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Abstract

This paper investigates an adaptive event-triggered communication scheme (AETCS) for a class of networked
Takagi-Sugeno (T-S) fuzzy control systems. Thethreshold of event-triggering condition has great influence on the
maximum allowable number of successive packet losses. Different from the conventional method, the threshold,
inthisstudy, is dependent on anovel adaptivelaw which can be achieved on-line rather than a predefined constant,
since the threshold with fixed value is hard to suit the variation of the system. The stability and stabilization
criteriaare derived by using a new Lyapunov function. Finally, an exampleis provided to demonstrate the design
method.

Key words: Adaptive event-triggered communication scheme; Networked control system; Takagi-Sugeno (T-S)
fuzzy model.

1. Introduction

Recently, much attention has been paid to the networked control systems (NCSs) where
the control loops are closed through a communication network due to the advantages of its
low cost, easy maintenance, high flexibility, simple installation and maintenance[ 1-6]. Many
applications, for example, mobile sensor networkg 7], intelligent transportation systemg| 8],
remote surgery[9] and theoretic resulty[2, 3, 10-12] are reported to cope with the NCSs. Notice
that the af orementioned results are based on a periodic execution of control actions. The signal
transmission period is pre-set under a worst operation condition while analyzing the stability
of the system, which may lead to a conservativeness in the sense of resource usage , such as
sampling rate, CPU time. These problem might be concealed by utilizing a better hardware,
however, from the perspective of energy conservation, communication capacity and cost, on
implementations over wireless sensor, such as CAN (1 MB/s), Zigbee (250 Kb/s) and some
battery-powered wireless networks, the limitations of these communication medium should no
longer be neglected.

As an alternative of the periodic time-triggered control, event-triggered control schemes
have attracted much attention to mitigate the hardware requirement by reducing the “unnec-
essary” data transmission while guaranteeing the desired levels of control performance in the
context of sensor/actuator networks. Compared with the time-triggered control, the tasks are
triggered by a sequence of well-designed events rather than periodic time instants with the
elapse of time, that is, the data before being releasing into the network are screened by adevice
which decides whether or not to send the sampling data over the network. A large amount of
“unnecessary” data are dropped out actively under this selection mechanism, thus the network
resource can be saved to allocate other more important task. In [13], the authors presented
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a decentralized event-triggered implementation, over sensor/actuator networks, of centralized
nonlinear controllers. Wang and Lemmon proposed a method for distributed event-triggered
control under an assumption that the control system was composed of weakly coupled sub-
systems in [14]. In[15], the authors developed an event-triggered transmission policy based
on a state-estimation. The event-triggered algorithms are designed based on the variation of
the Lyapunov functions and a selection of the input variables to be updated [ 16]. However, a
common feature of the af orementioned results on the event-triggering scheme (ETS) isthat the
controller gains should be known in prior. To overcome this drawback, co-designing methods
are wildly investigated for both the feedback control gain of the system and the parameters of
the event-triggering condition recently, for example, [17-20], and references therein.
Thethreshold of event-triggering condition may greatly affect the execution of control task.
However, the threshold, in the conventional design, being a pre-set constant, is hard to adapt
the variation of the system, that is, the event-triggered parameter to be designed should adapt
to the external disturbance. Therefore, an on-line optimization is required to for achieving
the event-triggering parameter, which is a big chalenging issue. To the best of the authors
knowledge, up to now, there are few resultsin the open literature on achieving the threshold of
the event-triggering condition for nonlinear systems, which motivates the current work.
Notice that many industrial systems exhibit serious non-linear characteristics, which make
the analysis and synthesis for the system more difficult, especialy for NCSs. It has been
proved that Takagi-Sugeno (T-S) fuzzy models can approximate any continuous functions by
a set of conventional linear systems and described by a family of IF-THEN rules [21-23].
Consequently, the study on nonlinear NCSs has received much attentions by using the method
of T-S fuzzy model[24-26]. In this paper, we deal with the problem of an adaptive event-
triggered fuzzy control for T-S fuzzy model based nonlinear NCSs. The contributions of the
paper are as follows. Firstly, a new adaptive data transmitting scheme is developed. The
burden of network-bandwidth is mitigated after introducing of the adaptive data-transmitting
generator (ADTG), by which the data with less contribution to the control performance or less
relative variation from the latest released data are discarded. Secondly, a new adaptive law
is put forward to achieve the threshold of event triggering condition on-line. The threshold
of the triggering condition becomes an optimal result rather than an arbitrary one with the
conventional event-triggered method. Thirdly, To ensure the closed-loop system asymptotic
stability under the proposed AETCS, anew Lyapunov-Krasovskii functional isdeveloped and a
sufficient condition is givento co-design the parameters of the AETCS and the fuzzy controller.
The remainder of this paper is organized as follows. Section 2 describes the framework
of AETCS and the modelling process of the closed-loop NCS under AETCS. In section 3,
the stability and stabilization criteria are established with consideration of AETCS. Section 4
gives an example to show the effectiveness of the proposed scheme. The paper is concluded in
Section 5.
Notation: R" denotes the n-dimensional Euclidean space, R™™ is the set of real n x m
matrices. For any positive integer r, ., £11,2,---,r}. | istheidentity matrix of appropriate

