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Abstract—This paper focuses on the issue of designing an
adaptive event-triggered scheme to the decentralized filtering for
a class of networked nonlinear interconnected system. A novel
adaptive event-triggered condition is proposed by constructing
an adaptive law for the threshold. This new type of threshold
mainly depends on the error between the states at the current
sampling instant and the latest releasing instant, by which the
data release rate is adapted to the variation of the system. The
limitation of network bandwidth is alleviated on account of a
large amount of ‘“‘unnecessary” packets being dropped out before
accessing the network. Sufficient conditions are derived such that
the overall filtering error system under the proposed adaptive
data-transmitting scheme is asymptotically stable with a pre-
scribed disturbance attenuation level. An example is given to
show the effectiveness of the proposed scheme.

Index Terms—Adaptive event-triggered scheme, filtering, non-
linear networked interconnected system, Takagi-Sugeno (T-S)
fuzzy model.

I. INTRODUCTION

ARGE-SCALE system has gained a growing attention
L since the 1970s [1], [2]. It has many practical applica-
tions, such as transportation systems [3], power systems [4],
multiagent systems [5], aerospace vehicles [6], network of
Chua’s chaotic circuits [7], and ecosystems [8]. Such a
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system is composed of several connected low-order subsys-
tems, which is also called as an interconnected system. A
common feature of such a system is that the subsystems
or components are usually widely located in space [9]-[12].
Decentralized strategy allows the control implementation to be
more feasible and flexible. But signal transmission becomes
more complicated when using point-to-point wired connec-
tion under this control strategy. Wireless/wired communication
network is an alternative to transform the control system
into a networked control system (NCS). The information is
exchanged over the network among subsystems and control
components. However, the limitation of network bandwidth
or some other factors restraining the network, such as, the
consumption of power while using wireless network, will
lead to increasing difficulties and challenges of analysis and
synthesis [10], [13].

Nonlinearity is an inherent nature of many practical systems
that should not be neglected in modeling system. In the past
decades, research on control/estimation problems for non-
linear systems has received considerable attention [14]-[17].
Takagi—Sugeno (T-S) fuzzy model technique has been proved
to be a successful approach in dealing with the prob-
lem of modeling and analyzing nonlinear dynamic control
systems [18]—-[20]. Based on T-S fuzzy mode, an H, fil-
ter design for a class of continuous-time/NCSs with multiple
state-delays was investigated in [14]. The objective of H fil-
tering is to design an estimator for a given system such that
the £, gain from the exogenous disturbance to the estimation
error is less than a given level [21]. Xu et al. [22] investigated
the H filtering for discrete-time nonlinear systems using T-S
fuzzy model with consideration of multiple sensor faults. The
sensor saturation and missing measurements were considered
in the filtering of T-S fuzzy NCSs in [23] and [24]. For NCSs,
there are three ways to improve the performance of the control
system.

1) By improving the method of control design to adapt
network inherent defectives, such as packet drop-out,
network-induced delay, etc.

2) By enhancing the network quality of service (QoS),
such as the method of quantization, event-triggered
mechanism, etc.

3) By co-designing method.

Zhang et al. [25] studied the problem of quantized H filtering
for T-S fuzzy systems. However, quantization method is not
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a efficient way to mitigate the burden of network bandwidth,
especially for large-scale systems with a large amount of infor-
mation to be transmitted, since the number of packets released
into the network cannot be decreased. Recently, the issue of
event-triggered scheme (ETS) to NCSs has so far attracted
much attention. Under this scheme, the packet is transmitted
over the network only when a specified threshold is exceeded.
Consequently, it results in a great reduction of the amount
of releasing data into the network. Meanwhile, the energy
consumption is reduced as well owing to the event-triggered
releasing mechanism with a lower releasing frequency. It is a
crucial problem for a wireless sensor network. The input-to-
state stability of a nonlinear system was investigated in [26]
based on ETS. A self-triggered feedback control strategy
and its extended result under ETS for decentralized NCSs
were proposed in [27] and [28], respectively. The authors
aimed to co-design the controller and ETS for NCSs by using
a discrete event-triggered communication scheme (DETCS)
in [16], [29], and [30]. In comparison with the problem of
stabilization, the filter design is much more complicated, espe-
cially for large scaled systems. From the published literature,
few results are in reference to the problem of filtering of non-
linear interconnected systems based on the ETS, which gives
rise to the motivation for our current investigation.

It is known that the threshold of ETS/DETCS plays a sig-
nificant role in deciding whether or not to release the data
into the network. For example, the threshold with a small
positive constant yields to the case of time-triggered scheme
as in [29]. Even worse, Zeno behavior may occur using the
method in [28] with an unsuitable threshold, which is unac-
ceptable for hardware. Obviously, it would be better for the
threshold regulating with the disturbance of the system, net-
work QoS, etc., to improve the performance of the system
adaptively. Note that the threshold in the existing literature
was a prior predetermined constant. To the best of authors’
knowledge, there is no related research on the issue of adap-
tive ETS for the filtering of interconnected systems, which is
another motivation of this paper.

This paper is devoted to investigating an adaptive ETS
for the filtering of networked nonlinear interconnected sys-
tems to save the limited network resource while maintaining
the desired filter performance. Under the proposed adaptive
ETS, a co-design method to decentralized H, filtering of
T-S fuzzy model-based interconnected systems is put for-
ward. The main contributions of this paper are summarized as
follows.

1) A framework of decentralized H, filter is developed
by introducing a distributed adaptive event-triggered
generator (AETG).

2) A novel adaptive ETS is proposed by constructing a new
adaptive law of threshold, which is accommodated with
to the variation of the system.

