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Abstract: This paper investigates the event-triggered fault diagnosis (FD) problem for interval type-2
(IT2) Takagi-Sugeno (T-S) fuzzy networked systems. Firstly, an FD fuzzy filter is proposed by
using IT2 T-S fuzzy theory to generate a residual signal. This means that the FD filter premise
variable needs to not be identical to the nonlinear networked systems (NNSs). The evaluation
functions are referenced to determine the occurrence of system faults. Secondly, under the event-
triggered mechanism, a fault residual system (FRS) is established with parameter uncertainty, external
disturbance and time delay, which can reduce signal transmission and communication pressure.
Thirdly, the progressive stability of the fault residual system is guaranteed by using the Lyapunov
theory. For the energy bounded condition of external noise interference, the performance criterion is
established using linear matrix inequalities. The matrix parameters of the target FD filter are obtained
by the convex optimization method. A less conservative fault diagnosis method can be obtained.
Finally, the simulation example is provided to illustrate the effectiveness and the practicalities of the
proposed theoretical method.

Keywords: fault diagnosis; event-triggered control; interval type-2 Takagi-Sugeno fuzzy model;
nonlinear networked systems; filter

1. Introduction

The networked systems have been widely used because of these many advantages,
their simple physical structure, reduced integration costs, resource sharing, suitable for
installation, expansion and maintenance [1,2]. In order to satisfy the development of
aerospace and smart manufacturing, the networked systems have increasingly strong non-
linearity, uncertainty and complexity [3,4]. New challenges are brought to the control field
to deal with problems such as delay, data packet loss and network bandwidth limitation
caused by network introduction [5-9]. With the development of nonlinear networked
systems, it needs new performance indexes including standard interface modularization,
high reliability, high stability, and so on [10,11].

Fuzzy control is an effective tool for solving nonlinear problems linearization [7,12].
Fault diagnosis (FD) technology plays a vital role in improving the reliability and safety
of complex engineering systems [13,14]. The task of fault diagnosis of the networked
system is to transmit the input and output data of the system to the fault diagnosis unit
through the network, so as to ensure that the stable operation of the system without
fault occurs [6]. The FD methods of networked systems are proposed based on the fuzzy
model [7,15,16]. However, there are bad situations under time-triggered FD such as un-
necessary data transmission, increased network burden, data loss, and greater network

Machines 2022, 10, 347. https:/ /doi.org/10.3390/machines10050347

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines10050347
https://doi.org/10.3390/machines10050347
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0003-3844-5841
https://orcid.org/0000-0003-4157-8477
https://doi.org/10.3390/machines10050347
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10050347?type=check_update&version=3

Machines 2022, 10, 347

20f17

delay [8]. The event-triggered mechanism has irreplaceable advantages in the network
resource-constrained system. The research on fault diagnosis technology of networked sys-
tems with event-triggered mechanisms has received extensive attention from international
scholars, which has become a hot research issue in the academic community of automatic
control and produced many valuable research results [8,9,15-32].

Different event triggering methods are studied such as the adaptive event-triggering
mechanism [5,10,22,23,27,29,32], the dynamic event triggering mechanism containing inter-
nal dynamic variables [19,28,31], the event triggering mechanism designed by improving
constant thresholds [8,15,16,20,21,25,26]. The fault filtering problem of NCSs with interval
time-varying time lags is studied by using the fuzzy fault detection filter with a generic
structure [17]. The authors in [22] propose a novel adaptive event-triggered fault detection
approach for Markov jump systems, wherein the transition probabilities are not required to
be fully known. The problem of troubleshooting networked systems subject to multiple
factors is discussed [21,23,25,28,30]. The problem of fault detection for stochastic nonlin-
ear generalized networked systems is studied, which is subject to network delay, packet
loss, and asynchronous premise variables [23]. Fault diagnosis problems of NNSs with
communication channels are subject to limited bandwidth and random data loss are inves-
tigated. Time-varying delay, dynamic event triggering mechanism, random nonlinearity
and simultaneous packet loss are considered in building a unified fault detection dynamic
model moment, which is used to solve the fault detection problem [28]. The dissipative
stabilization problem is solved by considering the delay and external disturbance [30].