AL

dimensions. §; = [0,0,---,0,1,0,---,0]n7n. || Stands for the Euclidean vector norm or
W

i-1
spectral norm as appropriate. The notation X > 0 (respectively, X < 0), for X € R™" means
that the matrix X is a real symmetric positive definite (respectively, negative definite). The
asterisk « in amatrix is used to denote term that isinduced by symmetry, Matrices, if they are
not explicitly stated , are assumed to have compatible dimensions.



2. Problem statement and an AETCS

In this section, we will study the networked control design for a nonlinear system by using
a new adaptive event-triggering scheme. Under this scheme, the data with less contribution
to the control performance or less relative variation will be discarded to mitigate the network-
bandwidth. Then a unified model of networked nonlinear system is presented based on the
AETCS.

2.1. The system description
Consider the following nonlinear plant

X(t) = f(x(1)) + g(x(®)u(t) 1)

where Xx(t) € R" is the state vector and u(t) € R™ is the input vector; f(x), g(X) is continuous
functions of x, and f(0) = 0,g(0) = 0.

By the fuzzy modelling approach [27-29], the system (1) can be represented or approx-
imated in a compact (bound closed) set by a T-S fuzzy model, in which the i-th rule of the
model is of the form

Plant Rulei :

If 61(t) isWj and - - - and gy(t) is W5 Then
X(t) = AX(t) + Biu(t) 2

WhereVV}(i € S, | € Sy) isthefuzzy set, which is characterized by the membership functions
Wi(6;(1)); r and g are the number of fuzzy rules and fuzzy sets, 6(t) = [64(t). 62(t), - - - , 65(t)]T
isthe premise variables; A; and B; are constant matrices with compatible dimensions.

By using the center-average defuzzifier, product inference and singleton fuzzifier, the global
dynamics of T-S fuzzy system (2) can be expressed as

O =) hEm) [AXD + Bu) )
i=1
where
~ wi() , i,
hi(o(t)) = L @ (600) wi(0(t)) = BV\/}(QJ(D) 4)

For Vi € {1,2,---,r}, hi(6(t)) has the properties of h;(6(t)) > 0 and }.{_, hi(6(t)) = 1. For
notational simplicity, h;(6(t)) iswritten as h; in the next presentation.

2.2. An adaptive event-triggered communication scheme

The proposed AETCS-based nonlinear networked control system, shown in Fig. 1, con-
sists of a nonlinear continuous controlled plant, a sensor, a sampler, a fuzzy controller and
a zero-order holder (ZOH), an actuator and an adaptive data-transmitting generator (ADTG).
From the figure, one can see that the proposed framework inherits the traditional NCSs except
that the ADTG is introduced before the sampled data accessing the network. However, the
AETG isacrucia part of the control system due to the selection of control information greatly
depending on it.
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Figure 1: A diagram of AETCSfor anonlinear NCS

Based on the previous work on modelling NCSs, such as [11, 30], we consider the fol-
lowing fuzzy controller under assumptions that: 1) the sensors are clock-driven, controllers
and actuators are event-driven; 2) the sampling data are hold by ZOH before the new data are
updated; and 3) the data are transmitted over the network by a single packet in every control
period h and there are no packet losses.

u(t*) = Z hiK;X(rsh) - te xr, (5)

=1

where yr, £ [rsh + 7, rsh + 7o), Kj (j € ) isacontroller gain to be designed, his a
sampling period, rsh isareleasing instant broadcasted by ADTG, 7., is a network-transmitted
delay at rsh.

Fig. 2 gives an example to show the time sequence of the sampling and releasing instant
under the AETCS. In Fig. 2, the data are sampled periodically at instant ih, (ikh € Q1 £
{Oh, 1h, 2h, 3h, 4h, 5h, - - - }), and the data at releasing instant rsh, (rsh € Q, £ {roh = 0h,r;h =
4h,r,h = 6h---}) are selected to release into the network and the others are discarded. The
control input of the fuzzy system iskept by ZOH during the period y o = [Oh+ 7o, 4h+74), x1 =
[4h+T4,6h+T6),....

Remark 1. From the above analysis, one can obviously see that Q, is a subset of Q; and
YeoXr. = [to,0). Further more, the releasing period Arsh = rg.1h — rshis larger than the
sampling period h due to the effect of AETCS, which leads to alarger average releasing period

N
he = =2 than

ADTG in this study isresponsible for deciding wether or not to send the updated sampling
data, that is, a decision should be made at every updated instant of the sampler. To expound the
mechanism of AETCS clearly , we divide the releasing interval y._ into several sampling-like
subsets artificially asx,_ = [rsh+lh—h+7 1, rsh+lh+7 ) forl =1,2,--- 1, where Or,_takes
valueof 7, and 7, for | <1 - 1and| = I, respectively (see Fig. 2). Obviously, xr, = U_jx}..

Define e(t) = x(rsh + 1) — x(rsh) and Qs = {I|eT(H)Ze(t) — o(t)XT (rsh + Ih)EX(rsh + Ih) < 0}

4
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Figure 2: An example of timing diagram for an event-triggered implementation

for t € yr,, then the number of divided subinterval I is decided by

= {1 2= ¢ ©)

1+ max{l|l € Q3} others

fort e x,, E > Oisaweight of triggering condition to be designed, and o(t) is a variable of
threshold satisfying the following adaptive event-triggering law

iy = 2 _EE_ - yOe
00 = 5 (55 ~ 7] F 0=t Q

withO < po(t) <1and§ > 0,9 > 0.

Remark 2. Eq. (6) givesthenextreleasinginstantrg,1h = rsh+Ih, thatis, | -1 isthe maximum
allowable number of successive packet losses. It means that an event will be triggered by
ADTG when the updated sampled-data violates the triggering condition

" ()Ze(t) — o)X (reh + IN)EX(rsh + Ih) < 0 (8)

otherwise, the sampling data will be discarded. Thus, the number of packet-transmission over
the communication network are greatly reduced.

Remark 3. From (7), one can know that if the system tends to be stable at the equilibrium,
the error e(t) = x(rsh + Ih) — x(rsh) accordingly approaches to zero, i.e. o(t) — O, then the
threshold converges to a certain value unless there is a new external disturbance destabilizing
the system. That isthe threshold should be convergent if and only if the system is stable.

Remark 4. If one sets # = 0 in (7), then the triggering condition in (8) degrades into the
conventional ones, such as[17, 18], with the following format

&' ()Ee(t) — oX' (rsh + IN)EX(rsh + 1h) < 0 (9)

where 0 < o < 1 is a predefined constant. Specialy, the above scheme approaches to the
time-triggered ones if o — 0*.

Remark 5. From (8), one can see that the threshold variable o(t) has a magjor effect on the
number of the packets transmitted over the network in a certain period. o(t) in (7) isan optimal
result regulated by the adaptivelaw (7) on-line, while the threshold o in (9) isa preset constant,
by which it can not be accommodated with the varying external disturbance.

5



2.3. AETCS-based NCSs modelling
Definen(t) =t — (rsh+ Ih) fort € XI'S' From the definition of (t), we have

X(rsh) = x(t = n()) - &) (10)

where ny, = min{ry} < n(t) < h+ max{ry} = nu.
Combining (3), (5) and (10) leads to a closed-loop NCS model

X(t) = Z Z hih; [AX() — BIKje(t) + BiK x(t - ()] (12)

i=1 j=1
Additionally, the adaptive event-triggered condition (8) is equivalent to

e’ ()Ze(t) — o(t)x" (t — n(t))=X(t — n(t)) < 0 (12)

For the sake of simplicity, we denote £ (t) = [X"(t) X" (t — 57m) X" (t — n(t)) X" (t — nm) €7 (t)
o ftfn(t) x'(9)ds —5 f;’:ﬂ(t) x"(s)ds]". Then the system (11) can be rewritten as

O = DD hh AL (13)

i=1 j=1

where A = [A 0 BK; 0 -BK; 0 0.

3. Stability analysisand controller design

In this section, we are in position to develop an approach of stability analysis and co-
design for fuzzy controller, the weight of event-triggering condition and the threshold of event-
triggering condition to the networked T-S fuzzy system (13). Before we give the Theorems,
the following lemma are first introduced, which'is helpful for deriving our main results.

Lemma 1. [31] For agiven matrix R > 0, the following inequality holds for all continuously
differentiable function w in[a,b] — R" : o
tr(w) > = (w(b) — w(@))"R(w(b) = w(d)) + % Q"RQ,

b-a a

where (r(w) = [ " (WReU)dU and & = w(b) + w(@) - g [ w(u)du.