3) A co-design method is developed with the aid of a new
Lyapunov function to achieve the parameters of both
filter and adaptive ETS. Furthermore, simulation results
illustrate the proposed adaptive ETS has a good effect
on a tradeoff between the occupied network resources
and the desired filter performance.
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II. PROBLEM STATEMENT

In this paper, we are in a position to investigate a
novel adaptive ETS for the filtering of networked nonlinear
interconnected systems. As shown in Fig. 1, the signals are
transferred via a communication network; zero-order hold
(ZOH) holds the value received from the network till the next
packet arrives. The filter estimates the output of the system
in the light of the signals transmitted over the network. To
mitigate the burden of network-bandwidth, an AETG is intro-
duced in this paper to decide whether or not the sampling data
is necessary for the filter. For this purpose, the threshold of
ETS is improved to make it regulate with the error of sampling
data adaptively such that a good performance of the filter can
be preserved.

A. Physical Plant

Consider a nonlinear interconnected system which is com-
posed of J subsystems. The subsystem S; (i € J =
{1,2,...,J}) is modeled by IF-THEN fuzzy rules as follows.

Plant Rule p: IF 6; (1) is Wi, ... and g, (1) is ng THEN

xi(t) = Aipxi(t) + Y o Bijpi (0) + Dipvi(0)
Yi(t) = Cipxi(t) (0
7i(t) = Eipxi(1)

where p € ¥ = {1,...,r;} denotes the pth fuzzy inference
rule; r; is the number of inference rules of subsystem S;; WZ
(s = 1,2,...,g) is the fuzzy set; x;(r) € R™ is the state
vector of subsystem S;; y;(f) € R™ is the measurement output
of subsystem S;; z;(f) € R" is the signal to be estimated and
v;i(t) € R™ is the disturbance input which belongs to /5[0, 00);
and Ay, Bjjp, Cip, Djp, and Ej, are known matrices with appro-
priate dimensions, where Bjj, represents the interconnection
between the ith and the jth subsystem.

Denote 6;(t) = [0i1(0), 0p(1), ..., Oig ()]F. The overall
dynamic fuzzy model of subsystem S; can be inferred by using
the center-average defuzzifier, product inference and singleton
fuzzifier as follows:

550 = Xy hip @) Aipxi®) + S Bip(6) + Dypvi(0)|
yi(t) = Z;le hip(8; (1)) Cipxi (1)
zi(1) = 300 hip(0i(D) Ejprxi (1)

(2)

with

Wip(8i(D)

(@) = St

8i
wip@i(0) = [ [ Wh(6is(0)
s=1

where W{; (0i5(r)) being the grade membership value of 6;(f)
in W%, and h;,(6;(t)) satisfies

(A

hip(0:(0) = 0, " hip(6;(1) = 1. 3)

p=1

Here, we assume the system (2) is well controlled. Our
task is to design a filter to estimate the signal z;(f) of each
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Fig. 1.

subsystem with some external disturbances precisely. The full-
order decentralized fuzzy filter is considered as follows:

{ i) = 27 hig 0i(0)[Asg¥a (D) + Brgdi(0)]
2i(1) = 20y hig(6i(D) Lyigxs (1)

where x;(#) is the state vector of the filter; z;(¢) is the estima-
tion of z;(¢); the input of the filter y;(¢) is the measurement of
the subsystem y;(7) transmitted over the network; and Az, By,
and Ly, are filter parameters to be determined.

For notational simplicity, h;, and h;, are used to repre-
sent h;,(0;(1)) and h;,(0;(1)), respectively, in the subsequent
description.

“4)

B. Adaptive Data Releasing Scheme

For clear elaboration of the scheme of adaptive ETS,
an example of time sequence of data packet is given,
which is shown in Fig. 2. “%,” “e,” and “@,” in this fig-
ure, represent the releasing instant, arriving instant and the
instant of packet-dropping, respectively. The set {sg}72, =
{0,1,2,3,4,5,6,7,...} denotes the sequence of sampling
instants, and {r,i},‘zio = {0,2,3,7,...} is the set of the
sequence of releasing instants of the subsystem S;. Obviously,
the set {r,i},f‘z’o is a subset of {sg}72,. The input of the fil-
ter keeps the value of the latest released packet till a new
packet updates the old one thanks to ZOH, therefore, for
telrih+ T rih+ Ti,) = 2. we have

i) = i(rih) (5)

where h is the sampling period. 7, with 7, < 7, < 7; is the
network-induced delay at the instant 7;h of the subsystem S;.
To release the packet from the sampler into the network or
not depends on whether the current sampled packet at instant

Framework of the adaptive ETS-based filtering of interconnected systems.

r};h +1Ih (I=0,1,2,...) invokes the following condition:

(vi(ri) — yilrh + 1)) ®i(yi (i) — yi(rih + h))
— iyl (rih + 1h) @iy (rih + 1h) < 0 ©)

where ®; > 0, 0 < ¢;(0) < 1, and ¢;(?) is an error-dependent
threshold function.

Remark 1: An inspection should be taken to each sampled
data by AETG before entering the network to decide whether
it is a necessary packet for the filter. The packets at instant
1h, 4h, 5h, 6h, ... , in Fig. 2, are discarded due to the event-
triggering condition in (6) not being invoked.

Assume the /th data packet is the last packet satisfying the
condition (6) after the latest releasing instant r,ih, then the next
packet to be released into the network is triggered at

rhh = rih+ (14 Dh. 7
Taking the networked induced delay into account, we par-
tition the interval .Zr;( into / + 1 segments as .Zrll (I =
- . . k
0,1,....1), where £} £ [r,gh+lh+rrl,.,r;ch+lh+h+rj,.+1)
- k k k
with 79 = T, tl,*l
rk k _ rk
i Ul !
yields ,S,”r;( = Ulzofrli .

