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Abstract

In this paper, in terms of the T-S fuzzy technique, the quantization control designs are resolved for a class of
nonhomogeneous Markov jump systems (MJSs) with partially unknown transition probabilities. Different from the previous
research, the transition probabilities are time-variant and not known exactly in the MJSs. Particularly in a network
environment, it is considered that the effects of data packet dropouts and the occurrence of signal quantization simultaneously
emerge in the closed-loop circuit. Furthermore, based on a fuzzy Lyapunov function and a set of linear matrix inequalities,
one can achieve the desired Ho, performance and the sufficient conditions such that the corresponding closed-loop system
is stochastically stable. By the cone complementarity linearisation (CCL) procedure, a sequential minimization problem
is tackled efficiently to gain the solutions of the dynamic output feedback controller (DOFC). Finally, the validity of the

suggested technique is showed via a simulation example.

Keywords Nonhomogeneous Markovian jump systems - T-S fuzzy - Quantization control

1 Introduction

In the past few decades, MJSs are a kind of specific
stochastic dynamic systems, which has a wide range of
employments in networked control systems, aerospace,
power, and manufacturing. Many realistic complicated
systems [1] may suffer unpredictable abrupt changes in
parameters and structures, which is frequently caused by
maintenances or failures of the components, environmental
disturbances and so on. MJSs have been introduced as
powerful and appropriate tool to describe such complex
situations. The network control systems [2, 3] are typical
examples which would be modeled via MJSs [4], and
network delays and packet dropouts can be supposed by
Markov processes. Note that in different periods packet
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losses and delays [5-7] are not in accord. For some
significant results on this subject, we can consult the reports
in [8—11] and the references therein. However, it is generally
true that the existence of exponential distribution of the
jump time brings about many restrictions on application
in MJSs. And as a result of constant transition rates,
the conclusions achieved from the MJSs are conservative
in nature. In the entire operation region the transition
probabilities are time-varying. Different from the MJSs, a
time variant matrix of transition probabilities is the greatest
feature of nonhomogeneous MJSs (NMJSs). The mentioned
works can be approximately split into nonlinear MJSs and
linear ones [12]. Clearly, without loss of generality, it is well
identified that the nonlinear MJSs normally have higher
usability.

On the other research front, numerous practical models
and systems contain complex uncertainties and nonlinear-
ities, which takes the control design and the analysis of
systems into straitened circumstances [13]. Based on the
stochastic set stabilization, both the strategy consensus and
the control of output tracking are presented [14]. The set
stability of equivalent stochastic system with probabili-
ties time delays is investigated in terms of the matrix of
state transition probabilities [15]. Due to appearance of T-S
fuzzy technique, the effective method has been employed to
describe complicated nonlinear systems in accordance with
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a set of “IF-THEN” rules. Consequently, based on T-S fuzzy
systems, some representative results of filtering [16], con-
trol issues [17], stabilization and stability are gained, for
example, [18-25] and the references therein. Very recently,
the researchers had paid close attention to fuzzy MJSs.
By some presented slack matrices, they separate Lyapunov
function matrices from system variables such that the design
of controller and the analysis of stability are addressed
in [26]. However, in a lot of the gained results about
MISs, assuming that transition probabilities are exactly
known and time invariant, a homogeneous Markov chain
or Markov process comes into being. These assumptions
are invalid in some actual circumstances. It is considered
that a polytope set is employed to represent the feature of
time-varying transition rate in such situations. We can assess
the numerical values in some operating point in spite of
the matrices of transition probabilities are not fully known.
The polytope is a convex set such that it is described to
handle the nonhomogeneous fuzzy MJSs (NFMJSs) accom-
panied by time-varying transition probabilities. Therefore,
in [27], a few of novel plan methods are farther enhanced
for NFMJSs.

In addition, in the field of control systems, the issue on
saturating quantization measurements has been proved to
be a hot theme in recent years. Under the circumstances
of network, real-valued signals of the controller and ones
of the model are always projected into piecewise-constant
signals before transmission in the closed-loop circuit. In
some literatures, the results have been obtained toward this
direction, for example [19]. In [28], in the special systems
the state-feedback controller was proposed. However, in
realistic example the state-feedback possesses the critical
shortcoming that the states of system are always hard to
achieve or can not be obtained on account of method,
final cost, etc [29-33]. What’s more, the measurements of
sensor and the instructions output of controller require new
quantized techniques when the signals are sent via networks.
Therefore, inspired by the aforementioned work, we want to
construct a DOFC for NFMJSs with unmeasurment states.

Motivated by the above discussion, in this paper, we
investigate the quantized control design for a class of
NMIJSs with partly unknown and time variant transition
probabilities via T-S fuzzy technique. The main contri-
butions of this paper are as below: i) In the uplink and
downlink, the effects of data packet dropouts and signal
quantization are considered simultaneously. In terms of the
T-S fuzzy method and the approach of parameter dependent
Lyapunov function, we have achieved a sufficient condi-
tions which equip the NMIJSs with required performance as
well as stochastic stability. ii) In our work, a key character-
istic is that we employ the conception of nonhomogeneous
Markov process in which transition probabilities are time-
variant. iii) Along with the development of researches, the
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desired DOFC has been demonstrated. Meanwhile, the CCL
procedure is applied to the DOFC solutions.

The remainder of this article is listed as follows: The
system description and preliminaries are expressed in
Section 2. The main results of the studied problem for
NFMIJSs are derivated under data missing and time variant
transition probabilities in Section 3. Section 4 presents a
numerical example and we formulate the conclusion of this
paper in Section 5.

Notation In this paper, suppose a complete probability
space (£2, F, Pr) in which Pr, F and £2 denotes the
probability measure defined over F, o — algebra and the
sample space, respectively. The symmetry term is denoted
by symbol (). The matrix transposition is signified by
superscript “7T”. The square integrable space on [0, 00) is
indicated by /2[0, 00). The expectation of « is represented
by E{«}. The expectation of @ conditional on 8 is indicated
by E{a/B}. The notation P > 0(> 0) means that under real
symmetric structure it is positive definite (semi-definite).
|M]| refers to the norm of a matrix. | - | refers to the
Euclidean norm of a vector and the norm of conventional
5[0, 00) is defined by || - ||2. If the dimensions of matrices
are not clearly regulated, the compatible dimensions are
assumed.