The existing research has been extensive. However, the complexity of real systems
can no longer be described by simple models. For instance, the membership functions
approaches have been proposed based on the restriction that the membership functions
of the descriptive model of the systems [15,16,21]. When this issue is considered, the
general T-S fuzzy modeling scheme cannot achieve the desired results [15]. The IT2 fuzzy
model was developed because of its good proxy for nonlinear systems with parameter
uncertainty [29-37]. The problem of the FD filtering method is proposed with event-based,
which is the application in IT2 fuzzy theory under the framework of networked time-
delay control systems [29]. Event-triggered dissipation-based control is investigated by
using the IT2 T-S fuzzy theory to describe uncertain nonlinear networked systems [30].
The nonlinear networked system with parameter uncertainty is studied under the event-
triggered mechanism with adaptive discrete Ho fuzzy filtering described by IT2 T-S fuzzy
model [32]. In [33-38], the FD fighting design, impulse control and discrete control based on
the IT2 fuzzy model are studied. Interval two-type theory is being recognized and studied
by more and more scholars [39,40]. Expanding the application scope of event-driven
technology in the IT2 fuzzy control system is the first motivation for writing this paper.

Then, the FD methods for fuzzy systems have been proposed without considering
the problems of nonlinear perturbation and transmission-limited [13,14]. Reducing the
conservativeness of existing results and redundancy in design is a difficult issue of academic
concern. In summary, solutions to event-driven FD problems are important for NNSs
subject to uncertainties, perturbation, and network-induced delays. The main contributions
of the paper as follows:

(1) A new FD fuzzy filter is designed by using IT2 T-S fuzzy model for generating a
residual signal, which means that the designed FD filter premise variable could be
different from NNSs.

(2) A fault residual system is established by integrating the IT2 fuzzy theory, external
disturbance, event-triggered scheme, time delays and parameter uncertainty.

(3) The stability conditions and the existence conditions of the FD filter are derived
by the form of linear matrix inequalities, as a result of the Lyapunov—Krasovskii
generalized function method providing the basis. Matrix decoupling implements the
transformation of the filter existence conditions with stability analysis.

The rest of this paper is structured as follows. An IT2 fuzzy fault residual system is
given based on the IT2 fuzzy networked control system model, event-triggered scheme,
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and fault diagnosis mechanism in Section 2. Section 3 is the focus of the article and is
intended to discuss and clarify the stability analysis and the design of the filter for the
fault residual system. Section 4 conducts simulations and discusses the validity of the
proposed method. The full paper is summarized, and further research directions are given
in Section 5.

Table 1 shows the abbreviations and notations used in this paper.

Table 1. Explanation of abbreviations and notations.

Symbols Explanatory Notes

FD fault diagnosis

IT2 interval type-2

T-S Takagi-Sugeno

NNSs nonlinear networked systems

FRS Fault Residual System

LMIs Linear matrix inequalities

ZOH Zero-order hold

R" n-dimensional Euclidean space

p! The inverse of matrix P

pT Transpose of matrix P

P<0(£0) Negative (semi-negative)-definite matrix
P>0(>0) Positive (semi-positive)-definite matrix
diag{P,Q, R} Diagonal matrix of P, Q and R

* Symmetric term in the matrix

II-1] Euclidean norm

L]0, 00) The space of square summable infinite vector sequences

2. Problem Formulation
2.1. IT2 T-S Nonlinear Networked Systems

An NNSs is modeled by IT2 T-S fuzzy rules by using state-space representation, its
parameter uncertainty and external perturbations are described.

Plant rule i: TF 11(x(t)) is Gy, t2(x(t)) is Gig, - .. ... ,and 1, (x(t)) is G;p, THEN
{ x(t) = Aix(t) + Bjw(t) + Bfif(t) 1)
y(#) = Cix(t) + Diw(t)

In the IT2 T-SNNSs, A;, B;, By, C;, and D; are system matrices. Separately, x(t) € R™,
y(t) € R, f(t) € R"f represents the state vector, measured output, and the fault signal
waiting to be detected, in particular, w(t) € R™ is the external disturbance which belongs

to L0, 00). Define ¢(x(t)) = [11(x(t)), wa(x(t)),..., tp(x(t))] T stands for premise variable,
the number of fuzzy sets is p, the IT2 fuzzy set is described as ém, wherei =1,2,...,r,and
a=1,2,...,p, the firing strength of ith rule is defined as follows [39]:

Wix(t)) = [@;(x(t)), @i(x(t))] €

() = TR, (e(x(1)) 2 0, R (a(x(6))) >

p
where @;(x(f)) = Hlyé (a0 (x(t @
a=1—""ia
> 0. We can get the IT2 fuzzy model after weight-

~—

) =0,
)

He (a(x())) =0, @i(x(t) = @;(x(t)
ingwi as follows:

t

=

—~
~

~—
I

i(x(8))[Aix(t) + Biw(t) + Byif (1)]

pi(x(8))[Cix(t) + Dicw(t)]

=
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~—~
~
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where 71 (x(1)) = 7i(x(D)@i(x(1)) + p,(x())@i(x(1)) > 0, meanwhile . fi(x(1) =1,
)

p,(x(t)) and p;(x(t
and satisfying:

are greater than zero, which represent the welghtmg functions

p,(x(t)) +p;(x(t)) =1 )
Obviously, in the process of NNSs modeling, we define a fuzzy set for the membership
function to describe its uncertainty, which provides a basis for the subsequent design of a
low conservation fault diagnosis filter.
2.2. Event-Triggered FD Filter

Next, an event-triggering mechanism is introduced within the system, which is be-
tween the considered system and FD Filter as shown in Figure 1.

