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Abstract—In this article, a networked fault detection (FD)
problem is investigated for interval type-2 T-S fuzzy systems.
A novel adaptive memory-event-triggered mechanism (METM)
is proposed by introducing historical information of the measured
output in a prescribed sliding window. The current measured out-
put in the traditional event-triggered mechanism is replaced by a
weighting function-based historical information. As a result, the
data releasing rate can be effectively reduced and maltriggering
events aroused by unknown abrupt disturbance or measurement
noise can be avoided as well. Meanwhile, an adaptive thresh-
old depending on the historical information is utilized to further
adjust the data releasing rate. The FD filter is designed and
derived in terms of linear matrix inequalities to guarantee the
H o performance of fault detected systems. Finally, a hardware-
in-loop simulation experiment platform is built to manifest the
effectiveness of the proposed METM-based FD method.

Index Terms—Fault detection (FD), interval type-2 (IT2) T-S
fuzzy system, memory-event-triggered mechanism (METM).

I. INTRODUCTION

AULT detection (FD) plays a vital role in improving the

safety and reliability of industrial process operations, such
as FD in high-speed trains [1], unmanned surface vehicles [2],
photovoltaic systems [3], and so on. The fault usually masked
by measurement noises and disturbances is hard to be detected,
which may cause unsatisfied performance or even paralysis
of the system [4]-[6]. During the past few decades, FD has
become an active research field, stimulating the development
of various approaches and heuristics. Some meaningful results
are developed on the topic of FD problems. To mention a
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few, in [7], an FD approach was proposed for high-voltage
direct current systems by using short-time wavelet entropy.
An asynchronous FD filter (FDF) was developed for 2-D
Markov jump systems in [8]. Wang et al. [9] investigated
an FD approach for parameter-varying descriptor systems by
using the Yakubovich—Popov lemma to achieve a satisfactory
fault evaluation performance in the finite-frequency domain. In
recent years, with the development of communication technol-
ogy and the expansion of control systems, network-based FD
for cyber-physics systems has attracted considerable attention,
see [10]-[12], and references therein.

The introduction of a communication network promotes
automation and modularization due to the merits of low cost,
high reliability, and ease of maintenance. For these networked
control systems (NCSs), the signal is transmitted over the com-
munication network, wherein the time-triggered mechanism
(TTM) of packet releasing is wildly adopted [13]-[16]. The
sampling/releasing period is usually designed to be a small
enough constant to allow for the worst case of the control
system. Periodical release with this small period may result
in redundant packets transmitted through the network, thereby
reducing the quality of service (QoS) and deteriorating the
performance of control systems. Therefore, the research on
saving the limited network bandwidth for NCSs, including
networked FD systems, has become a hot topic.

As an alternative to TTM, the event-triggered mechanism
(ETM) is an effective way to saving communication and
computation resources. The ETM of NCSs has attracted con-
siderable attention and much interesting research have been
done in recent years, see [17]-[22] and the references therein.
Wang and Lemmon [17] proposed an ETM, under which the
subsystem information of the distributed NCS is broadcast to
its neighbor’s only when the state error exceeds a predeter-
mined threshold. The ETM proposed in [18] inherits the merit
of sampling control and overcomes the flaw of Zeno behavior
in [17]. Under such an ETM, the set of releasing sequence
belongs to that of periodic sampling sequences. Meanwhile,
these meaningful results on ETM are also extended to the
design of FDF. Based on [18], an FDF was designed for non-
linear systems. Although only part of the sampling packets
are used to generate the residual signal in this scheme, it can
obtain a satisfactory evaluation performance. Gao et al. [20]
investigated an event-based FD problem for discrete-time net-
worked nonlinear systems with random packet dropouts and
(x, v)-dependent noises. In [21], an event-triggered FDF for
the system with probability-based sensor fault was studied.
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To obtain a less conservative result, the Wirtingger inequal-
ity approach was used to achieve the parameters of FDF. In
order to balance the system performance and the efficiency of
data releasing, some adaptive ETMs are proposed. For exam-
ple, the threshold of the ETM in [23], [24] was designed as
a dynamic behavior, which is dependent on the system state.
The adaptive threshold design concept is also adopted in FDF
design. For example, in [25], the adaptive ETM-based FD
design for nonlinear systems with sensor saturation was put
forward. In [26], the FD design method for semi-Markovian
Jump system with output quantization was presented using the
adaptive ETM. It is noted that the literature mentioned above
on the ETM uses the current information and the latest released
information to determine the next releasing instant. However,
using the information at a specified instant may cause unex-
pected triggering events. Up to now, few literature on the event
triggered FD using the past period information to decide the
next releasing instant, which is one of the main motivations
of this study.

It is known that complex nonlinear problems widely exist
in practical systems. Takagi—Sugeno (T-S) fuzzy-model-based
approach is generally considered to be an effective method
to characterize smooth nonlinear systems [27], [28]. By using
the T-S fuzzy model, the nonlinear systems can be approx-
imated by a convex sum of a series of local linear systems
with corresponding membership functions. Therefore, the
method based on the T-S fuzzy model establishes an effec-
tive link between theories of the linear and nonlinear system.
Applying this approach, numerical interesting results on FD
have been reported, for example, Li and Yang [29] inves-
tigated the FD problem for T-S fuzzy systems with sensor
fault in the finite-frequency domain. In [30], the FD problem
for T-S fuzzy systems with time-delay was addressed via
delta operator approach. Dissipativity-based FD for uncertain
switched T-S fuzzy systems with intermittent faults were stud-
ied in [31]. Note that the parameter uncertainty of the mem-
bership function in practical systems is commonly inevitable.
Therefore, it is a big challenge for the analysis using the type-1
fuzzy models with membership functions containing no uncer-
tainty. However, the interval type-2 (IT2) fuzzy model can well
address this problem by using the information of the lower
membership function (LMF) and upper membership function
(UMF). Considering the uncertainty of premise variables, the
IT2 fuzzy model theory was extensively employed in [32]-[37]
and references therein. For example, in [36], finite-frequency
FD filtering design was studied for nonlinear systems based
on the IT2 fuzzy model.

Based on the above discussion, we would like to investigate
the FD problem for IT2 T-S fuzzy systems under the new
memory-ETM (METM) in this study. The main contribution
of this article can be summarized as follows.

1) A novel METM is developed by introducing a slid-
ing window with historical information of the measured
output. Besides the latest released information, the his-
torical information matching with a weighing function
in the sliding window is utilized to be the input of
the METM. Compared to the traditional ETM, the
current measured output is replaced by the weighted
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Fig. 1. Framework of networked FD systems.

historical information (WHI), by which it can avoid mal-
releasing events caused by dramatical disturbance and
high-frequency measurement noise.

2) An adaptive threshold that depends on relative error with
WHI is designed. Under such a scheme, the thresh-
old decreases when the relative error increases, which
implies that the probability of releasing event increases
when the variation of the measured output is large
enough, such that the system’s performance can be
maintained.

3) An integrated model of FDF for IT2 fuzzy systems
considering the problem of asynchronous premise vari-
ables is established, under which the METM-based FDF
design conditions are derived to implement the fault
evaluation. Furthermore, a wireless network FD device
based on the ZigBee protocol is developed. On such
an experimental platform, the performance of the fault
evaluation for IT2 fuzzy systems is verified by using our
proposed method.

Notation: In this study, I'{M-N} is used to represent N7 MN.

I,, and 0, indicate n x n dimension identity and zero matrix,
respectively. The others symbols are regular.

II. PROBLEM FORMULATION

The framework of networked FD systems with adaptive
METM is depicted in Fig. 1. The output signal is transmitted
over the network. To alleviate the burden of communication
network, an adaptive METM is adopted to determine at which
instant the output is necessary for the FDF. The output will
not be updated until the next event is generated by METM
due to the zero-order holder (ZOH). The nonlinear plant, in
this study, is characterized by an IT2 T-S fuzzy model.

The ith rule of the considered IT2 T-S fuzzy model is
presented as follows.

Plant Rule i: TF ¢;(r) is G!, ..., and ¢,(t) is GI, THEN

x(t) = Aix(t) + FiB(t) + Ejw(?) )
y(@) = Cix(1)
fori = 1,2,...,7. @;(t) is the jth premise variable and Gjl:

denotes fuzzy set for j = {1,2,...,q}. x(t) € R" and y(¢) €
R™ are the system state and output vectors, 6 € R is a fault
vector to be detected, w(f) € R belonging to /;[0, co) is the
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disturbance, and A;, E;, F;, and C; are known matrices with
appropriate dimensions. For simplification of expression, we
denote f £ {1,2,...,r}and 4={1,2,...,¢}.

Define the interval sets

600 = |Z,e0). Tip) | @)

as the firing strength of the ith rule, where ¢(f) =

[p1(0), ..., @4(O)]. LMF and UMF are, respectively, denoted by
q
Gi(p(1) = H 1 (4(0)
"
Gip() = H /(2i)-

Then, the final output of the IT2 T-S fuzzy model can be
approximated by

{ () = Y0, nilpO)Ax(t) + Fi6(1) + Eiw(D)]
y(©) = Y1y mile®)Cix(1)

where the IT2 membership function w;(¢(#)) is expressed by

IL(p()
i1 (959 ()

with 35(e(0)) = mieO)Z 1) + mi(e®)¥ip(). In the
item 9;(@(1)), m;(¢(t)) and m;(¢(t)) are nonlinear weight-
ing functions, which satisfy m;(@(®) + m;(p()) =1, 0 <
m;(p()) < 1 and 0 < m;(p(?)) < 1. It can be obtained that
Sy mile() =1 and 0 < pip(®) < 1.

As shown in Fig. 1, a networked residual filter is introduced
to generate fault evaluation for the nonlinear plant. The input
of the residual filter y(#;) is selected from y(¢) by the adaptive
METM.

Consider the jth rule of the IT2 fuzzy residual filter with
the following format.

Filter Rule j: IF ¢| (1) is H}, ...

3)

i) =

, and ¢,(1) is HY, THEN

{m) = Ap() + Bgy() @
r(t) = (1) + Dyy(x)

for t € [tx tx+1), where Hk and g¢;j(#) denote fuzzy set and
the jth premise variable for Jj € F,Xx() € R" is the state of
residual filter, and r(¢) is the residual signal. # is the triggering
instant. Ag, By, Cy, and Dy are the residual filter parameters
to be designed.

Similar to the definition of the firing strength for the
nonlinear plant in (2), for a residual filter, we define

Ni(s0) = [ (s 0), Hy(s 1) ] 5)
as the firing strength of the jth rule, where
s = [c1®,...,550), Zi(s() = HZ:lﬁHIF(S'j(f))s

and (< (1) = [Ti_ hyge (5 (0).
Let the membership function of the residual filter be
3(s (1)

St (s ) ©

#i(s (1) =

where &/ (5(1) = n; (g(t))%”g(t)—l—nj(g(t))jfjg(t) It is clear
that >, (c() =1 and 0 < 35(s (1)) < 1.

In (6), n; (s(®) and 7;(5(?)) are nonlinear weighting func-
tions that satisfy Qj(g(t)) +ni(c@®) =1,0 < Qj(g(t)) < 1,
and 0 < nj(g (1) < 1.

Then, the final dynamic of the IT2 T=S fuzzy residual filter
can be expressed by

(1) = Y7, #5(p(t)[AgE() + Byt ],
r(1) = Y i1 7@ @) [CE(t) + Dy () ]-

The input of residual filter is transmitted over the network,
which is depicted in Fig. 1. To reduce the amount of data
transmission while maintaining the performance of fault eval-
uation, the adaptive METM is introduced in the framework of
networked FD.

First, we design a new vector to represent WHI of the
measurement output as follows:

(7

t
Yo(®) =/ po(s — 1)y(s)ds (3
-0

where po(s) represents an output weight that satisfies
2, po(s)ds = 1.

Then, the new continuous-type memory ETM can be
designed as follows:

i1 = Inf {1l (e(0). y(11)) > 0} ©)

with ¢ (e(n),y(0) = " (OMe(r) — w Oy WMy () + 8,
where () = yo(t) — y(tx), & is a small positive constant,
and @ () is defined by

w(t) = @ + (ZD' — g)e—ﬂﬂé(t)“z (10)

fort € [f, frp1) WithO <@ < < 1,8 >0, and £() =
(" (OMe D1/ (@M 1))

Remark 1: From (8) and (9), one can see the state error
e(t) is not an error between the current measurement and the
latest releasing measurement as that in the traditional ETM. In
this study, the expectation of the measurement in the sliding
window from the ¢ — o to ¢ is obtained with the assumption of
/ E) o PO (s)ds = 1. The WHI during the past period is introduced
to replace the current measurement in the traditional ETM.
Therefore, we call this mechanism METM.

Remark 2: By using the proposed METM with historical
information, malreleasing event caused by dramatical distur-
bance or high-frequency measurement noise can be reduced
due to the introduction of sliding window technique.

Remark 3: The threshold of the proposed METM w (¢)
in (10) depends on the relative error £(¢) for ¢ € [t fry1),
that is, the probability of a generation of releasing event
will increase when the expectation of the measurement in
the sliding window deviates the value at the latest releasing
instant #.

Remark 4: The width of the sliding window p is a given
constant. When o is chosen too big, the releasing event
will not be sensitive to the measurement variation, while
it is chosen too small, such as ¢ — 0, then it will be
reduced to the traditional ETM due to the property that
limg_0(1/)J0(1) = y(1).

Authorized licensed use limited to: NANJING NORMAL UNIVERSITY. Downloaded on July 27,2023 at 10:35:01 UTC from IEEE Xplore. Restrictions apply.



746

For convenience of using the WHI, we define a new vector

t
AOE / P (s — Hx(s)ds
t—o

0
= / P (s)x(t + s)ds (11)

-0
where 2 (s) = ps) ® I, and p(s) =
col{po(s), p1(s), ..., pa—1(s)}. Moreover, Z(s) has the

following property that will be used for the derivative
of Z°(1):

P (s) =PP(s) (12)
where P is a constant matrix.
Combining (8) and (11) yields that
r '
o) =Y nilp®)Ci / po(s — 1)x(s)ds
i=1 —e
=Y wile()CiHy 2 (1) (13)
i=1
where Hy = [1;; Onx@—1)nl-
From the definition of £(¢), it has
y(te) = Z wilp®)Cilo 2°(1) — &(t). (14)

i=1

Inspired by [38], a reference model for the fault signal is
introduced (see Fig. 1) to generate an expected residual eval-
vation result. The transfer function from fault signal 6(¢) to
(1) is designed by Gg(s) = [6(s)/0(s)], whose state space
can be expressed by

{ Yo () = Agx(t) + Ba0 (1)

0(1) = Coxg(t) + Dgb(1). (15)

Define n(1) = [x" (1) X (1) xf 01", 9 (1) = [o" (1) 6T ()],
and r.(t) = r(t) — 6(¢). Then, based on (3), (7), and (14), one
can obtain the following overall system:

N(0) = Yimy il ()2 (@ @) [ Friyn (1) + Fay Z (1)
+F3je(t) + Faid ()],

16
ro() = Y1y il )5 @) Gy + Gy 2@y 10
+Gje(1) + Gad (0]
where
—A,' 0 0 0
Fij=10 A 0|, Fy=|B;CiHp |,
_0 0 Ap 0
[0 E; F;
]"3]: ij ,.F4i= 0 O s gljz[o Cf/ _C9]7
0 0 By

Gaij = DsCiHo, G3j = —Dg, G4 =[0 — Dg].

For expression brief, in what follows, we will use /Lf and
/j‘ to represent p;(¢(#)) and s(@(#)) in (16), respectively.
Moreover, the condition ,uf — aijc > 0 is assumed to be
hold.
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Next, we introduce a residual evaluation function (REF) J(¢)

as follows:
1 3
J(t) = ( /0 ||r<s>||2ds) .

To detect the fault occurrence, an FD threshold J;;, needs to
be preset, which is expressed by

7)

Jin = sup J(@). (18)

w(1)eLy,0()=0
Based on the REF in (17) and the FD threshold in (18), the
following FD logic is adopted:

(19)

J(t) > Jy, = alarm
J(@) < Jun.

The main objective of this article is to find FD parameters
in (7) such that:
1) the FD system (16) is
(UUB);
2) under the zero-initial condition, fé reT(s)re ()ds <
y2 [y 07 ()0 (s)ds with 9() € L0, +oo) is satisfied
for the solution of (16), where y is a positive scalar.

uniformly ultimately bounded

III. FAULT DETECTION FILTER DESIGN

In this section, an Hy, performance analysis for the FDF
system under the adaptive METM will be presented first. Then,
we will design the parameters of the IT2 fuzzy FDF in (7) in
the light of Theorem 2.

To facilitate deriving the result in Theorem 1, the following
Lemma is introduced.

Lemma 1 [22]: For a vector p(s) defined in (11), symmetric
matrix R > 0, one has

/ I'{R-x(s)}ds > ' R - Z'(1)} (20)
D

where R = P® R with P = [fi)gp(s)pT(s)ds]’l, and 2 °(x)
is defined in (11).

Theorem 1: For given positive constants «;, 8, 0, @, and
v and matrices Cg, Dg, and T, the IT2 fuzzy-based residual
system (16) under the adaptive METM in (9) is asymptotically
stable with an Hs, norm bound y, if there exist symmetric
matrices Q, ®; > 0,R > 0,5 > 0, and M > 0, and matrices
Ay and By, such that the following inequalities hold:

M — ®; < 0 @1)
i <0 (22)
Ti+Yi<0, i<j (23)
0>0 24)

for i,j € F, where
Tij = ©;j + (I — D)
[ = I'{(R+0S) - HiJ1} — I'{R -2} — I'{S - HaJ1}
n r{531.H3J1} +He{J1TQ[§3“ — (M- J3)
+ Mo M - [CHHLJ, — J3]}
+ He(T 3y} + 6.6, — v* I} 14
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T= [T On,,x(an+n+m+n,9) IBT]
Q=0+diag{O, R}, S=P®S

0 -1
R=P®R, P= |:/ p(s)pT(s)ds:|

—@

Fy=[Fyg Fals G5 =[Gy G
H; = 1, O Onxng Onxan]s H, = [Oanxn Oanxn Oanxng [an]
H3 = Inn Onnxan] Y= [gZ (0) Oanxn O, anxng T IP)]

Y = Z(=0) Oanxm Oanxny Oanxnn]

[
[
[
=
[0 nXng On,,xn On,,xm Onnxw Inn]

i =[Fy 0 Fy Fa —1], &;=[Gyj0 Gy Ga 0]
[Ine Onexn Onexm Onexny Ongxny |

32 = [Ousny Tnxn Onsm Onxny Onxcn, ]
J3:[Om><n5 Omxn  Lmxm 0m><n19 Omxn,,]

T4 = [Onyxne Onpxn Ongxem Tngxny Ongxny ]
JS—[n,,an On,,xn Onnxm Onnxnﬁ Innxnn]

ng = ny +an,ny = nw +ng, ny = 2n+ng.

Proof: Construct the LKF as follows:

V(@) = Vi@ + Va2 (d) + V3() (25)
where
Vi) =T{0- ¢}
t
Va(2) =/ T'{R - H;¢ (s)}ds
-0
t
Vi(1) = (s —t+0)'{S-Hi¢(s)}ds
t—0
with () = [n" (1) 2T 0]
From Lemma 1, one can know that
Va(t) = T'{R - Z'(1)}. (26)

Due to Q > 0 and S > 0, we have
0
V(@) > ' {Q- ¢} +/ (s+o){S-x(t+s)}ds > 0. (27)
-0

From (27), one knows that if (24) is satisfied, Q > 0 is
not yet required. Therefore, a less conservative result can be
obtained.

Taking the derivative of V(f) along the residual system (16)
yields that

V(t) =2¢T(0Q¢ (1) + T'{R - x(1)} — T'{R - x(t — 0)}
'
4+ ol{S-x(®)} —/ '{S - x(s)}ds.
-0
From (11) and (12), it follows that:

X (1) = P (0)x(t) — P (—0)x(t — 0)
£ 90).

— P2
(28)

Similar to (26), applying Lemma 1 follows that:

t
—/ r'{S -x(s)}ds < —I'{S- Z(x)}. (29)
-0

Recalling the definition of &(f) in (9) and (14), it has
¢ (e(®), y(tr)) < 0 is equivalent to

Z,u ZUF

—I'{M -e(®)}+8] > 0.

[CHoZ'(x) — e(n)]}

(30)

For notational simplification, we define ¥ (1) = [¢ (¢) xT (1—

o) ef ) 9T AT ).
Then, it has

V() < Z“
+ Zu
+ Zu M[qumQ[Q((?)] —rm- e(r)}}

+Zu/‘[ {

[[{R-x(0)} = T'{R-x(1 — 0)}]

(oS- x(t) - I'(S - 20))]

- [CHo 2 (x) — (48]}

+ Zu%‘ 2r{T3y- v}
i=1
Then, we can obtain that

V() + L (0)re(t) — y20 T ()9 ()+8>n" (t)n (1)
+8 =8 (n) < Y uiHr{ng -y}
i=1

It is noted that ) ;_, Z;=1 i — Mj‘) = 0. Then, for
matrix ®;; with an appropriate dimension, we have

Y ubdr{ng ywh =" udr{ng . yo)

i=1 i=1

F Y (i ) og-vo)

i=1 j=1

DHWENI

i=1 j=1

N i {e; -y o).

i=1 j=1

€1y

;) - Y (1)}
(32)

Recalling the assumption of ;L]].‘ — (xj%; > 0, (21), and the
definition of Y in Theorem 1, it has

ZZ,LH}/W“ I - ¥ () ZZM ATy yo).

i=1 j=1 i=1 j=1

(33)

Using parameterized linear matrix inequality technique [39]
follows that:

Do wiH (M vo)

i=1 j=1

+ )0 s { (Y + ) - v o))

i=1 j>i

<D i - (1)

(34)
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Combining (22), (23), (31), and (34) yields that when r———7

I > 2, " [t | [ e

V() < —rL®r.d) + y?9T (00 (1). (35)

For ¥ () = 0, it is easily known that V(1) < 0 from (35),
which means the residual system (16) is UUB.

For 9() # 0, it follows that fot rZ(s)re(s)ds <
Y2 fotz?T(s)ﬁ(s)ds by integrating both sides of (35) from

0 — 1. That completes the proof. u L -
Next, we are in position to design the parameters of the
FDF system in (7). Fig. 2. Simulation platform of the FD system.
Theorem 2: For given positive constants o, 8, 0, @, and
v, and matrices W, the IT2 fuzzy-based residual system (16) ir, in
under the adaptive METM (9) is asymptotically stable with —P—m >
an Hs norm bound y, if there exist symmetric matrices L—=1H
1,0, > O,R > 0,5 > 0, and M > 0 and matrices g E‘E‘, n +
Ap. Bj. Gy, Dg. and Ty (k = 1,3.4,6,7,9). such that the S m— D Vi
following linear matrix inequalities hold: o I -
D -
_ﬁij - (D,'j *
0 36
Y 1] = GO
-?ii * Fig. 3. Tunnel diode circuit.
<0 37 &
| & =1+ Ol,'Ii| 37)
RUERY * * » - A
& —/T+al % <0,i<j, (38) From the deﬁmuoq of 7 and §; in Theorem 2, one can
| & 0 —JST¥al know that (21) is equivalent to
Q> (39) fy — &y + 616, < 0. (41)

for i,j e F, where Q,S,G;;, P, R,’B, and &;; are defined in

Applying Schur complement yields that (41) is equivalent
Theorem 1, and

to (36). Equations (37) and (38) can be got by using a similar
'fij — f[l_j + Olj(flij _ q’ij) method. The proof is completed. |

flj = F'{(R+0S) - HiJ1) — T'(R-Jo} — T'{S - Hali)

J
+ F{83I -H3J 1} + He{,]] 1TQ|:‘13:|} —I'{M - J3} In this section, a hardware-in-loop simulation experiment
+ I'foM - [C;HHLJ, — J31}

is given to demonstrate the effectiveness of the proposed
o approach. As depicted in Fig. 2, the simulation platform

+ He{TSij] - )/ZJZJM is composed by three parts: 1) nonlinear plant; 2) adaptive

72 _ [I 0 8 I] METM, FD; and 3) wireless sending/receiving device, where
Znx(antntm+ng) the first two parts are realized by computer simulation and

3’,-]‘ = []:',] 0 ﬁ3j ﬁ4i — T], }A"ij = [ﬁ1l] ﬁzy] the signal transmission in the third part is implemented by
circuits that are mainly composed of Arduino and ZigBee

IV. SIMULATION EXPERIMENT

. ThA; f‘ﬁ T3Ae | I?ﬁ CiHo modules. That is, the modules of the plant and the FDF are

Frij = | TaA; A ToeAe s F2ij = B[J’CiHO simulated on the Simulation/MATLAB platform, while com-
L T7A; WA, ToAg WB;CiHo munication between these two modules is transmitted via a
B gfj T\E; T\F;+ T3By wireless network.

ﬁ3j = Bﬁ ,Fui= | TWE; T4F;+ TeBs |. Example 1: A tunnel diode circuit is considered in this
_ngfj T9E; T7F; + ToBy example, which is presented in Fig. 3.

The V-I characteristics of tunnel diode D is given by
Moreover, the FDF parameters in (7) are given by

ip(f) = 0.002Vp(1) + o V3 (1)

—14 —15
Aj ‘ By — T, Ag ‘ T, By . (40)
Cy \ Dy Cy ‘ Dy where o € [0.01,0.03] is an uncertain parameter and the
voltage of tunnel diode satisfies Vp(f) € [-3 V,3 V].
n L T3 The application of Kirchhoff’s law to Fig. 3 yields
Proof: Define T = | Ty T> Ts |, Ay = T2Ag4, and
) T, WIh To { COP +ip—iL=0 42)
By = T»By,. Rip + LY 4+ vp = 0.
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TABLE 1
UMF AND THE LMF OF THE PLANT
Gt (x1(t)) Gy (z1(t))
2 dmax —d 2 d _ dmin
UMF &} (z:1(t)) = ﬁ Gy (x1(t)) = drﬁim
(with 0 = 0.01) (with o = 0.03)
duax—d d(t)—dumin
LMF  @i(21(t)) = 52200 @2 (1)) = 0t
(with o = 0.03) (with ¢ = 0.01)
TABLE II
UMEF AND THE LMF OF THE FDF
A (1) A3 a1 (1)
UMF %1 (xl(t)):eