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Decentralized adaptive event-triggered H, filtering
for a class of networked nonlinear interconnected
systems

Zhou Gu, Peng Shi, Fellow, IEEE, Dong Yue, Senior Member, IEEE and Zhengtao Ding, Senior Member, IEEE

Abstract—This study 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 prescribed disturbance attenuation level. An example is given
to show the effectiveness of the proposed scheme.

Index Terms—Adaptive event-triggered scheme, nonlinear net-
worked interconnected system, filtering, Takagi-Sugeno (T-S)
fuzzy model.

I. INTRODUCTION

ARGE-scale system has gained a growing attention since
L the 1970s [1], [2]. It has many practical applications, such
as transportation systems [3], power systems [4], mobile robots
[5], aerospace vehicles [6], network of Chua’s chaotic circuits
[7] and ecosystems [8]. Such a system is composed of several
connected low-order subsystems, 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], [10], [11], [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 connection under this control strategy.

Manuscript received July 28, 2016; revised September 24, 2017; accepted
January 23, 2018. Date of publication ** ** 201%*; date of current version
#* #%201* This work was supported in part by the National Natural
Science Foundation of China under Grant 61473156,61533010,61773131, and
U150921, in part by 111 Project B17048 and B17017), and in part by the
Australian Research Council DP170102644. This paper was recommended by
Associate Editor **. (Corresponding author: Zhengtao Ding.)

Z. Gu is with the College of Mechanical & Electronic Engineering,Nanjing
Forestry University, Nanjing 210037, China (e-mail: gzh1808@163.com).

P. Shi is with the School of Electrical and Electronic Engineering, Univer-
sity of Adelaide, Adelaide, S.A. 5005, Australia, and also with the College of
Engineering and Science, Victoria University, Melbourne, Vic. 8001, Australia
(e-mail: peng.shi@adelaide.edu.au).

Y. Dong is with the Institute of Advanced Technology, Nanjing Uni-
versity of Posts and Telecommunications, Nanjing 210023, China(e-mail:
medongy @vip.163.com).

Z. Ding is with the School of Electrical and Electronic Engineering,
The University of Manchester, Manchester, M13 9PL, U.K. (e-mail: zheng-
tao.ding @manchester.ac.uk).

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 net-
work, 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 modelling system. In the past
decades, research on control/estimation problems for nonlinear
systems has received considerable attention [14], [15], [16],
[17]. Takagi-Sugeno (T-S) fuzzy model technique has been
proved to be a successful approach in dealing with the problem
of modelling and analysing nonlinear dynamic control systems
[18], [19], [20]. Based on T-S fuzzy mode, an H,, filter design
for a class of continuous-time networked control systems
(NCSs) with multiple state-delays was investigated in [14].
The objective of H,, filtering 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]. The authors in [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], [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 netwrok
inherent defectives, such as packet drop-out, network-induced
delay, etc. 2) By enhancing the netwrok quality of servic
(QoS), such as quantized method and event-triggered method
etc. 3) By co-designing method. The authors in [25] studied the
problem of quantized H, filtering for T-S fuzzy systems. How-
ever, quantization method is not an efficient way to mitigate
the burden of network bandwidth, especially for large-scale
systems with a large amount of information to be transmitted,
since the number of packets released into the network can not
be decreased. Recently, the issue of event-triggered scheme
(ETS) to networked control systems 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-
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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-designing the controller and ETS for NCSs by using a
discrete event-triggered communication scheme (DETCS) in
[29], [30], [16]. In comparison with the problem of stabiliza-
tion, the filter design is much more complicated, especially
for large scaled systems. From the published literature, few
results are in reference to the problem of filtering of nonlinear
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
significant role in deciding whether or not to release the data
into the network. For example, the threshold being a small
positive constant yields to the case of time-triggered scheme
as in [29]. Even worse, Zeno behaviour may occur under
the condition in [28] with an unsuitable threshold, which is
unacceptable for hardware. Obviously, it would be better for
the threshold regulating with the disturbance of the system,
network 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 adaptive
ETS for the filtering of interconnected systems, which is
another motivation of the present study.