A0 IT2TS Fuzzy fO — om0
~ Model +T\
(1)

Fault Detection

A4 Filter

Sensor A
()

y() ZOH

A
v y(i,h)
‘ Event-triggered y(th)
Sampler > » Network
Scheme

Figure 1. Framework of IT2 T-S NNSs with event-triggered scheme.

The current sampled signal must reach the trigger threshold of the event monitoring
terminal before it can be transmitted to the next node. Similar to [34], we can define the
event-triggering mechanism as:

ex” () Aex(t) > ey’ (ih) Ay(ixh) ©)

where ¢ € [0,1), e (t) is the threshold error, which is the key factor that determines whether
the event trigger mechanism occurs, and is obtained by subtracting current sampled data
y(tih) from the latest transmitted data y(ixh). A denotes the positive triggering parameters.

ZOH provides information about the last transmitted data continuously, the input
signal received by the filter can be described as

y(tch) = y(teh), t € [h + T, tepah + Ty ) (6)

The system can be transformed into a new time lag system, which can be directly
analyzed with time lag system theory. Without loss of generality, the holding region of
ZOH is expressed as:

m
Q= [txh+ 1, tih + ) = O @)

Qo = [txh + T, teh + h +T)
Q;=[th+ih+T, tih+ (i+1)h+7),i=12...,m—1 (8)
Qp = [th+mh+ 7T, tgh+ 1, )

Define 7(t) = t — ith, where ith = t;h +1h,1 = 0,1, ..., m, and then we can obtain:

O<tm<t(t) <h+T=1Yy )
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Based on the above, 7(t) can be rewritten as:
y(teh) = [y(t —t(t)) —ex(t)] (10)

Remark 1. The introduction of the event triggering mechanism (5) reduces redundant transmission
data and saves network resources.

Summarizing the previous discussion, the IT2 fuzzy FD filter is modeled by IT2 T-S
fuzzy rules:

Filter Rule j: IF @1 (x(t)) is Oj1, @2 (x(t)) is Opp, ... ... ,and @,(x(t)) is Oj,, THEN
{ xp(t) = Ajxrp(t) + Biy(t) 1)
re(t) = Cixp(t) + Djy(t)

in which, Aj, Bj, Cj, and Dj are FD filter gain matrices. xp(t) € R", j(t) € R™, and
re(t) € R™ represent the state vector, the output, and residual output vector of the event-
triggered FD filter. The fuzzy set is Ojﬁ, i=12,...,5,=1,2,...,4q,qis the number of
fuzzy sets. @(x(t)) = [@1(x(t)), p2(x(t)), ..., @q(x(1))] T are the premise variables. The
firing strength of jth rule is expressed by interval sets:

Kj(x(t)) = [rj(x(t)),%;(x(t))] (12)

with x5(x(1) = Tty (pp(x(0) = 0,5(x(1) = T (9a(x(1)) = 0, T, (pa (x(0) >

ENjA(go;L(x(t))) > 0, xj(x(t)) > xj(x(t)) > 0, x;(x(t)) and &;(x(t)) represent, the bounds of

membership, where ENM (pa(x(t))) and ﬁNj X (¢r(x(t))) represent the bounds of the mem-
y.

bership function, respectively. The event-triggered FD filter is designed as:

kr(t) = ¥ §;(x(0)[Ajxe(t) + B(t)]
o . ) (13)
rr(t) = £ Bx(0)[Crar(t) + Dg(0)

where Fi(+() = ¢,(x()F(x(1) + HEOmE) = 0, £ Gi(x(1) =1, while
j=
@(x(t)) > 0and Qj(x(t)) > 0 are nonlinear functions used to represent the uncertainty of

the FD filter, satisfying _
¢.(x(t)) +;(x(t)) =1 (14)

=/

For the convenience of the following writing, using p;, $j instead of p;(x(t)), @ (x(£)).

Remark 2. The FD filter (13) proposed has two advantages. Firstly, the model has higher accuracy
by using IT2 T-S fuzzy theory to describe uncertainty effectively. Secondly, the FD filter is more
general as the object’s affiliation function and the fuzzy rules are not shared with the FD filter.