2 Problem formulations

In this section, the T-S fuzzy model is considered. It
is a non-linear discrete-time system on probability space
(£2, F, Pr), which may be denoted via the fuzzy model.

2.1 T-S fuzzy model

The i-th rule of T-S fuzzy MJSs (FMJSs):
Rule i : If 91(¢) is ;1 and - - - and ©¢(¢) is A;¢ then

x(t+1) = Ai(r)x @) + Bi(r)u(t) + Ei(r)w (1)
2(t) = Ci(ro)x(t) + Di(ro)u(t) + Fi(r)w (1)
y() = Gi(r)x() i€N,
ey

where x(1) € R™*! is the state vector; u(t) €
R™*1 js the control input vector; y(t) € R X1
is the measured output vector; z(r) € R"*! is the
controlled output vector; w (t) € [>[0, oo) are external
disturbances and @ (t) € R"*L. A;(r;), B;i (r;), Ci(ry),
D;(ry), Ei(ry), Fi(ry), G;(r;) are constant matrices with

appropriate dimensions; A; j(j =1,2,---, ) represents
the membership grade of ¥,(1); [91(t), - - - , 9¢(2)]" are
known premise variables. N = (1,2,---, 1), A is the

number of rules.
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The final FMJSs system is listed as follows:

A
x(t+1) = 3 hilAi(r)x (1) 4 Bi (r)u (1)

i=1

+Ei(r)w (1))
A
2(t) = 3 hilCi(r)x (1) + Di(rou(t) + Fi(ro)w (1)]

i=1

A
y(@) = Z] hilGi(r)x ()],
@

o
where we consider for all 7: ¢; (9 (1)) = [] A5 (9, (1)),
j=1

@@ =1,---,x) is the membership functio; of the model
with the i-th rule. In this paper, we assume €; (9 (t)) >

A
0, Y&@ (@) > 0, hi (1) . 1UU)
i=1 Y a@ @)

i=1

A
hi (O () = 0, > h; (¥ (¢)) = 1. In what follows, we
i=1

then

1=
write h; (U (¢)) by h; for brevity.

The Markov chain is represented by{r;,¢ > 0} which
takes values in the space I = {1, 2, - - - , w}. The matrix of
transition probability is A(¢) = {myu, (1)}, m,n € J. From
mode m at time ¢ to mode n at time ¢ + 1, the transition
probability is denoted by 7y, (1) = Pr(ri41 = nlry =m),

w
and 7, (1) > 0,Vm,n € 3, Y 7y, (¢) = 1. In the system

n=1
(2), the time-variant matrix of transition probability A(f) =

{mtmn (t)} is proposed as a polytope Py. Py = {A(t) =
K K

Y LAV @), Y &(1) =1,0 < & (1) < 1}, where the
=1 =1

vertices of P, are denoted by A(T)(t), t=1,2,---k, and
k is the number of the chosen vertices. A (r) includes
some elements which are partially unknown or uncertain,
namely, the matrices of transition probability possesses

Fig.1 Plant flow chart
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incomplete transition characterization. We consider ¥ =
Sy + 30, Ym € 3, where

Sy = (n: wppisknow)

~m . , Vm S 3’
Sk = (2 Tpisunknow)

A
Also, we define J}' = (o', ---@)"), V1l <v < w,Vm € 3.
Where ¢ is the v — th known element in the m — th row
of matrix A (7).

2.2 Output feedback controller

In this paper, in terms on the T-S fuzzy model (2), the DOFC
is constructed:

Rule i : If 91(¢) is ;1 and - - - and ¥¢(¢) is A;¢ then

{ ne(t +1) = Aj (rone(t) + B; (r) y“(¢)
u(t) = Ci (rome (1),

where n.(r) € R™*! u(t) € R™*! and y°(r) €
R™*1 respectively denote the state of the controller,
the output of the controller, the input of the controller.
Af(ry), Bf(r;), C{(r;) are the gains to be determined
matrices with appropriate dimensions. Then the DOFC is
described as follows:

“

A
ne(t+1)= Z] hi [A§ (rone () + Bf (r) y© (1)]

. (5)
ut(t) = X:l hi C{ (rone(2).

1

2.3 Quantization and unreliable communication
links

From Fig. 1, we note that the NFMJSs are quantized in the
environment of network with the unreliable links. Before
the signal is conveyed in the digital channel, the output
measurements y(¢) and the output u(z) of the controller
are quantized respectively in the network. The system (2) is

Fuzzy Nonhomogeneous
Markovian Jump Systems WE)

Network
Packet
Dropout

Network Medium

©(2) Fuzzy Dynamic Feedback
Controller
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subordinate to logarithmic quantizer g, (-) = g, (-) which
is characterized by

40 =[4P0 20 a0 mex, ©)

where q,(n")(~) is assumed to be symmetric. q,gf)(y,, 1) =
—q,(,?)(—yn(t)) n = 1, ,ny. For m € 3, the set of
quantification levels of qm)() is represented by 7, =

{in("’”) ) = (pmmyP g™ h:il,iZ,...} U

{nEOm) ")}U{O} ,0 < pmm) < 1, {’7(0)”1)} > 0, where p"

denotes the quantizer density of the subquantizer q(n)( )and

ngom) ") are the initial values for subquantizer ¢\ (-). The

quantizer g, )( -) is represented as follows:

(m n) . ngn 1) ;Lm,n)
o0 s if T <) < g
n(0)) = 0, if yut) =0

—au (=yn(®), if ya(t) <0,
(7
where §" = (1 — p™™m) /(14 p™™) are the parameters

of the quantizer. Based on [34], the logarithmic quantizer
(7) may be described by