Lemma 2. [32] For given positive integers n,m,a scalar « in the interval (0, 1), agiven n x n-
matrix R > 0, two matrices W; and W, in R™™, Define, for all vector £ in R™, the function
O(a, U) givenby: ©(e, R) = 2¢TW] RWy¢& + t56TW) RW,é

Then, if there exists amatrix U in R™" such that ( 5 lé

holds

) > 0,then the following inequality

. Wie \"( R U\ Wie
mm@(a,R)Z(W;g) (* R)(Wif)'

Lemma 3. [32] For any constant matrix R € R™", R > 0, scalars 7, < 7(t) < 75, and vector
function X : [-72, —71] — R" such that the following integration is well defined, it holds that

t-71 ) | - * -7
— (2 —T1) ft_;z )'(T(S)RX(S)dSS[ ig_:—g ] [ Is -R H ig—%g ] (9

6



Theorem 1. For given positive scalars nm, nu, ¥ and matrix K; (j € ), if there exist real
matricesP > 0,Q; > 0,Q, > 0,R; > 0,R, > 0, E > 0 with appropriate dimensions satisfying
the following LMI conditions:

[ Q; * -
%A —%]“’ €S (15)
[ g)n +-§2H * . ...
_%(ﬂij"‘ﬂji) _gg]<0 i<j(,jeAn) (16)
B
U &>0 (17)
where
Qij = 61PA;+ALPsy +diag{Q1 + Qz, —Q1, E, —~Qz, —9E, 0,0}
_ -W1T§>I<_-W1+51T—R1 * 51
(Wo| U R|[W2| |62 | R —Ruf|62
A; = |[A 0 BK; 0 -BK; 0 0
| -6 ] | 63-04
W = »51+53—256_’W2‘ 53+54—257]’
R2 = diag{Rz, 3R2},<% = T]le + m R2

Then, the closed-loop system (11) is asymptotically stable under the proposed event-triggering
condition (8) with adaptive law (7).

Proof: Consider the following Lyapunov functional candidate
V(1) = Va(t) + Va(t) + Va(t) + Va(t)
Vi(t) = X" (H)Px(t)

Vi(t) = f T (9QuX(9ds + f X" (9Qux(9)ds

~Nm

t t t t
Vi(t) = 7m f f X" (V)RyX(V)dvds + ny f f X" (V)Rox(v)dvds
t=nm J's t-nm s

Va(t) = %gz(t)

Since

t-7(t)

_an: X' (S)RoX(s)ds = —ny f: XT(S)RZX(S)dS—an KT (YR,(9)ds

-n(t) t=nm



Then by using Lemma 1 and Lemma 2, we have

- f KT (IR:X(9ds T ()61~ 65) Ro(61 — 6)C()

IA

(t)
. 3’(734 (t)(61 + 65 — 206)" Ro(61 + 65 — 266)L (1)
- n(t)§ (t)(63 — 64)TRo(65 — 62)(t)

" £ (05 + 6 - 257)T Ro(63 + 84 — 26:)C(1)

—n(t)

= - E T OW] RWAZ (1) — (t)

= ——{ (t)WT §2W1{ (t) - mg (t)W; F_QZWZ{ (t)

« eofa 1§ &l

T (WS RoWa((t)

where0 < a = %) <1
Using Lemma 3, we obtain

X(t) ]T [—R1 Ry ] [ X(t) ]
Xt=nm)| | Rt —Ru|[x(t—17m)

40) (18)

Vat) < X (O)(mRy + muR)X() +

ol § 4

Recalling the adaptive law (7) and the triggering condition (12) follows

Vy(t) = Q(t)Q(t)
- Ee T (t)Ze(t) - e’ (t)Ze(t)
< X' (t—n(t)EX(E - n(t) - 9e" (t)=e(t) (19)

Combining (18) and (19) yields

IA

D2 by {237 OPAGLD) + X (OQ1 + Q)XW

=1 j=1
= X' (t = 7m)QuX(t — 7m) — X (t — 7m) QX" (t — 7m)

X(t) ]T [_Rl Ry H X(t) ]
Xt=nm)| | Rt —Raf|[X(t=1m)

V(1)

+ T OAL (R + nmR) AL (1) +
Wi [R, = |[W

- ol [§ &t

+ X (t = pt)EX(t - (1) - v’ ()Ze(t)]

= ZZhh,{ (0) {2 + ALRAG} (1)

i=1 j=1

8



= 2 hIZ{T(t) {Qii + ﬂ;li-%ﬂii} {(t)
i=1

r r
+ Z Z hihj{T(t) {Qij +Q; + (ﬂrj + ﬂ;)%(ﬂ” + ﬂji)} {0
i=1 i<j
By using Schur complements, we can conclude that (15), (16) and (17) are sufficient con-
ditions to guarrentee V(t) < 0, which further implies the closed-loop system (11) is asymptot-
icaly stable from Lyapunov stability theory. The proof is completed. |

Remark 6. 8 in (8) to can be used to regulate the convergent rate of the threshold o(t). For
convenience, we let = 1 in Theorem 1 and the subsequent results.

As the statement in Remark 4, if we choose 8 = 0in (7), the proposed AETCS turns to be
a conventiona event-triggered scheme with the format of (9). By using a similar method, we
can achieve the following corollary.