The objective of this paper is to investigate an adaptive ETS
for the filtering of networked nonlinear interconnected systems
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 forward. The main
contributions of this study are summarized as: (1) A frame-
work 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 accommodates 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
the filter and the adaptive ETS. Furthermore, simulation results
illustrate the proposed adaptive ETS has a good effect on trade-
off between the occupied network resources and the desired
filter performance.

II. PROBLEM STATEMENT

In this study, we are in a position to investigate a novel
adaptive ETS for the filtering of networked nonlinear intercon-
nected systems. As shown in Fig. 1, the signals are transferred
via a communication network; ZOH (zero-order hold) 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 introduced in this study
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 modelled by IF-THEN fuzzy rules as follows:
Plant Rule p: IF 6;,(¢) is Wl.”, -+ and B;4, (1) is Wl.’;i THEN

J
xi(1) = Aipxi () + 2 Bijpx;(t) + Dipvi(t)

Jj=Lj#i
yi(@®) = Cipx; ()
zi(t) = Ejpx; (1)

where p € ¥ = {1,---,r;} denotes the p-th fuzzy inference
rule; r; is the number of inference rules of subsystem S;; Wl.’;
(s = 1,2,---,g;) is the fuzzy set; x;(#) € R™ i is the state
vector of subsystem S;; y;(#) € R'™i is the measurement
output of subsystem S;; z;(#) € R": is the signal to be
estimated and v;(f) € R™ is the disturbance input which
belongs to 5[0, 00); A;p, Bijp,Cip, Dip and E;, are known
matrices with appropriate dimensions, where B;;, represents
the interconnection between the i-th and the j-th subsystem.

Denote 6;(t) = [6;1(t),0:i2(1),- -+, 0ig, ®]T. The overall
dynamic fuzzy model of subsystem S; can be inferred by using
the center-average defuzzifier, product inference and singleton
fuzzifier as follows:

(D

J
2 Bijpx;()+ Dipv(t)

j=lj#i

i) = El hip (0:(1)) | Acpoxi (1) +
p:

yilt) = 2‘1 hip (0;(1))Cipxi (1)
p:

zi(t) = g]l hip(0; () E;px;(t)
o
2
with

i Hi t 8i
hip (651 = 22O @iy =

2 Hip(0i (1)) s=1
p=1

WP (0:5(1))

where Wl.”s (8;5(2)) being the grade membership value of 6;5(¢)
in W”, and h;, (0;(1)) satisfies

is’

hip(0i (1)) =0, Z hip(0;(1)) =1 3
p=1
Here, we assume the system (2) is well controlled, i.e.
the system (2) is stable. Our task is to design a filter to
estimate the signal z;(¢) of each subsystem with some external
disturbances precisely. The full-order decentralized fuzzy filter
is considered as follows:

370 = 3, hig(0:(0) [Agigri(0) + Brig$e(0)]
e )

zpi(t) = Zl hig(0i(t))Lfigxsi(t)
q=

where xg;(7) is the state vector of the filter; zy;(¢) is the
estimation of z;(r); the input of the filter ;(¢) is the mea-
surement of the subsystem y; (¢) transmitted over the network;
Afiq, Brig and Ly, are filter parameters to be determined.
For notational simplicity, &;, and h;, are used to represent
hip(0;(t)) and h;,(6;(t)), respectively, in the subsequent
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description.