4 (V1)) = (I, + Dn,))y (D), ®)
where Agnn,) = diag {stmb . smmdt 0 <
A(m’,,y) < I,,y. In the same way,

Gm () = (In, + Awn.n,))u (). ©)

From Fig. 1, in the closed-loop circuit, it can be seen
that data missing randomly occurs in the network. Thus
gm(y(®) # YO, gm (1)) #F u(). In light of the
application of the stochastic technique, the aforementioned
phenomenon is denoted as follows

{ YD) = @O (0(0) = a(t) (I, + Aguny)y ()
w(t) = BO)gm W (1)) = BW) (T, + Agun) U’ (1),

where a(¢) and B(¢) fulfill Bernoulli random distribution.
The «(r) is applied to denote the data dropout of the
downlink and the B() is applied to denote the data dropout
of the uplink. Consider «(z), B(¢) as following Pr{u«(t) =
1} = E{a(®)} = a, Pria(t) =0} =1 —a, Pr{B@) =
1} = E(B0)} = B, Prip() = 0} = 1 — B, where
a € [0,1] and B € [0, 1] are constants. Suppose «(t) =
o —i:&(t), p) = B+ /?N(t), then E{a(t)a(t)} = a(l — @),
E{B®)B(t)} = B(1 — B). According to the Eq. 10, one can
obtain

(10)

A
ne+1) = Z hi[A,c"nc(t)
i=1

+o(t)BE (I, + Agnony))y (0] (11)
A
u(t) = Y hiCine(t).
i=1

@ Springer

Combining Egs. 211, the closed loop system is obtain as
follows

A
Er+1) = Z hilAij(r)é () + Ei(r)@ (1)]

>

A

>

i=1j
A
5

z(1) = _ J[Cijr)E@) + Fi(r)w (1)),

12)

Ai(re)
[a(r)Bj(rt)(lny + Agmny))Gi ()
B()Bi (r) I, + Agnn))C5 (1)

AS(r) ’

Cijtri) = [ Citr) BODICD) U, + Ann)C5r) |

coy [0 ] 50y [Ei0
to =20 | me =557

2.4 Definition and Lemma

where A;j(r;) =

Definition 1 [35] The closed-loop system (12) with
@ (t) = 0 is considered to be stochastically stable, for any
initial condition £(0) € R" and ry € , if there exists a
matrix W > 0 such that the following condition holds

E {Z Eof ’(E(O),ro)} <ETOWE().
t=0

Definition 2 [36] For a given constant y > 0, under zero
initial condition the system (12) with an Hy, performance
y is considered to be stochastically stable, if under w () =
0 it is stochastically stable, then for all nonzero w(t) €
5[0, 0o) the following condition holds

E {Dz(mz} <y’lwll3.
t=0

Lemma 1 [34] Suppose that M, N and T are real matrices
with appropriate dimensions and TTT < I, then for any
scalar € > 0, one can have

MTN +NTTTMT < 'MMT + eNTN. (13)

Lemma 2 [37] If the following conditions are founded
M <0,i=1,2,---X. (14)

1
Mll+§(Mll+Mll) < O’Z ;é l’i7l = 1725 R (15)

A—1

Then we have the following inequality

A A
3> hikMy <. (16)
i=1 =1
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3 Main results

Theorem 1 For a supposed disturbance attenuation le-vel
y > 0, the closed-loop system (12) is stochastically stable
and the controller gains are solvable if there exist positive
definite matrices Pi(m), m € 3, (I = 1, ..., A) fulfilling

AL Bl + a2 BmaZ - e <0, (7)

_—501_1 0 NZLAAIA]
rl.m={ 0o -1 J[[JCyj|<0ned, (18
* x —[1V Qi

—ﬁlil(n) 0 A,‘j

,ﬂ,(m) 0 —1 Cij | <0nelu., (19
L * * —0;
where
—p; ' =diag{ —P7 @) - —P7 @},
R = <’> e ,512,,11]

Pi(n) = annsz(n) ]"[ 2 ey T

n=1

A cl F ,
Cii=|
SEHE [Az; it

~ | P(n) O | Pim) O
Pl(n)_I: O Pl(n)i|’Ql—|: 0 7/21]’

Ai(m)
L LaBsem)Un, + Agnny)Gi(m)
T BBi(m) (U, 4 Awnn))C5m) |
AS(m)

0
[J&(l — @) BS(m)(n, + An.n,))Gi(m)
— VBA = B)Bi(m)Un, + An,n,))C5(m)
0
Cly = [ Citm) BDim) U, + A, )C5m) |

= [0 VB =B Ditm) U, + A, )C50m) |

Proof Considering w (t) = 0, the system (12) is proved
to be stochastically stable. For system (12), we define
the following Lyapunov function and assume r; = m at

i h; P; (m)] (1), where

i=1

time instant ¢. V (¢, m) = &7 (¢) [

Pi(m) > 0, supposing h;" = h (9 (t + 1)), {; () = ¢, one
have

E{AV(t, rz)} = {V(t + L) [E@), r ) = Ve )

<& Zh* >3 Y mbye [ Binal

i=1 j=11=1

+(A2)" P A%, = Piom) [E), (20)

According to Eq. 17, we can have the system (12) is
stoch-astically stable

Leew = S XY hibcdal) Aal, +
=1 i=1j=1lt=
(A2 B A% — Pi(m)l, From imn(-9)[E0)|* <

ET()(—0EWM) < Ama(—®)[E@)|’, one can obtain
E{AV(t, 1)} < —hmin(—¥)ET(1)E(r), which implies

0o _ B R _1 A _
E {22)‘50)’2} < ET(0) Qmin (—¥)) : Z h; P;(m)§ (0).
=

Let W = (min(—¥))

achieve ¥ < OQand W > 0. Therefore in light of Definition
1, we obtain that the system (12) is stochastically stable.
When the zero initial condition exists we will consider the
H, performance in the following section. The index on H
performance is as follows

Zh P;(m), from Eq. 17

7= Bl 020 | owy, | - v 0w 0)
+E | Vi, r). @1)

o} —

E (k)