Corollary 1. For given positive scalars nm, nu, 0 and matrix K; (j € .#4), if there exist red
matricesP > 0,Q; > 0,Q, > 0,R; > O,R, > 0, E > 0 with appropriate dimensions satisfying
the following LMI conditions:

- A

Qi * .

%A _%]<0 e A (20)
i flij + ﬁji * ‘ AR

|%(FAi; + Aj) —gf] <0 di<ili.jes) (21)
7, .

P (22)

where
Qij = 51— Pﬂl] + ﬂ;lj P51 + dlag{Ql + Q2a _Ql’ §Ea _QZ’ _Ea O’ O}

_ WlTF\_)>1<_W1+61T—R1 * 51
W2 U R W2 62 Rl _Rl 62
and the other parameters are defined in Theorem 1. Then the closed-loop system (11) with the
event-triggered schemein (9) is asymptotically stable.

Next, based on Theorem 1, a sufficient condition for co-designing of the weight of event-
triggered condition = and the controller gain K; (j € ) will be presented.

Theorem 2. For given positive scalars nm, nu, ¥ and ux (k = 1, 2), if there exist real matrices
X>00Q; >0Q; >0R >0R >0Zand Y, (j € %) with appropriate dimensions
satisfying the following LMI conditions:

ﬁ_” .

_ﬂii fl <0 i €.% (23)
%J +Q_1i Gk . R

A+ A T2]<0 i< j(,jeA) (24)
U R, >0 (25)




where

ﬁij = 51—‘—ﬂ_|] + ﬁaél + dlag{Q_l + Q_Za _Q_l’ ::4:5 _(52’ _ﬂ"::’ Oa O}

Wl T 72_2 * Wl " 0 1 T —'le *~ 1) 1
Wol (U Ro||Wo| " |65] | Ri —Ri||62
Aj = [AX 0 BY; 0 -BY; 0 0
W - 51— 63 | 65-64
L= 51+63—266’ 2= 53+64—2(57’
R, = diag(Ry 3Ro}, Ty = —2uX + (2%,

~

7 77mF~31 + 1m ﬁz

Then the closed-loop system (11) is asymptotically stable under the proposed event-triggering
condition (8). Moreover, the controller gain in (5) is given by K; = Y;X™*, and the adaptive
law of the AETCS can be achieved on-line by

. _i i_ T “1my-1
o0 == (Q(t) ﬁ)e (OXLEX () (26)

Proof: Pre- and post-multiplying (15) and (16) with diag{l, PZ -1}, diag{l, P% '} and theirs
transposes, we have

Qii -
[Pﬂ“ _P;,g_lp] <0 ie% (27)
Qi' + .Q.'i . .
[P(ﬂ:j + Aj) —R%—lp] <0 i<jes (28)
It is noted that
(uZ — P)% (% — P) > 0 (29)
where i (k = 1, 2) isapositivescalar. Then it istrue that
—PZ P < —2uP + 1127 (30)
It follows that
Qii .
[Pﬂ” _?;,1 <0 ies (31)
[P(ylljijtr yj(.ji) _f;z ] <0 i<jesA (32)

where Ty = —2/,tkp +_Hi% . . . -
Define X = P71, Q; = XQ1X, Q> = XQX, Ry = XRiX, Ry = XRX, U = XUX, Y = KX,
J =diag{X, X, X, X, X, X, X}. It can obviously see that Eq. (31) and (32) are equivalent to Eq.
(15) and (16) by pre- and post-multiplying (31) and (32) with diag{J, X} and theirs transposes,
respectively. Similarly, we can conclude that (25) is equivalent to (17). This completes the
proof. [ |
10



Remark 7. A cone complementary linearization (CCL) algorithm is an alternate algorithm to
deal with the non-convex problem [33]. Althouth CCL agorithm can get a less conservative
result than those based on the inequality (29), we need more auxiliary variablesto solve LMIs.
If the nonlinear system with more T-S fuzzy rules and high dimension, the extra computa-
tion load is very significant. Therefore, the inequality (29) is used in this study to solve this
problem.

Similarly, the following results can be obtained if one uses the event triggering condition
with the format of (9).