Remark 2: rrli for I =0 or [+ 1 is a real communication
k

=T,

i and Tl = T for I = 1L,..., L1t
k1 e k

delay at instant r;;h or r}; 41/ while 7 is an artificial delay
which is defined for the requirement of analysis.

The threshold of event-triggering condition in this paper is
an error-dependent function, which is decided by

(1) = L(L - ¢-)e~T(t)d>AeA<t) ®)
0T G \qw )

with 0 < ¢(0) < 1 and a given‘constant ¢i(1 < ¢;) fort €
.Zrl,-, where e;(t) = y;(r;h) — yi(r;h + [h) denotes the absolute
k
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Fig. 2. Example of time sequence of adaptive ETS.

error between the states at the current sampling instant and
the latest releasing instant.

Remark 3: From (6), one can see how important it is to
take a proper value of the threshold for the conventional ETS.
For example, if one chooses ¢;(f) — 0, the condition will
be invoked at each sampling instant due to [ = 0, which
gives rise to r}; = r,‘; + 1. That means the case reduces to
a time-triggered scheme. The condition (6) will be more eas-
ily satisfied if ¢;(#) takes a bigger value. It results in a lower
releasing rate. A poor filtering performance will be achieved
for lack of input information under this situation. Therefore,
it is reasonable for the threshold being a variable while not a
predetermined constant as in the existing literature.

Remark 4: From the adaptive law in (8), one can see that
the threshold is depended on the dynamic error of the mea-
surements between the latest released packet and the current
sampled packet. When the error tends to zero, for example, the
system tends to be stable at the equilibrium, the threshold then
keeps a constant, that is to say, the threshold is regulated with
the dynamic error. If the error is disappeared, the regulation
is ended.

Remark 5: In [29] and [31], the threshold ¢; is a pre-
determined constant satisfying 0 < ¢; < 1. If one sets
¢i = (1/¢i(0)) in (8) yields ¢;(t) = ;(0), then it reduces to
the case of DETCS as in [29] and [31]. It should be pointed
out that ¢;(¢), in this paper, is a result of adaptive regulation.
If ¢i(r) < 0 means that the packet at this instant should be
released, for the triggering condition in (6) is not satisfied
under this case.

C. Adaptive ETS-Based Filtering Error System
Fort e .,?rl, , we define n;(t) =t — (r,ih + [h), then it is true
k
that

O0<nn=<n® <t+h=nn. &)

Therefore, the dynamic of filter in (4) can be rewritten as

ri ri
B0 =YY hiphig[Asgxa(t) + Brigei(t)
p=1g=1

+ BiigCipxi(t — mi(1))].~ (10)

Defining new state vectors £(f) = [x;(?) xﬁ(t)]T and ¢;(1) =
zi(t) — z;(?), one can get the filtering error subsystem for ¢ €
.Zrl,. as follows:

k

£ = Yoy X0y hiphiq [ Apgi(0) + Blei(o

+ By, xi(t = 1i(0)

L B0 + Di,,vi(t)]
éi(l) = Zrizl Z(r]izl hiphiqgipq%_i(t)
(11)

where

Ay 07, [0, J O

Alpq B [ 0 Aﬁq}’ Biq B Byiq ’Bip 7 BjigCip
s [Bj D;

By, = [ (l')}p]’ Dy = [ O:p}’ Eipg = [Eip _Lﬁq]~

e;(¢) in (11) tending to zero means that the output of the fil-
ter can estimate the one of the system perfectively. Therefore,
the objective of this paper is to co-calculate the parameters of
both filter in (4) and adaptive ETS in (6) such that the overall
filtering error system (11) with the proposed adaptive ETS is
asymptotically stable. The overall Hy, performance satisfies

le], < vivil2 (12)

for all nonzero v(f) € [[0,00) under zero initial con-
dition, where y > 0 is a prescribed scalar, e(r) =
el e, ....e7 017, and v(t) = IO V@), ... .vI0)]T.

III. ADAPTIVE ETS-BASED Hy, FILTERING
PERFORMANCE ANALYSIS

In this section, we aim to derive a stability criterion for the
augmented filtering error system based on the adaptive ETS.
First, we present the following lemma which will be used in
the proof of the theorem below.

Lemma 1 [32]: For any symmetric positive-definite matrix
R, and vector function ¢ : [a, b] — R” such that Ig(¢) is well
defined, then the inequality

1 JUp
(@) = | (06) = p@) R(p(b) — p(@) + 38" RE]
(13)
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holds, where Ig(p) = fab oT(WRe(u)du and Q =

b
p(a) — (2/lb—a)) [ ¢du.
Lemma 2 [33]: For a scalar ¢ € (0, 1), matrix S > 0, and
matrices 77 and 7> with apprO]Jriate dimensions. If there exists

(D) +

a matrix U such that > (0, then it holds that

S x
u S

. nel'[s  «|[Ti&
pin, 00, 5) = [Tzé} [U S} [Tzs]

for all vector &, where the function ®(1,S) =
(1/ETT{ST1& + (1/[1 = 9)E"T5 SToé.