B. Adaptive data releasing scheme

For clear elaboration of the scheme of adaptive ETS, an ex-
ample of time sequence of data packet is given, which is shown
in Fig. 2. ‘%, ‘¢’ and ‘@’ , in this figure, represent the releas-
ing instant, arriving instant and the instant of packet-dropping,

respectively. The set {si}>, = {0,1,2,3,4,56,7,---} de-
notes the sequence of sampling instants, and {r}; oo =

{0,2,3,7,---} is the set of the sequence of releasing instants
of the subsystem S;. Obviously, the set {r }roo 18 @ subset of
{sk },‘Z":O. The input of the filter keeps the value of the latest
released packet till a new packet updates the old one thanks
to ZOH, therefore, for 7 € [r} h + Tri,r,’;h + T ) = ,,S,”,Ii, we
have

Vi(t) = yi(rih) &)
where & is the sampling period. T with 7, <7, i < 7; is the
network-induced delay at the instant ry 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
r]ih +lh (1=0,1,2,---) invokes the follow condition:

Oi(rph) = yi(rph + Ih) ®; (yi (rih) = yi (rih + 1h))
iyl (rih + 1)@y (rih + 1) <0 (6)

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.

Framework of the adaptive ETS-based filtering of interconnected systems

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

righ=rih+{+1h (7)

Taking the networked induced delay into account, we par-
tition the interval .Z,. 1 into [ + 1 segments as .i”l (I =

01,---,0), wherefrl [r h+lh+‘rl,r h+lh+h+‘rl”)
with 70 = Tri,Tl_:—l =7 and 7!, =%, forl=1,-- ,l. It
Ty ko Tp k+1 T K

yields fi = Ul_ .,fl

Remark 2: T . for I =0 or [+ 1 is a real communication
k
delay at instant r ‘h or r +1h, while 7,; is an artificial delay

which is defined for the requlrement ofé analysis.
The threshold of event-triggering condition in this study is
an error-dependent function, which is decided by

Si(1) = - ¢i) el (HD;e; (1) ®)

1 ( 1
Si (t) i (1)
with 0 < ¢(0) < 1 and a given constant ¢; (1 < ¢;) for z €
.Zl where ¢;(t) = y;(r h)—yi(r h+1h) denotes the absolute

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

Remark 3: From Eq. (6), one can see how important it
is to take a proper value of 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]i = r,i + 1. That means the case reduces to a
time-triggered scheme. The condition (6) becomes more easily
satisfied if ¢; (#) being taken 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 set as a variable while
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Fig. 2. An example of time sequence of adaptive ETS
not a predetermined constant as in the existing literature. where
Remark 4: Frorp the adaptive law in (8)3 one can see a - Aip 0 8l - 0 ) 0
that the threshold is depended on the dynamic error of the ipq 0 Afig ia = | Brg irg ~ |p igCip |
measurements between the latest released packet and the
current sampled packet. When the error tends to zero, for Up _ [ up] Dip = [ ] ivg = |Eip —L fl,q]

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], [30], the threshold ¢; is a predetermined
constant satisfying 0 < ¢; < 1. If one sets ¢; = —) in (8)
yields ¢;(#) = ¢;(0), then it reduces to the case of DETCS
as in [29], [30]. It should be pointed out that ¢;(¢) , in this
study, is a result of adaptive regulation. If ¢;(#) < 0 means that
the packet at this instant should be released, for the triggering
condition in (6) never be satisfied in this case.

C. Adaptive ETS-based filtering error system
Forte ¥ l,. ,
Tk

that

we define n; () =t — (r,ih—i—lh), then it is true

O<mu <) <t +h=1n; 9

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

ri I

Z Z hiphiq [Afquft Q)

r=lg=
+Bfigei(t) + BrigCipxi(t =i (1))]  (10)

Xpi(1)

Defining new state vectors &(f) = [x;(¢) xfi(t)]T and
é;(t) = [zi(t)—2zfi(t)], one can get the filtering error subsystem

for t € £/, as follows:
k

&) = zl S hiphiq [Aipqi(®) + Bl ()
P gq=1
+Bipqx,-(t -ni@)) + J_Z‘; lBupxl @)+ Dipvi(t) (11
G0 = 3 S hiphigSipgti(t)
p=lg=1

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

le®llz < ylvil2 12)

for all nonzero v(¢) € [3[0,00) under zero initial con-
dition, where y > 0 1is a prescribed scalar, é(¢)
[ ) ey @), -, &5, v) = v (1) v (1), vl