Corollary 2. For given positive scalars 17m, nu, 0 and ux (K = 1, 2), if there exist real matrices
X>00Q; >0Q; >0R >0R >0Zand Y, (j € .#) with appropriate dimensions
satisfying the following LMI conditions:

Qi = -
— o 0 i€ A 33
| Aii 1] = ' (33)
QJ + ﬁ_ii Gk . R
Ay + A 'rz] <0 i<j.je) (34)
R,
U Rz] >0 (35)
where
fzij = 61-\977” + ﬁl-|161 + dlag{Q_l + Q_z, —Q_l,Q_E_, —Q_z, —E_, 0, 0}
Wil'[R, x| [Wa o] (=R = |[on
W U Rp||We 02| | Ri —Ry||02

and the others parameters are defined in Theorem 2. Then the closed-loop system (11) is
asymptotically stable under the event-triggering condition with the format of (9). Moreover,
the weight of event-triggered condition (9) is determined by = = X-1=X-! and the controller
gainin (5) isgiven by K; = Y; X,

4. A numerical example

In this section, an example of networked control for an unstable batch reactor [34] is used
to demonstrate the effectiveness of the proposed approach.

Example 1. Consider the following nonlinear mass-spring system

Xi(t) = o)
Xo(t) —0.01xy(t) — 0.67x3(t) + u(t)
Choose fuzzy membership function as hy(t) = 1 — x3(t) and hy(t) = 1 — hy(t), where x; €
[-1, 1]. The following fuzzy model is also used to model af orementioned nonlinear system:
RY 1 If xy(t) ishy(t)
Then X(t) = Aix(t) + Byu(t)
RZ : If xq(t) ishy(t)

Then X(t) = Aox(t) + Bou(t)
11
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Figure 3: The state trajectories of x(t) under AETCS

where

0 1 0 1 0
Ao = [—0.01 o]’AZ = [—0.68 o] B SR H

Assume i, = 0.01 and ny = 0.2 respectively. Using Theorem 2 with 9 = 20, ux = 1 (k =
1, 2), we can obtain the feedback gainin (5) and the weight of event-triggering conditionin (8)
are give by

Ky =[-0.2590 ~09220|.K, = [0.1528 -1.0964| (36)

[ 24780 21003
= |-2.1003 24347 |’

[1]

(37)

Set the sampling period h = 0.2s. Under the initial condition ¢'(t) = [-0.9 0.6], the
responses of the system with AETCS are shown in Fig. (3)- Fig. (6). The state trajectories
of the system, shownin Fig. 3, demonstrates the effectiveness of the proposed adaptive event-
triggered transmission strategy. The control input with the time sequences of the packets is
presented in Fig. 4, where the periodic sampling instant, the broadcast instant and the arriving
instant of the data at actuator side are depicted by “-”, “o ” and “ =", respectively. From Fig. 4,
we can know that: 1) Some sampling data are discarded before accessing the network due to
the execution of ADTG; 2) The value of the released datatransmitted over the network are kept
aconstant in the time interval t € y,, by ZOH; and 3) There exists a network-induced delay
from the broadcasting instant at sensor side to the arriving instant at actuator side. As can be
seen from Fig. 5 that the threshold of AETCS is regulated continualy till the error reaches
to astable state. In this case, the threshold o(t) converges to 0.0504 finally. Fig. 6 showsthe
maximum number of successive packet losses, which further demonstrates the effect of the
adaptive event-triggered scheme on the network-transmitted mechanism.

To compare performance of the proposed AETCS with the conventional ETS, we choose
the threshold p of ETS in (9) as 0.0504, which is a stable value of AETCS in the above case.
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Figure 4: The control input u(t) of the system with AETCS
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Figure 5: The threshold o(t) of the system with AETCS

By using Corollary 2, we can obtain the related parameters as follows

Ky =[-0.2589 -0.8222|,K, ={0.1531 —1.0967| (38)

_ | 48.8018 -41.3477
~|-41.3477 47.8804 |’

[1]

(39)

Fig. 7 and Fig 8 show the state trajectories of the system and the number of successive
packet losses under the ETS with the parameters in (38)-(39) and the same initial conditions
with AETCS above. From the state responses of the system in Fig. 3 and Fig. 7, one can
see that the state variation is bigger in the period of 0-8s than the one in the period of 8-12s.
Table 4 shows that the numble of packet-sampling (NPS) is 40 in the period of 0-8s under the
sampling period h = 0.2s; and the number of packet-loss (NPL) is 20 by using the proposed
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Figure 6: The maximum number of successive packet losses| under AETCS

AETCS and 30 by using ETS. While 34 and 32 data-packets are discarded by using AETCS
and ETS in the period of 8-20s, respectively. In the period of 0-8s, 50% of sampling packets
are used to adapt with the variation of the system, which is 25% more than the one by using
ETS. To meet this requirement, the threshold is regulated continually during this period. A
better performance can be got by the proposed AETCS than the conventional ETS due to the
more “necessary” sampling data being transmitted over the network, which can be illustrated
by comparing Fig. 3 withFig. 7. During the period of 8-12s, the system approaches to steady
state, NPL isroughly same due to a nearly same threshold during this period.