For convenience of description, let we denote ., = 8ny; +
nyi + n,;) and

A =lyxn;, 0 0 0 0 0 0 0 0 O]nx,-xﬂc
S =[0 lypny, 00 0 0 0 0 0 0]
5=[0 0 lyn, 0 0 0 0 0 0 0]
I4=[0 0 0 Iyxny, 0 0 0 0 0O O]nx,-xjp
Is=[0 0 0 0 Iyxn, 0 0 0 0 0]
Fe=[0 0 0 0 0 Iy, 0 0 0 0]
HA=[0 0 0 0 0 0 Iy, 0 0 0
J=[0 0 0 0 0 0 0 Iy, 0 0
Ty = [0 0 0 0 0 0 0 0 ILyxny, O]n.x,-xfc
Jo=[0 0 0 0 0 0 0 0 0 Ly, .

Theorem 1: For given scalars y;, ¢;, ki1, kiz, and «;3 and
matrices Afg, Bfig, and Ly, the filtering error system in the
form of (11) under the adaptive ETS in (6) is asymptotically
stable if there exist matrices P; > 0, Q1; > 0, Q2; > 0, Rj; >
0,Rp > 0,®; > 0 and matrix U; (i € J;p,q € ¥) with
appropriate dimensions such that

Mipg +Migp <0, p=<gq (14)
[122 Rj =0 (15)
where
1'[11 * * * *
fl —T122 * * *
iy = fl Ol 1133 * *
" ‘ﬁ 0 0 i
T, ipq
EpgH 0 0 0 -
H=[sT I, Ro = diag{Ra, 3R}
R; = njiRi + (o — 1) R
M}, = H Piclpg + o/ PiH + «;; ' H' PiH
+ A(Qi + Q) A — I 01 I3
— I 0pIs — (S — I3 Ry (S — )
— 3(A + S5 = 25) R (S + I3 — 2.9%)

. T, T Riz _* T
To| |U Rpl||T>
+ AL CL@iCyp Iy — I 410195 — STy,

S R R
"o\ A S 20 T | A+ I -2

21 ity 2
IT,, = | ZAp A |, 1I;7 = diag{Zi, kpZi, ki3 K}
%{Dipf7

52{;1) = Aipfl + Dipj7
Hipg = AipgH + B}, Is + Bi,, I4 + Dip I

T
31
My = [ ATBY, 20 B i T BT, 7 |

1—[3?

=0 = D diag| (1 + iz + 1) 2

—1
(1 + k2 + k53) . K i - -
(I 4+ + KJ3)71<%J}

T
My = [ ATBIP - A B P i AT BiP |

ipq Lip Jip
44 —14; - -1
Mty = @ = D dingli Pr iy Pk P

Proof: Construct a Lyapunov function for the filtering error
system (11) as
J
V() = Z(Vli(l) + V2i(1) + V3i(0) + V(1)
i=1

(16)

where
Vi) = & (1) Pi&i(t)
t t
Vai(t) = / x! () Qi xi(s)ds + /
1—=n;j1 t

—MNi2

x! () Qixi(s)ds
0 t
Vailt) = ni / / T ()R i (v)dvds
—Ni1l -
—Ni1 t T .
+ (2 — 771'1)/ / X; WRpx;(v)dvds
—Ni2 t—s

1,
Vai(t) = >Si ®.
Along the trajectories of (11), the corresponding time
derivative of Vi;(?) (k =1, 2, 3) is given by
ri ri
Vi) = )Y hiphig2E! (DP:| Aipgki(t) + Biei(0)

p=1g=1

+ Blpqxl(t - r)l(t))
+ Z B3,xi(1) + Dipvi(t)

J=Lj#i

Vai(H) = x! (1)(Oin + Qn)xi(?)
2
=" aF (= i) Qi — i)

k=1
t
sy = & (OB (1) — mi / i () Rinki(s)ds
—=ni1
=il .T .
— (M2 — ni1) X; (9)Rpx;(s)ds.
—=np

Define i1 (1) = [x] (1) xf (1) x] (t — min) x] (t = mi(0)x] (1 —
no) el () VIOV, tao = [(A/mn) [, T ($)ds(1/Inn —
i) 500 AT (0)ds(L/ni()) = ) S AT (s)ds)T,
Gi(n =1t il(t) cLi]".

and
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From Lemma 1, we have
t
—ni1 / i1 (s)Riri(s)ds
=ni1
<= O — 5 Ru(A — F3)
— 3(A + I —2.5%)
X Rif(J + I3 — 2.9)]6i(0).

Defining #(¢) = ([n:()—ni1l/[ni2—ni1]) yields 0 < ¢ ()< 1
due to n;; < n;(t) < np. Using Lemma 1, we can obtain

I—ni1
— (M2 — mi1) il (9)Rinii(s)ds
=ni2
t—n;(t) T )
= -2 — ni1) / X; (S)Rpxi(s)ds
=np

t—=ni1
+ / )'ciT(s)Riz)'ci(s)ds]
1—

ni (1)

< [——(f4 — I5) R ( Sy — I5)

V(1)
- %(«f4 + S5 —2.90) Rpp( Iy + S5 — 2.5)
— J— T . —
=90 (I3 — I4) Rp (I3 — Is)
3

- (A + Iy =29
l—ﬂ(t)( 3+ Iy 10)

X Rip (3 + Iy — 2j10)i|§i(t)

1 _
=70 );, "OTRRTG(0) = B & (OT3 R Tagi(0).
Using Lemma 2 follows:
I=ni1 T .
—(mi2 — mi1) X; ($)Rioxi(s)ds
=ni2
T -
T T1| | R  x ||Th],
A A
Note that
J J J
S D S oBl% > Bipxi)
i=1 \j=1,ji J=1u
J J
<Y |u-1 > L 0B},%Bjpxi1) (18)

i=1 =L

The following inequalities can be got by using the similar
method:

Zzg ()P; Z B}xi(0)

J=1j#
J J
SZ Z T(t)BUpP Z Bijpx;(1)
i=1 J=1j#i J=1j#i

+ 1 &l (P&

IEEE TRANSACTIONS ON CYBERNETICS

J
=1 > ] OB;LPBpxi(r)

J
=2
i=1

J=1#
1T
+ Kk & (DPi§i(D) (19
J
|2l Al %; Z Bijpxj(1)
i=1 J=1j#
J
<> lu-1n Z jox] (1)Bj, %;Bjipxi (1)
i=1 J=1j#
+ k5 Ixral o ZiAipxi (1) (20)
J
S |l wb) % Z Bjjpxj(1)
i=1 J=Lj#
7 J
< Z J-1 Z Kj3xiT(l‘)B]lp%B]szz(t)
i=1 J=Lj#
+ Kk v D %Dlpvl(t) 2D

From the adaptive law of threshold in (8), it follows that:

V4,‘(l) = §t(t)5:t (1)

= ?eT(t)QD iei(f) —

Recalling the event-triggering condition in (6) together with
the definition of n;(¢), we have

piel (1) Die;(r).

V4z » < X; (t - Ut(t))CIpCD Clpxl([ —ni(1))
- ¢lei () Diei(1).

Combining (17)—(22), we can obtain

(22)

%)é(t) —y3 T (0w(n)

Z I > Z hiphigt (1)

p=1¢g=1

V() +

x <HTP,»@7,»M+@7 PiH +k; 'H'PiH

pq
+ A(0n + Q) S — I 0 F3
— I10nI5 — (I — 53) R (S — 73)

- 3(f1 + S — ng)TRil (fl + S — 2]8)
| T ! Rn *][Th

T LU Rol|T»
+ I CL®iCip Iy — I $i®i. I

— IIy27 + nf‘plq ()~ r[f,}q

31 33 31
+ Mg (qu) Htpq

T
+ My (H?zfq) Mipg + HTéigpéqu)Ci(f)}'
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By Schur complement, it can be known that if (14) and (15)
hold, then

V() < —eT (e + y> (tv(). (23)

Take the integral of (23) from 0 to oo with respect to ¢, it
follows:

t t
V(00) = V(0) < lim / éT(t)é(t)—tlim / 2T (v(@).
—00 Jo —o0 Jo
(24)

Then it is true that ||é(r)|» < y?2|[v|» under zero initial
condition. With the condition of v(f) = 0, we can conclude
that V(r) < O from (23). Thus the proof is completed. |

IV. ADAPTIVE ETS-BASED H,, FILTER DESIGN

With the aid of Theorem 1, we are now ready to develop an
approach of filter design for networked interconnected fuzzy
systems with the proposed adaptive ETS.

Theorem 2: For given scalars y;, ¢, ki1, k2, and k3, a
full-order H, filter in the form of (4) for the networked inter-
connected system (2) under the adaptive ETS in (6) exists, if
there exist matrices Py; > 0, Py; > 0, 01i > 0,02 > 0,R;1 >
0,Rp > 0, and ®; > 0 and matrices Ui,/_lﬁq,Bﬁq, and Lﬁq
(ie J;p,q € ¥) with appropriate dimensions such that

l:[ipq + l:liqp <0, p=gq (25)
Ri2 k
- | >0 26
[Ui Ri2j| (26)
P — P2i > 0. 27
Moreover, the filter gains are given by
- 1= - 13 _
Afig = Py; Afig» Bfig = Py; Big» Liq = Lyig (28)
where
f[” * * * *
iq —l'[lz2 * * *
Mg = lpq 0 1'113173(] * *
41 44
l'[lpq 0 0 l'[lpq *
LeipgH 0 0 0 -1
M}, = H Wipg + AL H + ;] H'P;H
+ I + Q) A — S 00 I3 — I 0n S5
— (S — ) R (S — 53)
— 3(S) + S5 = 2.9) R (S + I3 — 2.5)
_ T1 T R,’z _>|< T1
| U Rol|lT
+ I CL@iCip Iy — I 410195 — I i1
ipg = Ajp H + B, Is + B, Ia+ Dip. I
1 _ PllAlp Aﬁq 1 _ Bﬁq
Hipg = | PiAp Aﬁq +Big = Byiq
|2 Bﬁq ip PiiB JlP
e Bﬁqctp PB Jip
. Plz ip P P2[
i)lp a P21D1 i| ‘Bl a |:P P21i|
Lfipg = [E,,, —Lﬁq]

T
a1 _ [ grop3T . Top3T Top3T
Htpq [f SBllp 7 %Ill’/?fl o %le]
Hﬁq - 1)_1diag{/<1_11‘}31, ... ,KJI ‘Bj,j#iv R ‘13]}

Proof: Defining

_|Pu P2 1 0
Pi= [PT. P3J > 0. i = [0 PyP3!

and A, = PQ,AﬁqPSI PL, Bsy = P2iBjig, P2i = PoiP3' PL, and
Lﬁq = LgigP; P

Using Schur complement, one can know that Py; > 0 and
Pij— Py > 0if P; > 0.

Define Y; = diag{Y;, I,...,1}, Y, = diag{l,..., I},
——— ——
8 J—1
Y3; = diag{Y;, ..., Y;}. Multiplying both side of (14) with
———

diag{Yy;,1,1,1, f/gi], Y3, I} and its transpose, one can be know
that (25) is equivalent to (14). Using an equivalent transfor-
mation for the transfer function of the system (4) from y;(7)
to z5(#) yields (28). This completes the proof. [ |

V. NUMERICAL EXAMPLE

Consider a double-inverted pendulums system connected by
a spring formulated in [34] and [35]. The two rules fuzzy
model of the nonlinear plant (2) with the parameters

An=1_4475 20}”‘12 = [—44.19 20]
Azl = | —42.55 2():|’A22 - |:—38.99 20]
[0 0 0 0 0 0
Bioi =g 0:|73122 - |:O.8 ()i|’BZ11 - |:1 0]
0 0 0.5 0
Brio = K 0}D11 = [0 5} Dy = [0_5]
o 0
Dy = _0.4],D22 = [0.4}’&1 =[1 0].En=[1 0]
Ey = [1 0],E22 = [1 0]-
In (), by = 0.637xal,ho = 1 — 10.637x], and

xi1 € [—m/2,7/2] (i = 1,2). The disturbances are cho-
sen by vi(f) = 4c0s(0.001(r — 4))e™ 01— "and v, (k) =
1.65in(0.001 (¢ — 4))e~0-001¢=4),

By using Theorem 2 with 71 = 70 = 0.03, ¢1 = 0.9, ¢ =
08,1 =1y2=09,and k;; =5,(=1,2;j=1,2,3), we
can get both triggering parameters and filter parameters as

®; = 1.1675, &, = 5.0127

o [ —5.3378 1.9853

f11 = | —44.5718  —10.1088
o — [ —5.6016 0.5890

/12 = | —40.9074  —17.9413
St — [ —9.3482  0.6553

f21 = | —39.8035 —6.5414
s — [ —8.6514 0.6351

f22 = | —21.2546  —15.0654

By, — | 0-8736] 4.6240
A= 41808 712 T 31,6200
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Lpip = [—0.9008  0.4700], s = [1.1100  0.3468]
Ly = [0.9610  0.4405], Ly = [—1.0132  0.4572].

The initial conditions, in this simulation, are given by
x1(t) = [0.5,017, x2(t) = [0.2, 017, x71(r) = [—0.05,0]7, and
xp(t) = [—0.1,0]7. Assume the sampling period 7 = 0.5
s together with the solutions above, we can get the results
as shown in Figs. 3-8. From Figs. 3 and 4, one can clearly
see that the filter can well estimate the outputs of the plant
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although the release rates of the sampled data of the sub-
systems 1 and 2 are only 39.5% and 26.5%, respectively. It
illustrates that some sampling data have litter contribution to
the filtering system. The releasing instants and the releasing
periods of the two subsystems are shown in Figs. 5 and 6,
from which one can see the period of data releasing is not
a fixed clock period. The event of data-releasing is generated
only when the triggering condition is invoked. Moreover, the
average releasing periods are 4; = 0.13 s and Ay = 0.19 s,
respectively, which is much longer than the sampling period
h = 0.05 s. Obviously, during the releasing period, lots
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of “unnecessary” sampled data are discarded, and thus the
occupation of the communication resource can be alleviated.
Figs. 7 and 8 depict the responses of the threshold of triggering
condition in (6). The threshold is depended on the dynamic
error between the latest releasing data and the current sam-
pling data of each subsystems. It is not a preset constant as
presented in the existing literature but a result of on-line opti-
mization. From Figs. 7 and 8 together with the adaptive law
in (8), one can see that the threshold keeps a certain value
when the system is stable due to ¢;(f) — 0, that is to say, the
threshold is regulated with the dynamic of the plant.

VI. CONCLUSION

In this paper, a new adaptive ETS is proposed for networked
interconnected fuzzy systems. Threshold with dynamic regu-
lation is designed to adapt the variation of the system and
the requirement of filter performance. The decentralized filter
is designed based on the proposed adaptive ETS by which a
plenty of unnecessary sampling data are dropped out. These
communication resource can be allocated to some other use-
ful task. Furthermore, a lower releasing frequency saves the
energy consumption by using adaptive ETS, which is impor-
tant for the device of wireless network with battery. The
parameters of the proposed adaptive ETS and the decentralized
filter are co-designed by using Lyapunov function method. The
application to a double-inverted pendulums system connected
by a spring has shown the effectiveness of the proposed filter
design method.

REFERENCES

[1] D. D. Siljak, Large-Scale Dynamic Systems: Stability and Structure.
New York, NY, USA: North Holland, 1978.

[2] R. Lu, Y. Xu, A. Xue, and J. Zheng, “Networked control with state
reset and quantized measurements: Observer-based case,” IEEE Trans.
Ind. Electron., vol. 60, no. 11, pp. 5206-5213, Nov. 2013.

[3] H.Liu, Z. Hu, Y. Song, and J. Lin, “Decentralized vehicle-to-grid control
for primary frequency regulation considering charging demands,” IEEE
Trans. Power Syst., vol. 28, no. 3, pp. 3480-3489, Aug. 2013.

[4] C. Dou, D. Yue, X. Li, and Y. Xue, “MAS-based management and
control strategies for integrated hybrid energy system,” IEEE Trans. Ind.
Informat., vol. 12, no. 4, pp. 1332-1349, Aug. 2016.

[5] Y. Yang, D. Yue, and C. Dou, “Distributed adaptive output consensus
control of a class of heterogeneous multi-agent systems under switching
directed topologies,” Inf. Sci., vol. 345, pp. 294-312, Jun. 2016.

[6] W. Ren and R. Beard, “Decentralized scheme for spacecraft formation
flying via the virtual structure approach,” J. Guid. Control Dyn., vol. 27,
no. 1, pp. 73-82, 2004.

[7] C.K. Ahn, P. Shi, and M. V. Basin, “Two-dimensional dissipative control
and filtering for Roesser model,” IEEE Trans. Autom. Control, vol. 60,
no. 7, pp. 1745-1759, Jul. 2015.

[8] J. R. Garnas, B. P. Hurley, B. Slippers, and M. J. Wingfield, “Biological
control of forest plantation pests in an interconnected world requires
greater international focus,” Int. J. Pest Manag., vol. 58, no. 3,
pp. 211-223, 2012.

[9] C. Hua, Y. Wang, Y. Li, and H. Li, “Decentralized output feedback
control of interconnected stochastic nonlinear time-delay systems with
dynamic interactions,” Neurocomputing, vol. 221, pp. 48-59, Jan. 2017.

[10] E. Tian and D. Yue, “Decentralized control of network-based intercon-
nected systems: A state-dependent triggering method,” Int. J. Robust
Nonlin. Control, vol. 25, no. 8, pp. 1126-1144, 2015.

[11] H. Zhang, H. Zhong, and C. Dang, “Delay-dependent decentralized Hno
filtering for discrete-time nonlinear interconnected systems with time-
varying delay based on the T-S fuzzy model,” IEEE Trans. Fuzzy Syst.,
vol. 20, no. 3, pp. 431-443, Jun. 2012.

[12] S. Schuler, U. Miinz, and F. Allgower, “Decentralized state feedback
control for interconnected systems with application to power systems,”
J. Process Control, vol. 24, no. 2, pp. 379-388, 2014.

[13] O. Demir and J. Lunze, “Optimal and event-based networked control
of physically interconnected systems and multi-agent systems,” Int. J.
Control, vol. 87, no. 1, pp. 169-185, 2014.

[14] B. Jiang, Z. Mao, and P. Shi, “Hyo filter design for a class of net-
worked control systems via T-S fuzzy-model approach,” IEEE Trans.
Fuzzy Syst., vol. 18, no. 1, pp. 201-208, Feb. 2010.

[15] C.-C.Hua and X.-P. Guan, “Smooth dynamic output feedback control for
multiple time-delay systems with nonlinear uncertainties,” Automatica,
vol. 68, pp. 1-8, Jun. 2016.

[16] P. Shi, H. Wang, and C.-C. Lim, “Network-based event-triggered control
for singular systems with quantizations,” IEEE Trans. Ind. Electron.,
vol. 63, no. 2, pp. 1230-1238, Feb. 2016.

[17] C. Hua, Y. Li, and X. Guan, “Finite/fixed-time stabilization for nonlin-
ear interconnected systems with dead-zone input,” IEEE Trans. Autom.
Control, vol. 62, no. 5, pp. 2554-2560, May 2017.

[18] X. Xie, D. Yue, H. Zhang, and Y. Xue, “Control synthesis of
discrete-time T-S fuzzy systems via a multi-instant homogenous poly-
nomial approach,” IEEE Trans. Cybern., vol. 46, no. 3, pp. 630-640,
Mar. 2016.

[19] L. Jiang and R. Qi, “Adaptive actuator fault compensation for discrete-
time T-S fuzzy systems with multiple input-output delays,” Int. J. Innov.
Comput. Inf. Control, vol. 12, no. 4, pp. 1043-1058, 2016.

[20] X. Xie, D. Yue, and C. Peng, “Multi-instant observer design of discrete-
time fuzzy systems: A ranking-based switching approach,” IEEE Trans.
Fuzzy Syst., vol. 25, no. 5, pp. 1281-1292, Oct. 2017.

[21] H. Dong, Z. Wang, and H. Gao, “Robust H filtering for a class of
nonlinear networked systems with multiple stochastic communication
delays and packet dropouts,” IEEE Trans. Signal Process., vol. 58, no. 4,
pp. 1957-1966, Apr. 2010.

[22] X. Xu, H. Yan, H. Zhang, and F. Yang, “Ho filtering for T-S fuzzy
networked systems with stochastic multiple delays and sensor faults,”
Neurocomputing, vol. 207, pp. 590-598, Sep. 2016.

[23] H. Yan, F. Qian, F. Yang, and H. Shi, “H filtering for nonlinear
networked systems with randomly occurring distributed delays, miss-
ing measurements and sensor saturation,” Inf. Sci., vols. 370-371,
pp. 772-782, Nov. 2016.

[24] E. Tian and D. Yue, “Reliable Hoo filter design for T-S fuzzy model-
based networked control systems with random sensor failure,” Int. J.
Robust Nonlin. Control, vol. 23, no. 1, pp. 15-32, 2013.

[25] H. Zhang, H. Yan, F. Yang, and Q. Chen, “Quantized control design for
impulsive fuzzy networked systems,” IEEE Trans. Fuzzy Syst., vol. 19,
no. 6, pp. 1153-1162, Dec. 2011.

[26] P. Tabuada, “Event-triggered real-time scheduling of stabilizing con-
trol tasks,” IEEE Trans. Autom. Control, vol. 52, no. 9, pp. 1680-1685,
Sep. 2007.

[27] X. Wang and M. D. Lemmon, “Self-triggered feedback control systems
with finite-gain L2 stability,” IEEE Trans. Autom. Control, vol. 54, no. 3,
pp. 452467, Mar. 2009.

[28] X. Wang and M. D. Lemmon, “Event-triggering in distributed net-
worked control systems,” IEEE Trans. Autom. Control, vol. 56, no. 3,
pp. 586-601, Mar. 2011.

[29] D. Yue, E. Tian, and Q.-L. Han, “A delay system method for designing
event-triggered controllers of networked control systems,” IEEE Trans.
Autom. Control, vol. 58, no. 2, pp. 475481, Feb. 2013.