III. ADAPTIVE ETS-BASED H, FILTERING PERFORMANCE
ANALYSIS

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

Lemma 1: [31] For any symmetric positive-definite matrix
R, and vector function ¢: [a, b] — R" such that Ig(¢) is well
defined, then the inequality

1 JUP
IR(9) 27— [ (p(b) = @(a) R(p(b) — g(a)) +3QT RO| (13)

holds, where Ig(¢) =

b
o(a) = 525 [, ewdu.
Lemma 2: [32] For a scalar ¢ € (0,1), matrix S > 0, and
matrices 7| and 7, with appropriate dimensions. If there exists

[? T u)Re(u)du and Q = @(b) +

a matrix U such that U s

. &' [s | [né
S, 08 = [Tzé"] [U S] [T2f]

*] > 0, then it holds that
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for all vector &, where the function O(:4, §) =
T TI ST .

TETTIST € +

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

A = [, 00 0000000 .
S = [0 Luyxw, 00000000 .
S5 = [0 0 Ly, 000000 O]nx,Xfc’
Ji = (000 Lija, 000000 .
S5 = (0000 L, 00000
Jo = [0000 0 Lypn, 000 0
S = (000000 Lw, 000
g = [0000 000 hypw, 00
o = [00000000 Ly 0,
S = (000000000 L,

Theorem 1: For given scalars y;, ¢;, ki1, Kj2, ki3 and matrices
Afiq, Brig, Lyig, the filtering error system in the form of (11)
under the adaptive ETS in (6) is asymptotically stable if there
exist matrices P; > 0,01; > 0,02 > 0,R;; > 0,R;» > 0,D; >
0 and matrix U; (i € J; p, g € ¥) with appropriate dimensions
such that

Mpg + gy <0, p<gq (14)
RtQ *
[ U Riz] >0 (15)
where
Hil]q * * * *
H.ﬁ —11%2 * * *
ipq i
Hipq = Hl-Slq 0 _Hi33 * %
1 44
Hipq 0 0 _Hipq *
EpgH 0 0 0 -
11 T 14T
N, = H'Pidipg+ /b PiH+«;H PH
+ I+ Qi) A - I 01 S
- ILQnIs — (S — S R (S - F3)
- 3(f| + f3 - 2jg)TRi1(f1 + j3 - 2]8)
_ | " [Riz * | T
T Ui R |
+ Il iCip Iy — I 90 I — Iy 1.9,
T = .
H = [flT sz] , Riz = diag{R;2, 3R;2},
Zi = n}Ri+ (12— ni1)*Rao,
T = Iy — Is 3 I — Iy
! f4+f5—2f9’2 f3+f4—2f10’

5
R Ay
M, = |ZiAip S| 0P = diag\%:, ki, ki3 %),
BiDip I
=QZp = Aipjl"'Dtpj%
Hipg = AipgH+ Bl Is+ B}, Is+ Dip 7,
T
Wy, = [A Bl % o I B Ry o S B,
3, = (-D7'diag{(1+ ki +x13) R
(1+K12+K]3),¢l ;J;&n“-,(1+KJ2+KJ3)_1=%)J}
41 TG p T T p
Hil’q = [’j Bltp e BJIPP g Bsz ]
H?‘iq = (J-D dlag{KUPl»"',Kjlpj,j:&i,"',KJlPJ,}

Proof: Construct a Lyapunov function for the filtering
error system (11) as

J
V(R) = D (Vi0) + Vai(t) + Vai () + Vg (1) (16)
i=1
where
Vi) = & @Pi&i)
t t
Varlt) = / o (5)Quxi(s)ds + / o (5)Qinxi(s)ds
t-n;1 t-ni2
0 t
Vai(t) = 771'1/ / X7 (VRi1x;(v)dvds
i1 JI=s
i1 t
+ (2 —1ni) 7 / X7 (V)Rinx; (v)dvds
—17i2 =S
1
Vi) = 5670