Let © (k) = [w(k)

], and we obtain

J=E {ZT(z)Z(I) lo@.r } )
E{V(t+ 1) 0w } = V)

A A A A A
E [@T(z) DRI NN hihjhsh,

=1 i=1 j=1s=1 o=1

([ i & [Z & ann“)Pz(n)} [A

o & ]) @(z)}
=1 n=l1
A
o’ o) - & 1) {Z h,»P,-<m)} E@)
i=1
s A A s
+E |®T(r) Y3
i=1 j=ls

=1 s=1 0=1

hihjhsho

([ Fi1[Coo Fs ])@(z)}
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A A A K
<O WY Y YD hihjt

=1  i=l j=1t1=1

T ~ T ~ T ~ —_
(A" AL + (A7) PmAT; (AL Pi(n) 8
EiTPl(n)Al.'j g P ()&

T T T
L | (€€l () Ch () F
FTCj FlF;

P;
[7e 2] )e

A A A K
=0T0Y A Y YD hihjt
=1

i=1 j=11=1

{cl. 1 Tcl F Al g 1"
12/ l} [ 121 l}—’—[ %] I}
ci ol |cko AZ 0
Pm) 0 A& | [Pm 0 7],
|: 0 131(11)] |:A,2j 0 0y o
From above formula, we can have

w
Alz; |:Z nmn(f)ﬁl(n)j| Aij + é,?]q-éij - Qi
n=1

Then, from Schur complement, for each n € 32”, pre- and
postmultiplying by
diagl =P (") -+ =P M@ 1 11,

one can have

—131_1 (") --- 0 0 71)512?, Aij
A ~ s (22)
* S AN (0 VINC A ¥y
* * * -1 VTG
L * * * x —[1)0i
—ﬁf](n) 0 z‘gij
> o ™ 0o -1 ¢ |- (23)
ne“suk
* * —Qi
According to Egs. 18 and 19, we can obtain J < 0 and
o0
E {Z |z(t)|2} < y? |l |13. The proof is finished. O
t=0

From the condition of Theorem 1, it is difficult to find the
solutions of the controller due to the uncertainties. In terms
of Lemma 1, the following theorem is presented.

@ Springer

Remark 1 Note that a common quadratic rather than
the fuzzy Lyapunov function is used to obtain more
conservative stable conditions. In terms of Theorem 1, based
on the method of linear matrix inequalities [38], we can
derive the DOFC condition in Theorem 2.

Theorem 2 For a supposed disturbance attenuation le-
vel y > 0, the closed-loop system (12) is stochastically
stable and the controller gains A;(m), B;f (m), C;f m)(j =
1, ..., A) are solvable if there exist scalars ¢, > 0,(q =
0,1,2,---,2v) and positive definite matrices P(m), m €

S, I = 1,..,)), such that the following inequalities
hold:
[ Hyy Hi2 Hz Hy 0 0 7]
Hyy Hy Hy; O 0 0
1 . * % Hi3 0 0 Hj
Fijlr (m) = * % % Hyu 0 O <0, 24
* % x x Hs5 0
|+ x ok x  *x Hege |
ne ff?k,
_—]31_1(}’1) 0 AN,'J' Yi 0 0]
* -1Cj; 0 0 0
*0 0 Y
r? (m) = * * L 21 <0, (@25
'-f”(m) * x *x Y3 0 0 = 25)
* * *x % —[ 0
L * ¥ %k % ok Yq |
where
Hyy Hypp —p,‘l 0 LT
= ££,
|:H21 H22i| |: 0 -1 * e

- m ~ X 0
Hi3=R'A;;, Hj3 = ,/l—[v Cij, H33=|:0 i y21:| ;
~ Au’(f’ﬂ)] ~ |:Cli'(m)i|
e J L Cii = J ,

Y |: Ap;j(m) Y Cyij(m)

m
X = —HU Pi(m) + x1,
x1=(e1+--- +82u71)®5¢” +(e2+ -+ e2)RR;,

Hyy =diag { EoKj(m) EoKj(m) ---
EoKj(m) EoKj(m)},
_ ® 7! (m 7!
Hyy = diag{ _81(”m¢1") 1 _82(nm(p’1") I
—1 —1

ce T 821}—1(77,5125") I _8211(77,(,,231) 1},

_ () T @© AT -
e=[ [rlnelm Ja,0f m)
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a5 m) (70 OF (m) /TTy BDT (m)

VITVEG=Abl ]
= T
_y, — | (E1Cj(m))” O
Hys =Y = [ (’) O} ;
e
H55=—17H66=Y4=|: 8% I_OI]

_[EoK;m) 0
Yl_[ 0  EoKj(m)

_ —811 0
=750 ]

or = | R+ e1@T®d +eRIR 0
1 — O —J/2I
Proof Let

Ailj = Ay;j(m) + AAy;;(m),
Aizj = Ajij(m) + AAy;j(m),
Cli = Cr(m) + ACyji(m),
C}; = Cai(m) + ACau(m),

Aiij(m) = A;j(m) + EoKj(m)®;(m)

+Qi(m)E{Cej(m),
Agij(m) = EgKj(m)R;(m) + Q;(m)ECcj(m),
Crit(m) = ¥i(m) + BD;(m)E\Cj(m),
Cait(m) = \/ B(1 = B)Di(m)E  Ccj(m),
AAjij(m) = EoKj(m)Agn,n,)P1i(m)
+82;(m) A n) E1Cej (m),
AAzij(m) = EoKj(m)Agm,n,)Ri(m)
+0Qi (M) Agn ) E1Cej(m),
AC1ii(m) = BD;(m)Agn.n,) E1Ccj(m),

ACyi(m) = /Bl — B)Di(m) Agn,n,) E1Cej(m),

[A; 0

o[98 [0 Je-[1]
0 1 0 0

®;(m) = | &G, (m) 0],€D1i(m) = |:&Gi(m) 0:|,

2i(m) = _gﬂBg)(m)},z

Ri(m) = 0 0

= Va@=a)Giom) 0 |

0, (m) = 8 VB —Oﬁ)Bi(mq 7

Yi(m) = [ Ci(m) 0], D;(m) = [0 D;m)].