2.3. Fault Residual System (FRS)

In this section, the fault residual system is developed based on models (3) and (13).
The fault diagnosis problem is simplified to the problem of asymptotic tracking of resid-

uals and faults. Combination the ETS (5), and defining with &(t) = [ xT(t) x[(¢) ]T,
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&t) = il jil 01 [AijG(t) + BiHE(t — T(t)) + Bija (t) — Beijex(t)]

o _ _ (15)
re(t) = 21 421 0i¢; [Cij¢(t) + DjjHG (t — T(t)) + Dyijco(t) — Deijer(t

i=1j=

0] Bi Bi 0 ]~ 07~ A
= g.c.}sz‘jZ[ol g B.Di],Beij:[Bl,cij:[o G 1

The target of this section is to design the FD filter (13) and triggering mechanism (5)
such that the FRS (15) satisfies asymptotically stable with the Ho, performance indicators.
In the meantime, the following conditions are satisfied:

(1) When @(t) = 0, the FRS (15) is considered to be asymptotically stable.

(2) Under the condition of zero initial, .(t) contents ||r.(t)||, < v||@(t)]|,, where ¥ > 0
bring about He performance level.

2.4. FD Mechanism

Define the following FD mechanism.

NI=

1) = { o rE(s)re(s)ds |

Jiw= sup {fonVE(S)fP(S)dS}
wELy,f=0

(16)

Nf—=

where J(t) is the residual evaluation function, and Jy, is the threshold, T, represents the
limited length of evaluation time. The fault detection mechanism is as follows:

J(t) > Jy, = with faults = alarm 17)
J(#) < Jy, = no faults.
. . S]l 512
Lemma 1. (Schur complement) [41] For the given matrix S = S S < 0, where
21 922

S € R™,Sy = S1,, the following three sets of conditions and inequalities hold and are equivalent:
1 s<0;

) S11<0,S%n—SLS!S1, <0;

() S <0,S11 —S5S5,'S1, < 0.

Lemma 2. [42] For real matricesZ, X, Y with appropriate dimensions, in which the is symmetric,

then

Z+XK(H)Y +YTK(HXT <0 (18)

for all KT (+)K(t) < I, there exists & > 0, such that:

Z+eXXT+e vy <0

Lemma 3. [43] Given a symmetric and positive matrix R, inequality (18) holds:

t
~/t7?

T .
6 (s)WO(s)ds <

Al =

0(t) "TT-R R 0 o(t)
{ 0(t — (1)) ] { « —2R R ] [ 0(t —7(t)) } (19)
0(t —T) * x —R 0(t —7T)
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Eij —W; <0 (20)
PiZii — piW; + W; <0 (21)
IP]\EZJ + l,UiEji - l[)lW] — llJ]Wl + W; + W] <0,i<j (22)
=11 z12
for E [ . =2 ]
5ij
®;; H'R; O 0 HTR;
oll 2 *  —2Ry Ry 0 0
in which E ”11 = l " cplZ , where ®1 = * * P33 Ry 0 ,
* ij * * *  —2Ry 0
* * * * —2R3
8 P g j P OB i P (])3 wij D 0 0 0
chZ 0 0 0 0 CDZZ * ECl«TAzci 0 q>79
ij R 0 0 0 ) * * -AN 0 |
2 * * * Dyg
R3y 0 0 0
—
11 = PAjj+ AP+ H'(Q1+ Q2)H — H'(Ry + R3)H, @33 = —Q1 — R — Ry, Pg6 = —Q2 — R,
@79:8C<TA2[0 0 D, ],A?:TM—Tm,q)gg:—’)/zl-i-S[O 0 Dl‘}TAz[O 0 D, ],
- _ _ 2 ) _ -
2511 %SzT(Pl wRig1  ATRIp1  TmRigr  ET{ ¢ %TE% Cij
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
- _ 2 _
\T}ST(p \A—;SZT(pQ wRTgy  ATRI@,  wiRIer 7”£T @2 ATT »2 Dy
Tfs{q) A\[TSTq)Q’) mR{q)?) _A?Rg(/% _TMR;;@3 _7"16T1T¢S \/6 T2T§03 561]
_ o) _
wSlos  5Sos R{ps  ATRIgs  vRips AT ey SET @y Duij

32.2 = diag{ —5

¢1 =

Remark 3. It is worth noting that the fault residual system is built via IT2 T-S fuzzy model,
considering the event-triggered communication mechanisms, disturbances and network time delays.
In the existing work, there is less research on the IT2 T-S fuzzy network control system FD filtering
with event triggering, which is one of the innovative points in this section.