Along the trajectories of (11), the corresponding time
derivative of Vi;(t) (k = 1,2,3) is given by

Vi) = 303 hiphig2€] (OP; [Aipgi(t) + Bl ei(t)
p=1g=1
J
+ B2 xi(t— i) + Z B3, (1) + Dipvi(D)
j=1,j#i
Vai(t) = x?(r)(Qinz)x,»(r)
2
- inT(t = Nik)Qikxi (t — Nix)
k=1
t
V) = 5T OFii0) - i / AT () Rir 4 (s)ds
. 1-1i1
- (M2-m) %] ($)Rinxi(s)ds
=12
Define £in(t) = [x7 (1) xL(0) xT (¢ = man) %7 (¢ = ni(0))
- T OV O] o) = [ [, 2T ()ds
n: “ni T
mz—:h(t) tt—nlilz(t) T(s)de 'Ii(t)l—rm tt—l?zl(t) xT(s)ds] and
o =[dho ol .
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From Lemma 1, we have

t
- N /
1-ni1

- OIS = 53 R (S - I3)

T ()Ri1 i (s)ds

IA

=3(S1 + S5 =2.9) Riy (S + S5 = 2.95)14i (1)

Defining 9(r) = ZU1i1 vields 0 < 9(¢) < 1 due to 7 <

i(
i Ni2—Mi1 !
n;(t) < n;s. Using Lemma 1, we can obtain

J J
Z(inT(t)AiTp%i > Bij,,xj(z))
-

i=1 j=1j#i

J
< Z ((] ~ 1)
i=1 j=

kjpx! (1) B,

jip %) Bjipxi (1)

J
1,j#i

+Kf21xiTA,~Tp«%’iAipxi(t)) (20

=11
~(i2 = ni1) & ($)Rioki(s)ds
-1ni2 J J
£ (8) ! (t)D}T %; Bijpx;(t
= —(niz - 771'1) [/ x?(S)Rile'(S)dS ;( i ( ) ip '_Z¢i JpP j( )
=12 - J=5T
/t—nil T J J . .
+ X; (S)Ri2xi(s)d5:| < J-1 kizx; (O)B;; HiBji,x;(t
tmme (1) ; ( )i=lz,;¢i j3%i ()Bji, % Bjipxi (1)
{ j=1,
N _ Tp _
< 4@ [ 50 (Is = I5) Rin( Iy — I5) +K{;V?D£,<%’iDipvi(t)) @1
3
_%('Z* + 75 = 2.99) Ria (I + I5 = 2.99) From the adaptive law of threshold in (8), it follows that
=0 (I3 — INTRa (I — 73) Vai(t) = S'igt)?i(t)
3 = — e (0Piei(t) = gie] ()Diei(1)
- (3 + Iy = 2910) Rio( I3 + I4 = 2.910) | £ (1) si(®)
-9 Recalling the event-triggering condition in (6) together with
! q the definition of n;(¢), we have
—__— ;T TR. (1) — T Th. . .
g O Re&G) = 750560 (0T Rl Vai (1) < 7 (1 = s (0)CL 0, Copoxi (1 = i (1))
Using Lemma 2 follows —pie] (ND;e; (1) (22)
B ) Combining (17)-(22), we can obtain
—(mi2 — ni1) X; ($)Rppxi(s)ds ,
=12 V) + el (e@) —y2vT (t)v(r)
T —
% T Ri» * Ty ) J ri i
< gi (t) |:T2:| [ U Ri2:| |:T2:| {l (t) (17) < Z Z Z hiphiqgf(t)(HTPi'%pq + V(M,ZqPIH
Note that =l \pmia
ote tha
R , + K H'PiH + 7] Qi + Qi2) 71 - I Qi S5
T T
Z Z T ()BY, %, Z Bijpx;(1) - I5 Qs — (1 = F3) R (S — S3)
i=1 \j=1,j#i =L #i — 3+ I = 29) Ry (S + S5 = 2.5)
T —
J J Ti|" [Rn2 = ||Th
<> |u-n > x?(r)Bﬁp%Bﬁpxi(w) (18) [Tz] Ui Rﬂ] [Tz]
i=1 j=Lj#i