Kjm) = [ ASGm) B§m) |, Cjomy = [0 Cm) |

It is shown that T'}.

(m) < 01in Eq. 18 is equivalent to

ijlt
Y1 0 T3
ljlr(m) * T T3 | <0, (26)
¥ x 133
where
Ti = diag {111 -+ Tu },
—1 m
= 0
T = (1) 1, m }
L 0 =P (e)
- P '@ 0 }
Ty = 1, m s
L0 —P7 (¢y)
(7) ) =
mrw Allj v mrmul(m)
w0, A2, 0
T3 = ,
’E:ggmAl ‘/ ,E,lrggm:l(m)
()
mr¢))1A2 0
T__—IO e VI Cw/ [T Fi(m)
271 o B= J_c 0
_ __l_[v P;(m) 0
T33 = i 0 _1_[,,, 2 |
Itis noted that T}, (m) = T, (m) + AL, (m), in which
111 0 2’13
z/lr(m) =| x Tn Ty |,
L *x % 133
nrff(zq"Altj(m) (T)m::l (m)
()
Tis = : ,
,if(jm 11 (m) ,ﬁfgm E:(m)
(7)
Ry t(p’" 2 (M) 0 )
Ty = \/ Cl,](Wl) VI, Fi(m)
L V v C21] (m) 0 ’
_O ... 0 nr(nf(z'l'lAAll/(m) O
0...0 n;r(z?lAAzl] (m) 0
(r)
A 0---0 m AA 0
AT (m) = ’Z’T"; 11 () 27)
0---0 m%mAAzz/(m)O
00 [Ty AC;;(m) 0
00 [Ty AC,;;(m) 0
[ 0---0 0 0
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We rewrite the formula AT!

ij1z (m) as follows:

(m) = AL (m) + AL (m) + AT2(m) + -
+AT,—1(m) + AT, (m).

zjlr

Letno = [ 7\ OT (m) -

7 27 (m) \[7 D OF (m) JTTZBDT (m)
JITVEQ = BBT (m) 0 O]T,
mo=[00---0000 E Cc(m) 0],

AT (m) = n0Amnyio + 0" AT manymo”

= [ /7 (EoK )T 0
i =[00---0000 &y(m) 0],

AT (m) = MAwm.ny)1 + /LlTAT(m,n_V)mT,
m={ 0 Jain (EoK )T -
2 =[00---0000 R;(m) 0],

AT (m) = m Az + 12" AT gunyyna”

) T
nmw .Qi (m)

-oooooo]T,

oooooo]T,

T
M1 =00 [ (Eok jm)T 00000] .
p2v—1=[00---0000 &@;(m) 0],

AT2y—1(m) = n2v—1A(n,n,) U2v—1
+,Ud2v71TAT(m,ny)772U71 L,

T
M =[00-0 [alD (K ;m)T 0000]
p2y=[00---0000 Ri(m) 0],

Af2v(m) = UZUA(m,ny)ILZU + MZvTAT(m,ny)n2vT~

Then, by Lemma 1, one can have

T (m) + goeo” o + €0~ momo” + e11 "y
Ty 4
17721)—17721)—1T

1772v7]2vT <0,

+er tmm T + eapnT o + 62
+82v—1//L2v—1T//L2v—1 + &1
+52vﬂ2vTﬂ2v + &2

(m) =T} (m)+ Z1+ 2, <0,

z/lr ijlt

where
Z, = diag{sfl(JTVE;Z;,,)(EOKJ'(M))(EOK/(m))T

£, () (EoK j (m)) (EoK j m))" 0

(=)

£0(E1Cej(m))" (E1C.j(m))O},
o £ 0 0

Zy = * x1 0

* * 0
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(28)

29

We can obtain Eq. 24 by Schur complement for each n €
J¢,and in the same way one can achieve Eq. 25 for each
n € 3. The proof is finished. O

From the conditions of Theorem 2, we are very difficult
to find the solutions of the controller due to the conservative.
We adopt the basis-dependent Lyapounov function in this
paper. With the achieved LMI of the designed controller,
it generates a non-convex condition. In order to solve
the parameters of controller matrices, we use the CCL
algorithm to tackle it. In terms of Lemma 2, the following
theorem is given.

Remark 2 On the above proof of theorem 2, the matrix
inequalities are applied to supply conveniences of mathe-
matical derivation. At the same time, it will lead to more
conservatives. One feasible method as in [39] is to present
a constant matrix in order to decrease the conservative. In
this paper, without loss of generality, the fuzzy Lyapunov
function and the CCL algorithm are utilized to tackle the
solutions.

Theorem 3 For a supposed disturbance attenuation le-
vel y > 0, the closed-loop system (12) is stochastically
stable and the controller gains A‘ (m), BC (m), Cc m)(j =
1, )») are solvable if there exlst scalars &g > 0,(qg =
1, 2 , 2v) and positive definite matrices P;(m), Lj(m),
m € 3 (I = 1,...,A), such that the following inequalities
hold:

r! (m)<0.ne, (30)

rl (m) + = (F1 (m)+ T}, (m) <0,i #j, (1)

iilt ijlt
A — J

2 (m) <0,n € u, 32)

I o 2 2 .
P Lo m+ > (F,,,,( m)+T7, (m) <0,i #j, (33)

Pi(m)L;(m) = 1. (34)
In Theorem 1 and Theorem 2, we define other relevant

variables.