3. Main Conclusion
3.1. Stability Analysis

In this subsection, the following improvements will be made in the stability analysis
process to reduce the system conservativeness. First, a new Lyapunov-Krasovskii function
with fourfold integration is constructed; second, Wirtinger’s inequality is applied to process
the integral term, which is in the time derivative of the Lyapunov-Krasovskii function;
third, a relaxation matrix is introduced to deal with the premise variable mismatch problem.

Theorem 1. For given scalars 0 < ¢ < 1,0 < 1y < T, v > 0, and the membership
functions satisfying w; — p;m; > 0(0 < ¢; < 1), if IT2 FRS (15) is asymptotically stable,
and achieving the expected Heo performance level vy, then there exists parameter matrix P > 0,
Ql(z—lz) Si>0(i=12),R; >O(i_123) T, >0(=12),A >0(i=12),

], B], C], D and W; > 0, (i = 1,2,...,r), meanwhile, the following inequalities exist in the
appropriate dzmenszons

—S —Ry —Ry —R3 -Ty -T, —I},

HA:]/ P2 = HBZ]/ @3 = HBez]/ P4 = HBaJZJ
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Proof. For the FRS (15), construct the following Lyapunov—Krasovskii function:

V(t) = Vi(t) + Va(t) + Va(t) + Va(t) + V5(t) (23)

where

(f) T (HPE(t),
5(t) = [ ., ¢T(s)HTQ1H{(s) (s)ds + [, 0, 0 (S)HTQaHE(s)ds,
V3(t) —Tmft o f é‘ (v)HTR{HE (v)dvds + (Tpg — Tn) tt ;A’Zf é‘ (v)HTRyHE (v)dvds
+ Sy, Ji i; (v)HT R3HE (v)duds
= /° o 1 fwg (s)HTS1HE(s)dsdAdo + [~ fe fwg (s)HT S, HE (s)dsdAdS,
Vs(t) =tuf o f3 f) fHkg HTTlH(j( )dsdkdAdo
+(tm — Tm) [ fe I ft+kg (s)HT Ty HE (s)dsdkdAdo
andP=P’ >0,0,>0,5,>0,T;>0,i=12,R;>0,j=1,2,3.
Along the trajectory of the FRS (15), the time derivative of V() is:
V() = Vi) + Va(t) + Va(t) + Va(b) + Vs(1) (24)

where
Vi(t) = 287 (t)PE(t),
t

Va(t) = ¢T(HHT(Q1 + Qa)HE(t) — & (t = Tu) HT QUHE (t — Tw) — &7 (t — i) HT Qo HE (£ — ),
' T(t)HT[ 2R+ (TM—Tm) R2+T§AR3]H§( ) — Tmfj . &' (s)HTRyHE(s)ds
—(tm — ) ;. Tm(f (s)HTRyHE(s)ds — o w6 ( )HTR3HE(s)ds
Vi) =& ()HTsle:( )+ B (OHTSHE() — O, [Lo& (s)HTSiHE(s)dsdo
f_ ft +9§ (s)HT S, HE(s)dsdo
Vs(t) = %E (OHTTHG() + Pl (T THE) |
O fO [V () HTTyHE(s)dsdAd0 — (tyy — Tor) J=o g Ji & (5)HTTyHE (s)dsdAdo
The integral term in V3(t), which we treat by applying Lemma 3, yields
HE(t) | r[ R, R 0

Hé(t — T](i’) * —2R1 Rl

t .T .
- / & (s)HTR HE(s)ds <
— HE(E — 1) £ xRy

HE(t— (1))
HE(t — )

(25)

HE(t) ]

() [ & HTRHE(s)ds <

t—Tm

H(:(t — Tz(t) * —2R, Ry
HE(t— ™) * * —Ry

HE(H) ]T[R3 Ry 0
)

HE(t —a(t))
HG(t — )

HE(t) ]

(26)

HE(t— ) ]T[Rz Ry 0
)

HE(t — Tm) ]

t .T .
- ™ ¢ (s)H"R3Hg(s)ds <

t—Tm

HE(t —5(t) * —2R3 Rj HG(t—13(t))
Hg(t—TM) * * —R3 H(:(t—TM)

Furthermore, in a bid to obtain stability conditions with low conservativeness, the
following slack matrix is introduced:

(27)

ror
ZZWN/li(TAﬁ]’—@j)Wi:O, Wi:WZ-T, (i:1,2,...,r) (28)
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T T
L Y miwiBi
i=1j=1
r r .
=Y ¥ m(m
i=1j=1
)
Y m i (1;[)1'—'11
i=1
r—1 r
+ Y. m
i=1j=i+1

iy — Wj + Py — i) Wi

From (23) to (28), we can obtain

M’J*

J (29)
PiW; +W;)

