piecewise-constant transition probabilities
via dynamic output feedback control. We establish a more
general model to extend the existing results into more
feedback control systems. The deterministic switches and
stochastic jumps are taken into account at the same times.
The finite-time stability is an independent concept, which is
different from Lyapunov stability and can be determined by
switching. By selecting the appropriate Lyapunov-Krasovskii
functional, under average dwell time constraint on switching
signals, the sufficient conditions among average dwell times,
transition probabilities, and time-varying delay are derived
to guarantee finite-time boundedness of the Markovian jump
systems.

2. Preliminaries

In this paper, fixing the probability space (Q,F,P), we
consider the following Markovian jump system described by

x()=A,x(t)+A,x(t-1)+B,u(t)+D, w(),
Y =Cox(®),
x(t)=¢(),

@

te[-1,0],

where x(t) € R" is the state vector of the system, y(t) € R is
the measured output, and w(t) € LZ [0, 00] is the exogenous

noise signal. A,, A.,, B,, D,, and C, are constant real
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matrices with appropriate dimension. 7 represent the con-
stant delay and ¢(t) is the differentiable vector-valued initial
function on [-,0]. Let the random form process r,, t > 0
be the Markov stochastic process taking values on a finite set
W ={1,2,...,N}, governing the switching from mode i at
time ¢ to mode j at time t + At with the following transition
probabilities:

Py = Pr(rae = jln=1i)

‘ui(f’)At +0(At), i+ ], (2)

1+ WAt +0(AL), i=j,

with transition rates yl.(;f) > 0,Vi,j e A, Zﬁ\’:l P‘i(;t) =0,

At > 0, and lim,, , ,(o(At)/At) — 0. Here, ygf') is now
a function of o,. By 0,, we mean that the transition rates
are time-varying. Moreover, o, is assumed to be piecewise-

constant function of time t, and transition rates I1% can be
defined by

r (o) (o) (07) 7
R AR DY
(0y) (0¢) (0y)
Wy Hap t Hon
e G)
(o) (0y) (0y)
Bt BNa T BN

Furthermore, to determine the time-varying property, o,
represents a high-level average dwell time switching signal.
0, is a given initial condition sequence. For simplicity, let m
represent o, as a piecewise-constant function of time, which
takes values in the finite set # = {1, 2, ..., M}. Atan arbitrary
time ¢, 0 may be dependent on t or x(t), or both, or other
logic rules. For a switching sequence t, < t; < t, < ---,
o is continuous from right everywhere and maybe either
autonomous or controlled. When k € [t;, t;,,), we say that the
o, th transition probabilities matrix is active and therefore the
trajectory x, of system (1) is trajectory of system (1) with the
o, th transition probabilities matrix.

In this paper, our goal is to design the following dynamic
output feedback controller, which can guarantee the system
is finite-time boundness:

Xp () = Ay o%s (8) + By o,y (1) 5
u (t) = Cfrt,atxf (t) + Dfr,,aty (t) 4
(4)
Xf (t) =0,
t<0,

where A fro00 Bfryop Chrop and Dy, are matrices to be
determined.
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Substituting (4) into (1) and Vr, = i,i € N, 0, = m, and
m € M, we have

7(t) = A, () + Agn (t - 7) + B (1),

n) =y, (5)
t €[-1,0],
where
i —Ai+Bini,mCi BCim
im )
L Bfi,mci Afi,m
_ [A,; O]
A‘ri = >
L0 o
(6)
_ [D;
=[]
L O
® [ x (1) ]
n(t) = .
| Xf (®)

Throughout the paper, suppose that the matrices C, have
full row rank, in other words, rank(Crt) = g. Then we have
the singular decomposition of C; as

C =U;[S,0] V], 7)

where S; € RT? is a diagonal positive matrix and U; € RT*
and V; € R are unitary matrices.

Remark 1. In this paper, matrices C; are singular decomposi-
tion as unitary matrices, which reduce the conservatism.

First of all, we will give definitions and lemmas about
system (5), which plays an important role in the derivation
of our result.

Definition 2 (see [29]). System (5) is said to be finite-time
bounded with respect to (¢;,¢,, T, R, d, o), where d > 0, R is
positive define matrix, and o, is a switching signal. We have

sup {x' (ty) Rx (,)}

—7<t,<0
(8)
<= sup {x" (1) Rx(t)} < ¢,

—-7<t<0

vVt € [0,T],

where ¢, > ¢, =0, Vw(t) : JOT w'(s)w(s)ds < d.

Definition 3 (see [21]). For any T, > T; > 0, let N, (T},T),)
denote the switching number of o(t) during (T;,T,). If
N, (T}, T,) < Ny + (T, - T})/T, holds for N, > 0and T,, > 0,
then N, and T, are called chattering bound and average dwell
time, respectively. Here we assume N, = 0 for simplicity as
commonly used in the literature.