Proof In terms of Lemma 2, if the matrix inequalities
(30)—(34) hold, then one can have the following inequality

Zh+222hh,g,(r (m)+r2 (m)) <0. (35)

=1 i=1 j=1t=1
The proof is completed. O

We introduce the basic notion of the CCL algorithm. If
P(m) > 0, Liim) > 0, m € 3, ( = 1,..,A) are n
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dimensional solutions for the condition of LMI:

|:P1(m) I

I Ll(m):| >0,Vm e g, (36)

then, r(3_,, P/(m)L;(m)) > n, furthermore, if and only if
P(m)Li(m) =1,

tr (Zm Pl(m)Ll(m)) — 7. (37)

In this paper, the quantized H,, DOFC design problem is as
follows:

mintr (Zl,m P;(m)Ll(m)) , (38)

subject to Egs. 30-33 and 36.

Then the conclusions in Theorem 3 are resoluble if there
have solutions such that min ¢7(3_; ,, Pi(m)L;(m)) = An
is subject to Eqgs. 30-33 and 37. The algorithm is shown in
Table 1.

Remark 3 In the previous algorithm, note that, an iteration
technique is applied to tackle the minimization problem
rather than the handled problem of customary nonconvex
feasibility in Eq. 34. Because it is difficult to get the optimal

Table 1 Quantized control design algorithm

Programme Algorithm

Step 1: Seek a feasible set
(PO (m), Li°(m), A{(m), B (m), C{*(m))
to satisfy Eqs. 30-33 and 36. Set k = 0.

Step 2: Solve the following issue
mintr (3, (Pi(m)Lf(m) + Pf(m)L,(m)))
s.t. Egs. 30-33 and 36.

Step 3: The achieved variables

(Pr(m), Li(m), A (m), B (m), C; (m))

are substituted into the inequality Eqgs. 24 and 25.
If the inequality Eqs. 24 and 25 are hold, with

[tr () Pim)Li(m)) — 2id| < §

for any sufficiently small scalar § > 0,

then obtain the feasible solutions

(P (m), Ly (m), A¢(m), B (m), C{ (m)). EXIT.

Step 4: If k > N, where N is the allowed

maximum number of iterations , EXIT.

Step 5: Setk =k + 1,
(P*(m), Li*(m), A% (m), B (m), C*(m)) =
(P (m), Li(m), Af(m), Bf (m), C{(m)) and go to Step 2.

values to satisfy the requirement that the stopping criterion
is supposed to be verified in the minimization problem.

4 Numerical simulations

In the section, a numerical example is applied to illustrate
the validity of the proposed design method. We suppose
that three modes are in the discrete-time FMIJSs (1), and
the matrixes of parameters for the system (1) are listed as
follows:

i =[5 o] 100 = [oen]
i = [ o] o =[]
e = [ Loy S ) =[]
w = [ ST, o | =000 |
N e O P
s = [y 05 ] =[]
Ei{1) = :_0(')(,)83326]&“} = [ __08(())(();}

Ci{1} = [0.0017 —0.0058 ],

Ca{1} = [ =0.0020 —0.0061],

Di{1} = —0.0033, D>{1} = 0.0228,

Fi{l} =0, ,2{1} =0,

Gi{1} = [—0.0826 0.5], Ga{1} = [ —0.0502 1.0],
E{1} = Eif2} = E1{3}, Ex{1} = E2{2} = E»{3},
Ci{1} = C1{2} = C1{3}, C2{1} = 22} = {3},
Di{1} = D1{2} = D:1{3}, D2{1} = D2{2} = D2{3},
Fi{l} = Fi{2} = F1{3}, F2{1} = F2{2} = F»{3},
Gi{l} = G1{2} = G1{3}, G2{1} = G2{2} = G2{3}.

We propose the design of DOFC. As opened up before
our eyes in Fig. 1, under the circumstances of network,
the signals of the controller and the ones of the model
are always projected into piecewise-constant signals before
transmission. The logarithmic quantizer (6) makes the
signal y(¢) and the signal u(¢) quantize. oD = 0.6667,
p12 = 07391, p1Y = 06 and 0" = p2

(U]
ng(l)f) = 0.0001 are the selected quantizer densities. It can

be calculated that 81 = 0.4, 62 = 0.5 and 513 =
0.25 hold. We apply the CCL algorithm and the LMISs in the

@ Springer



1770

Peer-to-Peer Netw. Appl. (2019) 12:1761-177

3

theorem 3 when o = 0.8, B = 0.8. The DOFC gains are
listed below

ey | 0.0058 0.0116
Ail) = | —0.0887 0.1160 |
ey _ [ 0.0594 —0.0401
A} = | 0.0209 —0.0177 |’
[ —0.0541 —0.0913
c — c —
Bith =1 00199 ]32{1} _[ 0.0689 ]

Ci{1} = [0.0092 —0.0088 ],
C5{1} = [ —0.0028 0.0010],

. —0.0352 0.0519

c —
A2 =1 o016 —0.0188]’
i [ 00143 —0.0069
A= 00091 0.0026 |°

BE(2) = 0.0026 j| JBS(2) = [—0.0043] ’

| 0.0111 0.0067
Ci{2} = [ —0.0081 —0.0393 |,
C5{2} = [ —0.0035 0.0103 ],
: [—0.0142 0.0248
¢ —
A3 = | 0.0003 —0.0009]’
cia1 _ | 0:0090 —0.0060
4203 = | 0.0113 —0.0015 |
[ —0.0041 —0.0043
c — c —
Biid) = | 0.0023 }’32{3} B [—0.0089]

C{{3} = [ 0.0086 —0.0276 ],

C513) = [ —0.0051 0.0075].

Let ¢, (¢) = h;(¢). Membership functions for Rules 1, 2 and
the matrix of transition probability are listed as follows

Ix@) < —1
hi(xi@) =14 05—=05x1(1) =1 <x1(r) <1
0 else,

ha(x1(@) =1 = h1(x1(2)),

22025 29 04
n'=12202 |, 0>=|22045 |,

| 72035 2907

2 2 015 03 ?2 2
m=12075 2 |.0*=| 2 2 045 |,

[ ? 2 055 2 06 2

where, ? represents the unknown element.