T T
(P2 — YW + Wi + ;8 — W + W) + ¥ ¥ (@0 — ¢im;) (2 — W)
=1j=1

under w; — ¢;m; > 0 for all j. Combined with the event-triggering mechanism (5), we can
derive

V() + T (re(t) 6T (D@1 < Y. Y mad (D2,C(0) (30)

where
g =[mt m@) L, am=[5® t-ul) t-—mH (t-n®) ]
)y =[¢"(t—nt) c(t-—a)HT ¢(t—T(t)HT ef(t) & (1]

By using Schur complement, Ei]- < 0, hence, we have

V() 7l (B)re(t) — @ (H@(t) <0 (31)

Integrating from 0 to co simultaneously on the left and right sides of (30), we can
obtain:

/0' T (Dre($)dt < o2 /0 T ST (@ ()t (32)

Equation (32) representative ||r.(t)||, < |@(t)||, holds for any nonzero @w(t) €
L,[0,00). Thus, the FRS (15) is under the restriction of Theorem 1 is asymptotically stable
and satisfies the given Hy, performance index . [J

Remark 4. The Lyapunov-Krasovskii function (23) constructed contains multiple integrals, such
as triple, quadruple integrals. The more system and time delay information are considered, and the
amplification of the integral term processing is avoided effectively. Convergence of global asymptotic
stability is guaranteed. Moreover, more recently, the introduction of the relaxation matrix (28)
makes the obtained stability criterion with less conservative.

3.2. Fault Diagnosis Filter Design

In this section, solving the parameters of the FD filter is transformed into the prob-
lem of matrix convex optimization, which can be solved by MATLAB. Using the matrix
transformation and deformation, the proposed filter design method is implemented.

Theorem 2. For given scalars 0 < ¢ < 1,0 < Ty, < Tpp, ¥ > 0, and the membership functions
satisfying w; — ;im; > 0, (0 < p; < 1), if the IT2 FRS (15) is asymptotically stable and meets the
expected Heo performance level vy, then there exists parameter matrix P > 0, Q; > 0 (i = 1,2),
Si>0(i=12),R>0(=123),T;>0(i=12),A; >0 (i=1,2), A;, B;, C;, Djand
WiT = W; have suitable dimensions satisfying the following inequality:

Ei]’ — Wi <0 (33)
$iEi — Wi+ W; <0 (34)
;i + i — W — Wi+ Wi+ W) <0, i < j (35)
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&1 = PLA; + PIAA

;511 a12
fOT il] = [ i :Zz ] ’
@11 &312 Rl 0 0 R3
a1 2 * P 0 0 0 :
‘ <11 p ; ~11 * x  —2R; Ry 0 0
in which »2:1']‘ = l *] &)12]/2 ‘| ’ where ch] = * * * (544 Ry 0 !
* * * * —2R» 0
* * * * * *2R3
_% P1B; PyBy; %Di ] K 0 0 0 0 0 _
_Bj YB; YBfi B]. D; * Dgs 0 0 0 D12
0 0 0 0 | g2 | x x —A 0 0 0
o 0o o0 o |/ x o« ox =9 0 o |
0 0 0 0 * * * * —721 0
0 0 0 0 * * * * * D112 |

+ ATP 4+ ATAP + Q1 + Q; — Ry — R3, &1y = ATY + 4, + AATY,

Dy = Aj+ AJ-T/ ®yy = —Q1 — Ry — Ry, D77 = —Qp — Ry, Pygg = eC] AsC;,

Dg1p = eCTA,D;, @
[ T

561 A,

[1]

1212 = *’)/21 + €DZ-TA2D1‘.

T — 2 —2 -
%SzAi TleAi ATRzAi TMR3A1' L\/néTlAi AﬁTzAi 9
0 0 0 0 0 0 C;
0 0 0 0 0 0 0
I ©opd . 05 D25 D5 1 b5
0 0 0 0 0 0 0
0 0 0 0 0 0 D;C;
0 0 0 0 0 0 —D;
_ _ 2 2
%5231- TuR1B; ATR;B; TyR3B; %TlBi %TQBI- 0
0 0 0 0 0 0 =1
0 0 0 0 0 0 D;D;
22 .
ij = dlﬂg{ *51 *Sz *Rl *Rz *R3 *Tl 7T2 —1I }

Based on the above condition for the establishment of linear matrix inequality, the
filter parameter matrix is obtained as follows

D:

A YA B =Y B, & =G, D; =
Aj=Y'4;, B;=Y"'B,, ¢;=C;, D;=D;.