Definition 4 (see [31]). Consider V(#,,1,,0,) as the stochastic
Lyapunov function of the resulting system (4); its weak
infinitesimal operator is defined as

£V (15115 0,)

o1 .
= Athino*E (EAV (Hesars Tesar 00) | 1 = iy 0y = m}

. 0 . 0 N )
- V (qt’l’ m)] = av (}71” 1, m) + aV (’71” 1, m) 11t

N
+ 2V (s jom)
j=1

Definition 5 (see [32]). The jump rates of the visited modes
from a given mode i are assumed to satisfy

0 <miny; < py; <maxyy, Vi,jeR, i+ (10)

where min y; and max y; are known parameters for a given
mode i and represent the lower and upper bounds when all
the jump rates are known; that is, 0 < miny; = min{y; #
0,i # j, j € R} and miny; < maxy;. Meanwhile, the
number of the visited modes from a given mode i is denoted
by N; including the mode itself.

Lemma 6 (Schur complement [14]). Given constant matrices
X, Y, and Z, where X = X" and 0 < Y = YT, then
X +Z'Y'Z < 0 ifand only if

5
<0
* =Y
(11)
-
or <0
X

3. Finite-Time Boundedness Analysis

Theorem 7. System (5) is finite-time stochastic boundedness
(FTSB) with respect to (c,,¢,, R,d,T) if there exist matrices
P, ., H, and Q,, and constants o« > 0, y > 1, and A; > 0

(s = 1,2,...,4), such that we have the following linear matrix
inequalities:
7T —1 -1 74 —1 D —1 —1 741 -1 7
Ai,mpi,m + Pi,mAi,m + Qm + Pi,m - “Pi,m Pi,mA‘ri Pi,mBi
% _eoc—rQ—l
" (12)
* * -aH
<0,
el +dA, (1 - ef‘xT) Ay A
* _AZCI 0 < 0, (13)

1 -
* k  —=dsqe T
T



B, LPR
’ ’ <0,
* -MR
-LR I (14)
Ll <o
* 7Pi,m
VieWN
< l’l in>
Qu <Qp (15)
Vi,je N, mne M,
Mge ™ > (A, +1e* ) ¢ +dA, (1-e), (16)

with the average dwell time of the switching signal o satisfying

Tu
>T 1)
3 Tlou
CIn(A,6) —In[(A, + 7e4TA;) ¢ +dA, (1 —eoT)] —aT’
where
ﬁ :_(N_l)(mlntuz) i,m
N
+ (maxpg") Y Py
j=Lj#i
B, =R'P, R (18)

Q, _R—I/ZQ R2
m >

/\3 - )Lmax (Q )
Ay = Ao (H).

Proof. We consider the following Lyapunov-Krasovskii func-
tional:

t
Vv (771?’ T 0!) ’1t Ty at nt L r]:e(x(t_S)Q;Sl Hs ds' (]‘9)
-7

Taking the time derivative of V(y,,r,,0(t)) along the
trajectory of the system (5), one has

£V (1,11, 0,)

’1 <Aszzm+P A1m+Q +Z(I/llm)P >77t
- (20)
+ 2’1: A‘rz mnt -7 + 2’1[ i,m 1wt

t
eM’7tT TQ 1’71‘71 T J; T [X(t 9 Q rls dS
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Moreover, we have

(m) p-1
Znutj ]m A"lzszm+ Z ‘umP
]1]#1

N
R R
j=1.j#i j=L.j#i (21)

<~ (N,~ 1) (min ") P,

N
+(maxy") Y P,
j=Lj#i

Assuming that condition (12) is satisfied, we obtain

£V (1, 10,) —aV (1,7, 0,) < aw] Haw,. (22)
Notice that
= (eio‘tV (> 74 at)) < ae wHa,. (23)

Integrate (23) from t; to t, from which we can get that

174 (qt, T o‘t) < e“(tftk)V (I’Itk, Tt O‘tk)

t (24)
+o J W Ho, ds.
tk

Noting that V¢ € [t,t;,,], where ¢, is the kth switching
instant and x; = x,, from condition (15) it yields

v (”tk’ o Utk) % (”It;’ T Ut;) . (25)

From condition (24) and (25), we can easily have

Vv (’7tk’ Tt Utk) < I‘ea(t_tk)v (’7t,;> e Ut,;)