Figure 2 shows that in both the uplink and the downlink
the missing of random data packet is described. The
external disturbance is given as @ (t)=1/(2+t). Moreover,
we suppose that x(0) = [ —1 4]T and 1.(0) = [ -2 I]T
are the initial value of the model and the initial value of the

@ Springer

Random data loss with a=0.8
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Time(s) B
Random data loss with 5=0.8
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IR ki b It
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]
S of ++ 1
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Fig.2 The missing of random data packet
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Time(s)

Fig.3 Quantized signals and the output y(¢)

4

State response of the close-loop system

0 5 10 15 20 25

Time(s)

Fig.4 The state curves of the closed-loop system
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7711(0
—

State response of the controller
T
.

2 . . . . .
0 5 10 15 20 25
Time(s)

Fig.5 The state curves of the controller

controller, respectively. The output g, (y(¢)) of quantized
signals and the output y(¢) of model are displayed in Fig. 3,
in which the signals are quantized well via the logarithmic
quantizer. The quantized signals quickly approach zero with
the passage of time, which suggests that the developed
technique is applicable and correct. Figures 4 and 5 display
the state curves of the closed-loop system and the state
curves of the controller, respectively, which indicates the
validity of the proposed method. The results indicate that the
nonlinear MJSs can be effectively stabilized via the fuzzy
DOFC. Furthermore, the entire model is devised perfectly
along with the advantageous capacity of the controller.
Perhaps more accurately, due to the condition performance
the states quickly converge to the equilibrium point, which
is easily noted. From Fig. 4, under the signal switching,

0.005 T T T T T

-0.005 b

-0.015 4

-0.025 [ b

-0.03 L L L L L
0 5 10 15 20 25 30

Time(s)

Fig. 6 Quantized signals and the output u“(z)

5 10 15 20 25 30
Time(s)

Fig.7 the state signals of the MJSs model

it can be found that the amplitudes of the states are
smaller and denser, which further means that a more ideal
performance exists in the system. Further, from Figs. 4
and 5, it is observed that the states are approximating fast
to zero as time k passes by. Then, we can conclude that
there exists a DOFC of the form (5) such that the system
(12) with Hs, performance level is stochastically stable.
The output g, (u“(¢)) of quantized signals and the output
u(t) of the controller are indicated in Fig. 6. Additionally,
Fig. 7 plots the state signals of the FMJSs model. The
efficiency of the presented technique is illustrated by the
above phenomena. Therefore, for the closed-loop system,
the stochastic stability and the required H, performance are
ensured in this paper.

5 Conclusion

In this paper, we have dealt with the quantized control
design for a class of NMJSs with partly unknown and time-
variant transition probabilities by a T-S fuzzy approach.
Particularly in a network environment, we considered
simultaneously the effects of data packet dropouts and
signal quantization in the closed-loop circuit. A sufficient
condition of the stochastic stability and the required
performance for the closed-loop system are presented by a
fuzzy Lyapunov function. In order to deal with the solutions
for the DOFC, a sequential minimization is efficiently
tackled by the CCL procedure. The effectiveness of the
suggested control schemes is illustrated by a simulation
example. The more practical and realistic stochastic system
will be followed with interest by us. Particularly, in a
network environment, the fuzzy filtering with the semi-
Markovian jump systems (S-MJSs) are our interest.

@ Springer



1772

Peer-to-Peer Netw. Appl. (2019) 12:1761-1773

Acknowledgments This work is supposed by National Natural
Science Foundation of China (61673280) and the Liaoning Province
Natural Science Foundation of China (20180550764).

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Ji Y, Chizeck HJ (1990) Controllability, stabilizability, and
continuous time Markovian jump linear quadratic control. IEEE
Trans Autom Control 35(7):777-788

. Liu M, Ho DW, Shi P (2015) Adaptive fault-tolerant compen-

sation control for Markovian jump systems with mismatched
external disturbance. Automatica 58:5-14

. Liu M, Shi P, Zhang LX, Zhao XD (2011) Fault-tolerant control

for nonlinear Markovian jump systems via proportional and
derivative sliding mode observer technique. IEEE Trans Circuits
Syst I Regul Pap 58(11):2755-2764

. Kocer UU (2013) Forecasting intermittent demand by Markov

chain model. Int J Innov Comput Inf Control 9(8):3307-3318

. Karimi HR (2011) Robust delay-dependent H, control of

uncertain Markovian jump systems with mixed neutral, discrete
and distributed time-delays. IEEE Trans Circ Syst I Reg Papers
58(8):1910-1923

. LiZ, Fei Z, Gao H (2012) Stability and stabilisation of Markovian

jump systems with time-varying delay: an input-output approach.
IET Control Theory Appl 6(17):2601-2610

. Li F, Wang X, Shi P (2013) Robust quantized Hy, control for

network control systems with Markovian jumps and time delays.
Int J Innov Comput Inf Control 9(12):4889—4902

. Sakthivel R, Santra S, Mathiyalagan K (2013) Admissibility

analysis and control synthesis for descriptor systems with random
abrupt changes. Appl Math Comput 219(18):9717-9730

. Shi P, Luan X, Liu F (2012) Hy filtering for discrete-time systems

with stochastic incomplete measurement and mixed delays. IEEE
Trans Ind Electron 59(6):2732-2739

Wu L, Su X, Shi P (2014) Output feedback control of Markovian
jump repeated scalar nonlinear systems. IEEE Trans Autom
Control 59(1):199-204

Bo H, Wang G (2014) General observer-based controller design
for singular Markovian jump systems. Int J Innov Comput Inf
Control 10(5):1897-1913

Yin Y, Shi P, Liu F (2011) Gain scheduled PI tracking control
on stochastic nonlinear systems with partially known transition
probabilities. J Franklin Inst 348(4):685-702

Karimi HR, Duffie NA, Dashkovskiy S (2010) Local capacity Hoo
control for production networks of autonomous work systems with
time-varying delays. IEEE Trans Autom Sci Eng 7(4):849-857
Alsaadi F, Alsaedi A, Ding X, Li H (2017) Stochastic set
stabilization of n-person random evolutionary Boolean games and
its applications. IET Control Theory Appl 11(13):2152-2160
Ding X, Li H, Wang S (2018) Set stability and synchronization of
of logical networks with probabilistic time delays. J Franklin Inst
355:7735-7748