(36)

Py
*

Proof. On the basis of Theorem 1, we set P = [ 52
3

diag{J1,I...1}.

—_

18

}, I = diag{l,Pngl}, Jo =

Then, we have to multiply the left and right sides of Equations (20)-(22) by J, and ]ZT .
It yields that

Eij— Wi+ Z{ A + 2]A% <0 (37)
The application of Lemma 2 achieves the conversion of (37) to (38).
Eij— Wi+e'5{0%% + 6125, <0 (38)

To facilitate the simplification and operation of the matrix, the following expression is
made: N
Wi=hWil;, Y = PPy 'P;,
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A A.p—1pl n p. A p—1pT p A.p—1pT
Aj=PAPy'P], Bj = PB;, C; = CPy'PY, D; = D;P; P

Bringing them into Equations (20)—(22), we can obtain Equations (33)—(35).

By using Schur Complement Lemma, the matrix P is equivalent to Py — PP 1P2T =
Py — Y > 0. Furthermore, equivalently under transformation P P3x £(t), the parameters of
the fault detection filter can be yielded as follows:

A -T -1 p-T ~1pT -17. A -T -1p -1p
Aj =P, P3(P,"AjP, "P3)P; P, =Y "A;,Bj =P, P3(P, 'B;) =Y "B
é] - (é]-PZ_TP3)P3_1Pg = 6], D] = (ﬁ]‘P{Tpg,)P?)_ng = 5]
According to Theorem 2, we determine the FD filter parameters by solving the convex
optimization problems:
min vy subject to the inequalities (33)—(35).
The proof is completed. [

4. Simulation

In this section, we provide several examples to illustrate the usefulness of the designed
IT2 fuzzy FD approach and to compare it with the existing results in [44,45] to show the
advantages of our method.

Two rules have been considered in the following IT2 fuzzy system (system parameters
are borrowed from [46])

l

=

—~
~

~—
I

i(x(8))[Aix(t) + Biw(t) + Byif (£)]

=

ARl

(39)
Pi(x(t))[Cix(t) + Djw(t)]

withA1:[ -1 02 ],AZI{OA 0.2 },Blz[o.l ],Blz[OA}Bﬂ:

<

—~
—~

~—
I

—09 0.15 -08 —-1.10 0.2 0.9

0.01 0.01
membership functions of the plant and fault detection filter are depicted in Table 2. The
nonlinear functions are chosen as, i.e., Ei(xl(t) = sin(x3(t)), p;(x1(t) = 1 —sin(x3(t)),
i=1,2,and fj(x(t)) = @(x(t)) =05forj=1,2.

[ —01 },Bl _ { —0.1 } C1=[01 01],C=[01 02], D; =D, = 0.01. The

Table 2. Membership functions for plant and filter.

The Upper Membership Function The Lower Membership Function

0.27-0.01x2(¢) 0.27-0.03x2(t)

@1(x1(t)) = = @1 (x1(t)) = 027

@a(x1 (1) = 0 @ (x1 (1) = 5
1061(1)) = exp(— 1) 1 (31 (1) = exp (=142

Ko(x1(t)) =1 —xq(x1(t)) K (x1(8) =1 —%1(x1(8))

In order to derive the gain matrices of the FD filter in (7), we assume the parameter
sets (T, Tv, € ¢, £2) = (0.01,0.1,0.5,0.7,0.5). Then by solving the conditions in Theorem
2, we can obtain

>

>

B [ ~1.6738 0.1545 }
1— 7 412

| —0.6885 —0.1969
—0.5992 —0.3587 - !

0.8140 —2.3963

o>

[ —28318x 10712 B, — | —L7555 x 1012
17193801 %1071 |["72 7 | —9.6037 x 10713 |’
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C; =1[0.1087 —0.0306 ],C, = [ 0.0980 —0.0180 |,
D1 =1.2609 x 10712, D, = 1.6357 x 1072, A = 5.3637 x 10~ 2.

Besides, the Hy performance is calculated as ¢y = 2.4227. According to the FD
mechanism, we set the fault signal as

2,20 <t < 30
f(t) = { 0, others (40)

and the external disturbance w(t) is stochastic noise that belongs to standard normal

distribution. Let the initial statesbe xo = £g = [ 0 0 ]T. Then, we can derive Figures 2—4.
Specifically, Figure 2 depicts the actual transmission instants and intervals under the
event-triggered scheme. In the simulation time (50 s) and sampling period (0.1 s), only
20.0% of sampled data are transmitted over the wireless network. Clearly, it saves many
communication resources. Figures 3 and 4, respectively, show the trajectories of the error
re(t) without/with fault.