Table 1: The packet-loss under AETCSand ETS

0-8s 8-20s
NPS 40 60
AETCS 20 34
NPL ETS 30 32

5. Conclusion

In this paper, a novel adaptive event-triggered communication scheme is presented for a
class of networked T-S fuzzy systems. The threshold of the event-triggered condition can be
achieved by the proposed adaptive law on-line, rather than apreset constant in the conventional
event-triggered scheme. A new Lyapunov function is constructed tactfully with consideration
of the adaptive law and the stabilization criterion is derived in terms of matrix inequalities by
which the weight of the triggering condition and the feedback gain can be obtained simul-
taneously. Simulation results show that the network resource can be saved to allocate other
communication task by using the proposed AETCS.

14



State response

Number of successive packet losses

0.6

—z(t)
z3(t)
0.4 E
0.2 q
ok

02 ]
—04l ]
—06F ]
-0.8 4

-1 L L L L L L L L L

0 2 4 6 8 10 12 14 16 18 20
Time (s)
Figure 7: The state trajectories of x(t) of the system with ETSin ()

7
6L ]
sk ]
4r o R
aL ]
ok ]
1k
0 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20

Time (s)

Figure 8: The maximum number of successive packet losses| under ETSin 9)

15



6. Acknowledgement

This work was supported by the National Natural Science Foundation of China(Grant No.
61473156), Research Fund for the Doctoral Program of Higher Education of China (Grant No.
20133204120018) and the National Science Foundation for Post-doctoral Scientists of China
(Grant No. 2014M551487) and Jiangsu Post-doctor Grant(No. 1301009A).