Su X, Shi P, Wu L, Nguang SK (2013) Induced /, filtering of fuzzy
stochastic systems with time-varying delays. IEEE Trans Cybern
43(4):1251-1264

Li Z, Gao H, Agarwal RK (2013) Stability analysis and controller
syn thesis for discrete-time delayed fuzzy systems via small gain
theorem. Inf Sci 226:93-104

LiF, Shi P, Wu L, Zhang X (2014) Fuzzy-model-based D-stability
and nonfragile control for discrete-time descriptor systems with
multiple delays. IEEE Trans Fuzzy Syst 22(4):1019-1025

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Li F, Shi P, Wu L, Basin MV, Lim CC (2015) Quantized control
design for cognitive radio networks modeled as nonlinear semi-
Markovian jump systems. IEEE Trans Ind Electron 62(4):2330-
2340

Li X, Yang G (2014) Fault detection in finite frequency domain
for Takagi-Sugeno fuzzy systems with sensor faults. IEEE Trans
Cybern 44(8):1446-1458

Lam HK, Tsai SH (2014) Stability analysis of polynomial-
fuzzy model-based control systems with mismatched premise
membership functions. IEEE Trans Fuzzy Syst 22(1):223-229
Lam HK, Narimani M, Li H, Liu H (2013) Stability analysis
of polynomial-fuzzy-model-based control systems using switch-
ing polynomial Lyapunov function. IEEE Trans Fuzzy Syst
21(5):800-813

Zhang H, Shi Y, Wang J (2014) On energy-to-peak filtering
for nonuniformly sampled nonlinear systems: a Markovian jump
system approach. IEEE Trans Fuzzy Syst 22(1):212-222

Youssef T, Chadli M, Karimi HR, Zelmat M (2014) Design of
unknown inputs proportional integral observers for T-S fuzzy
models. Neurocomputing 123:156-165

Jiang L, Qi R (2016) Adaptive actuator fault compensation for
discrete time T-S fuzzy systems with multiple input-output delays.
Int J Innov Comput Inf Control 12(4):1043-1058

Yin Y, Shi P, Liu F, Teo KL, Lim CC (2015) Robust filtering
for nonlinear nonhomogeneous Markov Jump systems by fuzzy
approximation approach. IEEE Trans Cybern 45(9):1706-1716
Li F, Shi P, Lim CC, Wu L (2018) Fault detection filtering for
nonhomogeneous Markovian jump systems via fuzzy approach.
IEEE Trans Fuzzy Syst 26(1):131-141

Li H, Wu C, Jing X, Wu L (2017) Fuzzy tracking control for
nonlinear networked systems. IEEE Trans Cybern 47(8):2020-
2031

Basin MV, Rodriguez-Ramirez PC (2014) Sliding mode controller
design for stochastic polynomial systems with unmeasured states.
IEEE Trans Ind Electron 61(1):387-396

Gao H, Zhan W, Karimi H (2013) Allocation of actuators and
sensors for coupled-adjacent-building vibration attenuation. IEEE
Trans Ind Electron 60(12):5792-5801

Lam HK, Li H (2013) Output-feedback tracking control for
polynomial fuzzy-model-based control systems. IEEE Trans Ind
Electron 60(12):5830-5840

LiH, Jing X, Karimi H (2014) Output-feedback-based H, control
for vehicle suspension systems with control delay. IEEE Trans Ind
Electron 61(1):436-446

Vesely V, Rosinova D, Quang TN (2013) Networked output
feedbackrobust predictive controller design. Int J Innov Comput
Inf Control 9(10):3941-3953

Yu J, Liu M, Yang W, Shi P, Tong S (2013) Robust fault detection
for Markovian jump systems with unreliable communication links.
Int J Syst Sci 44(11):2015-2026

Tao J, Lu R, Su H, Shi P, Wu ZG (2018) Asynchronous filtering
of nonlinear Markov jump systems with randomly occurred
quantization via T-S fuzzy models. IEEE Trans Fuzzy Syst
26(4):1866-1877

Liu M, Ho DW, Niu Y (2009) Stabilization of Markovian jump
linear system over networks with random communication delay.
Automatica 45(2):416-421

Tuan HD, Apkarian P, Narikiyo T, Yamamoto Y (2001)
Parameterized linear matrix inequality techniques in fuzzy control
system design. IEEE Trans Fuzzy Syst 9(2):324-332

Zhang J, Shi P, Qiu J, Nguang SK (2015) A novel observer-based
output feedback controller design for discrete-time fuzzy systems.
IEEE Trans Fuzzy Syst 23(1):223-229



Peer-to-Peer Netw. Appl. (2019) 12:1761-1773

1773

39. Niu Y, Ho DW, Li CW (2010) Filtering for discrete fuzzy
stochastic systems with sensor nonlinearities. IEEE Trans Fuzzy
Syst 18(5):971-978

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Xiaolei JI was with the Depart-
ment of Mathematics and Phy-
sics Shenyang University of
Chemical Technology. She
received her M.S. degree from
Northeastern University in 2008.
Her research interest covers
networked operational control,
industrial ~ wireless  sensor
networks.

Yang Wang was born in
Liaoning Province, China. He
received the M.S. degree in the
Department of Mathematics
from Liaoning University,
Shenyang, China. He was
with the Department of Math-
ematics and Physics Shenyang
University of Chemical Tech-
nology. His research interest
covers networked operational
control, industrial wireless
sensor networks.

@ Springer



	Quantized control for nonhomogeneous Markovian jump T-S fuzzy systems with missing measurements
	Abstract
	Introduction
	Notation

	Problem formulations
	T-S fuzzy model
	Output feedback controller
	Quantization and unreliable communication links
	Definition and Lemma

	Main results
	Numerical simulations
	Conclusion
	Acknowledgments
	References
	Publisher's note