(26)
+ocptj 9T Ha, ds.
tk

Thus, from (24)-(26), it yields

V (1115 0,) < ey (ntk) "o afk)

t
+ta J W Ho, ds
2%
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o(t—t_q)
< e IV (o o)

e t
+oap J VW Hw, ds + « J W Ho, ds
tr1

_ 23
2 alti—te,) (
<ue Vin- ,r. ,0.-
H 17tk—2’ tea’ Tt

fr1
+ oy’ J W Ho, ds
t,

k-2

t
W Ho, ds + o J "I Ho, ds
fy

2
+(X‘MJ'
2

-1

N,(0,t) at
<eSue V(qto,rto,atu)
t

1
+ oo L W Ho, ds

2}
+ (x#Nu(tl,t) J Pl wlHawds + -+
t
t N, (0
+ OCJ V0l Ho,ds = ™ eV (.7, ,0,)
2

t
+a| NN TH, ds
0

N, (0, N, (0,
<y o(00) gatyy (r]to,rto,ato)ﬂx/,t (Ot)d}tmax (H)

t
at —as N,(0,T) T
e Le ds<u e {V(qto,rtu,ato)

T
v\, (H)a J

0

e ™ ds]»

< ‘uT/TueaT {V (rlfo’ Tty Gto)

+ Ay (H) (1 =€)}

(27)
Note that
4 (’/Ito’ rto’ O-to)
O —
=1y Py oty J e " Qu 1, ds
-7
< Amax (f)i,m) ntToertO
+ 76" A nax (Q) sup {15 R1g} (28)
-7<0<0

< (Mmax () + 7€ A ey (Q)) sup {mpRrp}

-7<60<0

< (A, +7€*A3) sup {npRrp}

-7<0<0

< (A, + 7" N5) .

5
Thus
V (troy) < e {2, + e 05) ¢
+d), (1-e°T)} -
29
= @RI () 1 70 ) g

+ddy (1-e ")}
On the other hand
V(#5:710,) = A (ﬁmm) 7 Ry, = Ayn; Ry,. (30)
Substituting (29) and (30) into (19), one obtains
x" (t) Rx (t)

ot —aT 31
- (A, + 7€ A3) ¢ +dAy (1 —¢€ )e(u+((ln;4)/‘ra))T (31
< 1, .

When p = 1, which is the trivial case, from (17), #{ Rx, <
e e = ¢,. When o > 1, from (17), In(,¢,) — In[(A, +
7€ A3)c, + dA,(1 — e *T)] — & > 0 we have

Iy

T

a

In(1,6) - In [(/\2 + 7% A3) ¢ +dAy (1 - e""T)] -aT
<

(32)
Inpy
In (A0 (A, + 7€ A3) ¢ +dAy (1-e7T)))
N Iny ’
Substituting (32) into (31) yields
R < ¢y (33)
The proof is completed. O

Remark 8. It should be noted that the linear feedback control
subject to piecewise constant transition probability is first
considered in the paper, and it is classical and effective to
stabilize the Markov jump system.

4. Finite-Time H_, Performance Analysis

Theorem 9. For a given constant T > 0, « > 0, system (5)
is robustly finite-time stochastic boundedness with respect to
(0,5, N, R, d, 0), if there exist positive definite matrices X, ,,,
Qi Qo H, and y > 1, such that the following linear matrix
inequalities



6
[Z11im Zi2im AriQum 0 D;
*  Zpm O 0 0
* x —e""Qy, 0 0
* s s -"'Q,,, 0
* * * * -aH
* % * * *
% % % % *
* * * * *
| * * * * *
where
Zhi
=A X+ XiT,mAi +BYy,,Ci + Cl.TYAL.,mBiT —aX;,
= (N; = 1) max ;X
21 = C Yy, + B3
Zo2i = Yiigm + Vi — X s
Zygi
=2
Ni-1
= | VIR 1K s VR X VO K |
Zgsi
= Lo
= —diag {X > Xi1m Xisrmr - > X} -
(37)

— —
Ai,m + Ai,mPi,m

Pi,m im* imtim

*

*

+P P, P -«

P, +P,Q, P, A
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Xim 0 Zig 2y
0 X, 0 0
0 0 0 0
0 0 0 0
0 0 0 0 | <0,
Q. O 0 0 (34)
0 -Q, 0 0
* * Zgg 0
* * * g |
Vi,jeN, mne M,
Xim < UXip
Qi < Qs (35)
(k=1,2) Vi,je N, mne M,
ac, > d e’ (1 - e_“T) ) (36)

with the average dwell time of the switching signal o satisfying

>T0 Tlnp (38)
T,>7T, = ,
7% In(ag) -In[dry (1 —eT)] —aT
and the feasible solutions are given as follows:
-1
Afi,m = Yli,mXi,m’
Bfi,m = Yzi,mUiSiXi,mS;lulTa
(39)
C fiom = Y3i,mX£r1n’

-1
D fim = Y5imUiSiXimS; UiT :

Then the closed-loop systems (5) are finite-time boundedness
with respect to (0, ¢,, T, d, R, 0).