References

[1] F Yang, Z. Wang, Y. Hung, and M. Gani, “H,, control for networked systems with random communication delays,” |EEE Transactions
on, Automatic Control, val. 51, no. 3, pp. 511-518, 2006.
[2] D. Yue, Q.-L. Han, and J. Lam, “Network-based robust Hs, control of systems with uncertainty,” Automatica, vol. 41, no. 6, pp.
999-1007, 2005.
[3] X.Jia D. Zhang, X. Hao, and N. Zheng, “Fuzzy Tracking Control for Nonlinear Networked Control Systemsin T-S Fuzzy Model,”
|EEE Transactions on Systems, Man, and Cybernetics, Part B: Cybernetics, vol. 39, no. 4, pp. 1073-1079, 2009.
[4] F. Yangand Q.-L.Han, “H. control for networked systemswith multiple packet dropouts,” Information Sciences, vol. 252, pp. 106-117,
2013.
[5] C. Peng, Q.-L. Han, and D. Yue, “Communication-delay-distribution-dependent decentralized control for large-scale systems with
ip-based communication networks,” |EEE Transactions on Control Systems Technology, vol. 21, no. 3, pp. 820-830, 2013.
[6] R.Lu,Y.Xu, A. Xue, and J. Zheng, “Networked control with state reset and quantized measurements: Observer-based case” |EEE
Transactions on Industrial Electronics, vol. 60, no. 11, pp. 5206-5213, 2013.
[71 P Ogren, E. Fiorelli, and N. E. Leonard, “Cooperative control of mobile sensor networks: Adaptive gradient climbing in a distributed
environment,” |EEE Transactions on Automatic Control, vol. 49, no. 8, pp. 1292-1302, 2004.
[8] N.H. Gartner, C. Stamatiadis, and P. J. Tarnoff, “Development of advanced traffic signal control strategies for intelligent transportation
systems. Multilevel design,” Transportation Research Record, no. 1494, pp. 98-105, 1995.
[9] C. Meng, T. Wang, W. Chou, S. Luan, Y. Zhang, and Z. Tian, “Remote surgery case: robot-assisted teleneurosurgery,” in Proceedings
of the 2004 |EEE Conference on Robotics and Automation (ICRA04), New Orleans, USA, 2004, pp. 819-823.
[10] T.C. Yang, “Networked control system: abrief survey,” | EE Proceedings-Control Theory and Applications, vol. 153, no. 4, pp. 403-412,
2006.
[11] E. Tian, D. Yue, and C. Peng, “Quantized output feedback control for networked control systems,” Information Sciences, vol. 178,
no. 12, pp. 27342749, 2008.
[12] W.-W. Che, J.-L. Wang, and G.-H. Yang, “Quantised H,, filtering for networked systems with random sensor packet losses,” Control
Theory & Applications, IET, vol. 4, no. 8, pp. 1339-1352, 2010.
[13] M. Mazo and P. Tabuada, “Decentralized event-triggered control over wireless sensor/actuator networks,” |EEE Transactions on Auto-
matic Control, vol. 56, no. 10, pp. 24562461, 2011.
[14] X. Wang and M. D. Lemmon, “Event-triggering in distributed networked systems with data dropouts and delays,” in Hybrid systems:
Computation and control.  Springer, 2009, pp. 366-380.
[15] F. Forni, S. Galeani, D. Ne&i¢, and L. Zaccarian, “Event-triggered transmission for linear control over communication channels,”
Automatica, vol. 50, no. 2, pp. 490498, 2014.
[16] A. Seuret, C. Prieur, and N. Marchand, “ Stability of non-linear systems by means of event-triggered sampling agorithms,” IMA Journal
of Mathematical Control and Information, pp. 1-18, 2013.
[17] D. Yue, E. Tian, and Q.-L. Han, “A delay system method for designing event-triggered controllers of networked control systems,” |IEEE
Transactions on Automatic Control, vol. 58, no. 2, pp. 475481, 2013.
[18] S.Huand D. Yue, “Event-triggered control design of linear networked systemswith quantizations,” 1SA transactions, vol. 51, no. 1, pp.
153-162, 2012.
[19] C. Peng, Q.-L. Han, and D. Yue, “To transmit or not to transmit: a discrete event-triggered communication scheme for networked
takagi—sugeno fuzzy systems,” Fuzzy Systems, | EEE Transactions on, vol. 21, no. 1, pp. 164-170, 2013.
[20] S.Huand D. Yue, “L,-Gain analysis of event-triggered networked control systems: a discontinuous Lyapunov functional approach,”
International Journal of Robust and Nonlinear Control, vol. 23, no. 11, pp. 1277-1300, 2013.
[21] H. J. Lee, J. B. Park, and G. Chen, “Robust fuzzy control of nonlinear systems with parametric uncertainties,” |EEE Transactions on
fuzzy systems, val. 9, no. 2, pp. 369-379, 2001.
[22] C.-S. Tseng, B.-S. Chen, and H.-J. Uang, “Fuzzy tracking control design for nonlinear dynamic systems via T-S fuzzy model,” |EEE
Transactions on fuzzy systems, vol. 9, no. 3, pp. 381-392, 2001.
[23] X.Xie, D.Yue, H. Zhang, and Y. Xue, “ Control synthesis of discrete-time T-Sfuzzy systemsviaamulti-instant homogenous polynomial
approach,” |EEE transactions on cybernetics, vol. 46, no. 3, pp. 630640, 2016.
[24] H. Zhang, J. Yang, and C.-Y. Su, “T-s fuzzy-model-based robust h,, design for networked control systems with uncertainties,” |[EEE
Transactions on Industrial Informatics, vol. 3, no. 4, pp. 289-301, 2007.
[25] B.Jiang, Z. Mao, and P. Shi, “H,, filter design for a class of networked control systems via T-S fuzzy-model approach,” |EEE Transac-
tions on Fuzzy Systems, val. 18, no. 1, pp. 201-208, 2010.
[26] S.Hu, D. Yue, C. Peng, X. Xie, and X. Yin, “Event-triggered controller design of nonlinear discrete-time networked control systemsin
tsfuzzy model,” Applied Soft Computing, vol. 30, pp. 400-411, 2015.
[27] F Yang and Y. Li, “Set-membership fuzzy filtering for nonlinear discrete-time systems,” |EEE Transactions on Systems, Man, and
Cybernetics, Part B: Cybernetics,, vol. 40, no. 1, pp. 116-124, 2010.
[28] X. Xie, D. Yue, H. Zhang, and Y. Xue, “Control Synthesis of Discrete-Time T-S Fuzzy Systems via a Multi-Instant Homogenous
Polynomial Approach,” vol. Accepted in 2015, DOI (identifier): 10.1109/TCY B.2015.2411336, 2015.

16



[29] H. Li, J. Yu, C. Hilton, and H. Liu, “Adaptive sliding-mode control for nonlinear active suspension vehicle systems using T-S fuzzy
approach,” |EEE Transactions on Industrial Electronics, vol. 60, no. 8, pp. 3328-3338, 2013.

[30] J. Liu, Z. Gu, E. Tian, and R. Yan, “New results on h filter design for nonlinear systems with time-delay through a T-S fuzzy model
approach,” International Journal of Systems Science, vol. 43, no. 3, pp. 426-442, 2012.

[31] A. Seuret and F. Gouaisbaut, “Wirtinger-based integral inequality: application to time-delay systems,” Automatica, vol. 49, no. 9, pp.
28602866, 2013.

[32] K. Gu, V. Kharitonov, and J. Chen, “Stability and robust stability of time-delay systems,” 2003.

[33] L. El Ghaoui, F. Oustry, and M. AitRami, “A cone complementarity linearization algorithm for static output-feedback and related
problems,” |EEE Transactions on Automatic Control, vol. 42, no. 8, pp. 1171-1176, 1997.

[34] G. C. Walsh, H. Ye, and L. G. Bushnell, “Stability analysis of networked control systems,” IEEE Transactions on Control Systems
Technology, val. 10, no. 3, pp. 438446, 2002.

17