3.5

3 - 4

257 1

2 - 4

1.5

1

Transmission instants and intervals
*

0.5

0 5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 2. Transmission instants and intervals.

L k107"
, .
|

; ¥ o

4 , | ::l i : I; I il ,I :l

3rg I; :‘:.. 'll" ) f ”"Il P!
= 1 taf, W gl
Soln w0 b0 L

! S i |:‘ g iil.“-! I"h‘i'.'m

PYE A T R

ﬂ,r q | SRR

-1 | l lll } | 2

_2 I

i
-3
ly 10 20 30 47 50
Time(s)

Figure 3. The trajectories of ,(t) without fault.
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e mm mm mm o o Em = e

5.4 . . . . . . . . .
0 5 10 15 20_25 30 35 40 45 50
Time(s)

Figure 4. The trajectories of r,(t) with fault.

Moreover, the threshold J;, can be calculated without fault, i.e., J;, = 4.0711 x 1013,
1

Then, it is not hard to obtain that J(t) = { 024'9 r{(s)r;(s)ds}j = 4.0826 x 10713 > Jy,.
This means that the fault can be detected after 4.9 s. Further, Figure 5 illustrates the fault
detection results demonstrating that the proposed FD approach is effective.

-12
3,5X10| T T T T T T T T

With Fault
- - =

‘Without Fault

Jit)

=
Ul
T

=
T

0.5

0 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time(s)

Figure 5. The trajectories of evaluation function with/without fault.

Following the above steps, considering the different types of faults, we performed
three sets of simulations. Then, we produced Table 3 and derived Figures 6 and 7.
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Table 3. Verification for different types of faults.

Comparison of

System Fault Signal Trigger Trigger Rate Comparison of
Parameters Mechanism Detection Time
(Triggering Times)
2sin(t),30 < t < 60 . 100% 23.9%
Exp a [44] ft) = { 0 sin(f) " h:rs < cycle trigger (1000) (239) 05s 03s
[ 1,15<t<23 adaptive 31% 26%
Exp b [45] ft) = { 0, others Trigger (31) (26) 0.19s 0.13s
. —t+2 . 100% 26.3%
Exp c [47] f(t) = 20sin(t —2)(1—e"+ ),10 <t <30 cycle trigger 3000 789 * 0.6
0, others
* This is not explicitly stated in [47].
35 09 25
E 3 é 0.8 § ,
g 8 T 1 E 05
B 0 ﬁ[‘
’ ’ ‘ Time(s) ¢ : * G 5 10 15 20 25 30
Time(s)
(b) (c)

Figure 6. Transmission instants and intervals for experiment (a—c).

x107'! x10712
6

‘With Fault

[

‘With Fault
-———

e Without Fault ‘Without Fault

Jit)

a0 50 60
Time(s)

()

0 2.55 7.51012.51517.52022.52527.530
Time(s)

(c)

Figure 7. The trajectories of evaluation function with/without fault for experiment (a—c).

Experiment a uses the same system parameters and fault types as those the in the
literature [44]. During the simulation time (100 s) with the sampling period (0.1 s), the
cycle triggering time is 1000, and the events triggering time is 239. Simultaneously, the
results show that the proposed method obtains a faster detection time. In experiment b, the
step signal is used to represent the sudden fault. The final time is 10 s, and the sampling
period is 0.1 s. With the same experimental conditions, the proposed method has fewer
triggers and a faster detection speed. It can be seen that the structure of the event triggering
mechanism we used is simpler. More recently, in order to discuss the effectiveness of the
method for time-varying faults. Experiment ¢ was performed by considering an inverted
pendulum on a cart. It readjusts that the experimental time is 30 s and sampling period is
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0.01 s, and only 26.3% of sampled data is transmitted over the wireless network. In Figure 7,
one can see that the fault can be detected after 0.6 s.

5. Conclusions

The event-triggered FD problem of IT2 T-S fuzzy nonlinear networked systems has
been studied in this paper. A fault residual system is established by integrating the IT2
fuzzy theory, external disturbance, event-triggered scheme, time delays and parameter
uncertainties. In particular, the designed FD filter premise variable could be different from
NNSs. The stability conditions and performance criterion have been proposed with the aid
of the Lyapunov theory. At last, the validity has been verified by simulation experiments.
The results illustrate that the proposed FD method can achieve rapid detection of faults, and
the event-triggered scheme reduces the transmission rate and saves wireless communication
resources. The responsiveness to different types of faults highlights its low conservativeness.
The event-triggered FD problem of NNSs with random cyberattacks and packet losses will
be further investigated.
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