[30] Y.-L. Wang, C.-C. Lim, and P. Shi, “Adaptively adjusted event-triggering
mechanism on fault detection for networked control systems,” IEEE
Trans. Cybern., vol. 47, no. 8, pp. 2299-2311, Aug. 2017.

[31] C. Peng, Q.-L. Han, and D. Yue, “To transmit or not to trans-
mit: A discrete event-triggered communication scheme for networked
Takagi—Sugeno fuzzy systems,” IEEE Trans. Fuzzy Syst., vol. 21, no. 1,
pp. 164-170, Feb. 2013.

[32] A. Seuret and F. Gouaisbaut, “Wirtinger-based integral inequality:
Application to time-delay systems,” Automatica, vol. 49, no. 9,
pp. 2860-2866, 2013.

[33] K. Gu, V. Kharitonov, and J. Chen, Stability and Robust Stability of
Time-Delay Systems. Boston, MA, USA: Birkhiuser, 2003.

[34] H. Zhang, C. Dang, and J. Zhang, “Decentralized fuzzy Ho filtering
for nonlinear interconnected systems with multiple time delays,” IEEE
Trans. Syst., Man, Cybern. B, Cybern., vol. 40, no. 4, pp. 1197-1203,
Aug. 2010.

[35] Z. Zhang, C. Lin, and B. Chen, “New decentralized Hno filter
design for nonlinear interconnected systems based on Takagi—Sugeno
fuzzy models,” IEEE Trans. Cybern., vol. 45, no. 12, pp. 2914-2924,
Dec. 2015.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Zhou Gu received the B.S. degree from North China
Electric Power University, Beijing, China, in 1997,
and the M.S. and Ph.D. degrees in control sci-
ence and engineering from the Nanjing University
of Aeronautics and Astronautics, Nanjing, China, in
2007 and 2010, respectively.

From 1996 to 2013, he was an Associate Professor
with the School of Power Engineering, Nanjing
Normal University. He was a Visiting Scholar
with Central Queensland University, Rockhampton,
QLD, Australia, and the University of Manchester,
Manchester, U.K. He is currently a Professor with Nanjing Forestry University,
Nanjing. His current research interests include networked control systems,
time-delay systems, reliable control, and their applications.

Peng Shi (M’95-SM’98-F’15) received the Ph.D.
degree in electrical engineering from the University
of Newcastle, Callaghan, NSW, Australia, in 1994,
the second Ph.D. degree in mathematics from
the University of South Australia, Adelaide, SA,
Australia, in 1998, the Doctor of Science degree
from the University of Glamorgan, Pontypridd, U.K.,
in 2006, and the Doctor of Engineering degree from
the University of Adelaide, Adelaide, in 2015.

He is currently a Professor with the University of
Adelaide. His current research interests include sys-
tem and control theory, computational intelligence, and operational research.

Dr. Shi was a recipient of the Andrew Sage Best Transactions Paper Award
from the IEEE SMC Society in 2016, and the Runner-Up of the SCOPUS
Researcher of the Year in 2017. He has served on the Editorial Board of
a number of journals, including Automatica, the IEEE TRANSACTIONS ON
AUTOMATIC CONTROL, the IEEE TRANSACTIONS ON FUZZY SYSTEMS,
the IEEE TRANSACTIONS ON CYBERNETICS, the IEEE TRANSACTIONS
ON CIRCUITS AND SYSTEMS, the IEEE ACCESS, and the IEEE CONTROL
SYSTEMS LETTERS. He is currently a Board of Governors Member of the
IEEE SMC Society. He was an IEEE Distinguished Lecturer, the Chair of the
Control Aerospace and Electronic Systems Chapter, IEEE South Australia
Section, and an Australian Research Council College of Expert Member. He
is a fellow of the Institution of Engineering and Technology.

IEEE TRANSACTIONS ON CYBERNETICS

Dong Yue (SM’08) received the Ph.D. degree
from the South China University of Technology,
Guangzhou, China, in 1995.

He is currently a Professor and the Dean with
the Institute of Advanced Technology, Nanjing
University of Posts and Telecommunications,
Nanjing, China, and also a Changjiang Professor
with the Department of Control Science and
Engineering, Huazhong University of Science and
Technology, Wuhan, China. He has published
over 100 papers in international journals, domestic
journals, and international conferences. His current research interests include
analysis and synthesis of networked control systems, multiagent systems,
optimal control of power systems, and Internet of Things.

Prof. Yue is currently an Associate Editor of the IEEE Control Systems
Society Conference Editorial Board and the International Journal of Systems
Science.

.

Zhengtao Ding (SM’03) received the B.Eng. degree
from Tsinghua University, Beijing, China, and the
M.Sc. degree in systems and control and the Ph.D.
degree in control systems from the Institute of
Science and Technology, University of Manchester,
Manchester, U.K.

He was a Lecturer with Ngee Ann Polytechnic,
Singapore, for ten years. In 2003, he joined the
University of Manchester, Manchester, U.K., where
he is currently Professor of Control Systems with the
School of Electrical and Electronic Engineering. His
current research interests include nonlinear and adaptive control theory and
their applications. He has authored the book entitled Nonlinear and Adaptive
Control Systems (IET, 2013) and a number of journal papers.

Dr. Ding serves as an Associate Editor for the IEEE TRANSACTIONS
ON AUTOMATIC CONTROL, the IEEE CONTROL SYSTEMS LETTERS,
Transactions of the Institute of Measurement and Control, Control Theory
and Technology, Mathematical Problems in Engineering, Unmanned Systems,
and the International Journal of Automation and Computing.