Proof. Pre- and postmultiply inequality (12) by diag{Pi;;,
I, 1}, it yields that

Ti
—e™* Q;nl

* —-aH

B,
0

< 0. (40)
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Denote Pi,m = diag{Xi’m) Xj,m}) Qm = diag{Q1m> QZm};
using Schur complement, we can obtain

[ Ziim Zi2im AriQum 0 D;  Xim 0 Zyg 2y ]
* Zogim 0 0 0 0 X, 0 0
* x  —e"Q,, 0 0 0 0 0 0
s % * -""'Q,,, 0 0 0 0 0
* * * * -aH 0 0 0 0 [<0o, (41)
* * * * * Qi 0 0 0
* * * * * 0 —-Q,, O 0
* * * * * * * Zegi O
B * % * % * * * 2o
where [ 1]
B,=|05],
= AX, + XA L,
+B,D};,,U; '8, X,;,,8; UG 03"
+ClU; TS TXT,,,STU; ' BDY, - aX,, D, =05/,
(42) L0.2)]

= (N; = 1) max ;X ,,,

Ty = C;U;TS;TXi,mSiTU;IB

] C, =[-12 05 09],
im T Bicfi,mXi,m’

! [-1.5 -1.2 -1.5
Z02i = A fimXim + Xi,mATfi,m —aX . A,=102 -15 04 |,
-0.7 1.1 -1.2
Define }
ro.2 0.0 0.0
Y, =As; X |
li;m fi;mim AT2 =101 0.2 0.1],
Yoim = BfiU; 'S XS UL 0.1 0.1 03
(43)
Yiim = Cfi,mXi,m’ 0.5
B, =107
- 1y —1 >
Yiim = Dfi,mUi TSiXi,mSi O/ ’
L1.5]
And X, < uX; , can guarantee that P, < uP, ; then we ro.41
can obtain (34). O
D,=102],
5. Illustrative Example 103
C,=1[-10 1.2 0.5].
Consider the system as follows: 2= ]
(44)
-2.0 -1.5 -1.2 The piecewise-constant transition probabilities matrices
A 07 —-1.6 05 are given as
1 . 6 05 |,
0.1 -0.1
[-13 05 -1.1 o = )
-0.9 0.9
0.2 0.0 0.1 (45)
02 -0.2
A, =010301], sz[ ]
[0.3 0.1 02 —0.6 06




Choosinga = 0.05,7 = 0.2,¢, = 30,T = 10,and d = 0.01,
by solving the matrix equalities in Theorem 9, we have the
following filter parameters:

[2.6498 0.1514 -3.48944
Agy =|-1.4622 -3.1536  3.9281 |,
L-5.2184 -3.2024 -8.9715
[0
Bfl,l = 0 >
LO
Cra= [0 0 0],

Dy, = —46.3725,

[ —8.1617 10.4852 14.5961
Apyy = | —19.9581 38.1415 64.6288 |,
L —10.6012 19.4270 28.2844

[0

Bpy =101,
L0

Cp = [0 0 0],

Dy, = —48.6350, (46)
[-2.8214 19349  5.6510

Agp=| 69619 -6.9841 -9.9841 |,
L 43016 -10.9846 -17.9894
[0

Bfl,Z = 0 N
LO

Cpp= [0 0 0],

Dy, = —48.3364,

[—7.2081 4.0201 11.3047
Ap,=|-63204 86193 162141 |,
L —4.3612 17.7841 12.9564
ro
Bf2;2: 0 >
LO
Cprp =10 0 0],

Dj,, = —46.0053.
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XY plot
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FIGURE 1: ] Ty,.
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0 2 4 6 8 10 12

FIGURE 2: State trajectories of subsystem 1.

From (38), we have u = 5.0216. Moreover, we can obtain
the average dwell time

T, > 1, =8.1023. (47)

By Theorem 9, through the program fminsearch in the
optimization toolbox of MATLAB, the optimal bound with
minimum value of ¢, relies on the parameter o. We can find
feasible solution when « € [0,0.05]. Figurel shows the
solution trajectory of the system. The state trajectory of the
closed-loop system is shown in Figures 2-4, where the initial
state 7, = [0, 0]". From Figures 24, it is easy to see that the
system is finite-time boundedness.

6. Conclusions

In this paper, the problems of finite-time boundedness of
Markovian jump system with piecewise-constant transition
probabilities via dynamic output feedback control is con-
cerned. By allowing new Lyapunov-Krasovskii functional,
the switching signal is constraint by average dwell time,
and a numerical example is also given to demonstrate the
effectiveness of the proposed approach.
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0 2 4 6 8 10 12

FIGURE 3: State trajectories of subsystem 2.

XY plot
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FIGURE 4: The closed-loop system.
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