The following inequalities can be got by using the similar

method:
J J
ZZfiT(t)Pi Z B ,%j(1)
i=1 J=Lj#i
J J J
SZ Ki1 Z XJT(I)B?;;,PI' Z Bijpx;(t)
i=1 J=lj#i J=lj#i
+KET (1) P& (t))

<

M~

Jj=Lj#i

1l
—_

J
((J —0 D kpx] OB P Bjipxi(r)

+K; €N (DO P& (t))

+ J4TC,<TPCDI-C,-I,J4 - ]6T¢iq)ij(, — f7T’yi21,ﬂ7
21 T 224121 31 T 133 \—1q31
Hipq I177) Hipq+1'[l.pq (Hipq) Hl.pq
41 T H44 \—11741 T oT
+ Hil’q (Hipq) Hipq+H g}qpé?qu)gi(t)}

By Schur complement, it can be known that if (14) and (15)

hold, then
V() < =e" e + v (v (23)
Take the integral of (23) from O to co with respect to ¢, it
follows
V(o) - V(0) <

t t
lim / el (1)é(r) — lim / YT () (24)
t—00 0 t—o00 0

(19 Then it is true that |e(t)l, < yllv|l» under zero initial
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condition. With the condition of v(¢) = 0, we can conclude
that V(z) < 0 from Eq. (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, Ki2, ki3, a full-order
H, filter in the form of (4) for the networked interconnected
system (2) under the adaptive ETS in (6) exists, if there exist
matrices Pj; > 0,1321' > 0,01; > 0,07 > 0,R;1 > O,R;p >
0,®; > 0 and matrices U, Afig, Bfig. Lyig (i € T3p,q € )
with appropriate dimensions such that

ﬁipq + ﬁiqp < 0, pP<q (25)
[Ui Ri2] >0 (26)
Pli_PZi >0 (27)
Moreover, the filter gains are given by
. - _
Afiq = Py; Ariq: Briq = Py Brig: Lfiq = Lyiq (28)
where
1:[!1 % % % %
ipq
Hl.ziq _Hi22 * * *
ﬁipq = I:I?iq 0 —H?;q ~*44 *
Hipq 0 0 _Hipq *
LripgH 0 0 0 -1
0}, = H' W, +% H+;H'$H
+ I + Q) A — I Qi S5 — I 0in I5
- (S - ) Ri(S - )
- 3(A+ I =25) R\ (S + I3 —2.%)
_ T1 T Ri2 % T1
1 Ui Ria||T2
+ I/l 0:Cip Iy I 0I5 - Iy 1.7,
Uipg = W, H+B Is+B], I4+Dipts,
ql = |Pudip Arig] g1 _ [Brig
ipq |P2iAip  Afig|” ' | Brig)’
82 = BfigCip 8 = PyiBjip
pa | BriqCip|” 7P~ | P2iBjip|’
[Py D; Pii Py
D — _ p P = | 5 S
P | P2 Dip P Py Py
Lripg = [Eip —Lsig],
SO T 3T T 3T Tg37 17
Hipq = [jl %lip jl Qgjip,j;ti jl 23Jip] >
= (=D diag{ky! B, - k1 Byjwin - K51 )
Proof: Defining
Py Py 1 0
P, = >0 = _
! [Ple. P3; P00 PyPy
and Asiy = PyApigPy'Pl, Briq = PyuBpig. Py =

PP PL Lyig = Lyig P3P

Using Schur complement, one can know that Py; > 0 and
Pli_P_Zi >0ifPi > 0.

Define Yll = diag{Yi’Ia""I}’ Y2i = diag{l7”'7l}7
———

———
8 J-1
Y;; = diaglY;,---,Y;}. Multiplying both side of (14) with
—

diag{V1;, 1, I, I,Yzji,lY3i,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; ()
to zy;(¢) yields (28). This completes the proof. |

V. A NUMERICAL EXAMPLE

Consider a double-inverted pendulums system connected by
a spring formulated in [33], [34]. The two rules fuzzy model
of the nonlinear plant (2) with the parameters:

0 1 0 1
Au = [—44.75 20] A1 = [—44.19 20]’

0o 1 0o 1
An = [—42.55 20] A = [—38.99 20]’

0 O 0 0 0 0
By = [0.8 0],3122 = [0.8 O],lel = [1 0],
0 0 0.5 0
13’212=[1 0],D11=[05],D12=[05],

Dy = [0?4],022 = [0(.)4],1511 = [1 0],E12 = [1 0],
Ey=[1 0].Ep=[1 0

In (2), h;y1 = 10.637x;1], hi = 1 —]0.637x;1], and x;; €
[-7/2,7/2] (i = 1,2). The disturbances are chosen by v;(t) =
4¢0s(0.001(7 — 4))e™091= “and v, (k) = 1.65in(0.001(z —
4))6_0'001“_4).

By using Theorem 2 with 7| = & = 0.03, ¢; = 0.9,¢, =
08y1=1v2=09k;=5_0G=1,2;j =1,2,3), we can get
both the triggering parameters and the filter parameters as

O =1.1675,®, = 5.0127,

4 _[-53378  1.9853 ]
FI1=|-44.5718  -10.1088 )

4 _[-5.6016  0.5890 |
127 |-40.9074 -17.9413)
- [—9.3482  0.6553
f217-39.8035 —6.5414 )

o = [ -8.6514  0.6351 |

/227 |-21.2546  —15.0654 ]

B — [-0.8736 By = | 46240
A= 41808 | 712 T [31.6200)°
— [2.9800 _ [-5.1000
7217 24.1082)° /%2 7 | 1.0880 |
Ly = [-0.9008 0.4700], Ly1> = [1.1100 0.3468],

Ly = [0.9610 0.4405], Ly = [-1.0132 0.4572]

The initial conditions, in this simulation, are given by
x1(1) = [0.5017, x2(t) = [0.2,0]7, xp1() = [-0.05,0]7,
xp2(t) = [-0.1, 0]7. Assume the sampling period 7 = 0.5s
together with the solutions above, we can get the results as



IEEE TRANSACTIONS ON CYBERNETICS, VOL. **, NO. *, ** 201*

shown in Fig. 3-Fig. 8. From Fig. 3 and Fig. 4, one can clearly
see that the filter can well estimate the outputs of the plant
although the release rates of the sampled data of the subsystem
1 and subsystem 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 Fig. 5 and Fig.
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; = 0.13s and hy = 0.19s,
respectively, which is much longer than the sampling period
h = 0.05s. Obviously, during the releasing period, lots
of “unnecessary” sampled data are discarded, and thus the
occupation of the communication resource can be alleviated.
Fig. 7 and Fig. 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
sampling data of each subsystems. It is not a pre-set constant
as presented in the existing literature but a result of on-line
optimization. From the Fig. 7 and Fig. 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 e; () — 0, that
is to say, the threshold is regulated with the dynamic of the
plant.

0.1

0.08 H
)

0.06 {7 |
{

0.04F 1

21(t), zp (t)

0.02r \ I

-0.02

Time (s)

Fig. 3. Trajectories of z1(¢) and its estimation z s (t)

VI. CONCLUSION

In this paper, a new adaptive ETS is proposed for net-
worked interconnected fuzzy systems. Threshold with dynamic
regulation 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 useful task. Furthermore, a lower releasing frequency
saves the energy consumption by using adaptive ETS, which is
important 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

-0.05

Time (s)
Fig. 4. Trajectories of z;(¢) and its estimation zpf (7)
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by a spring has shown the effectiveness of the proposed filter
design method.
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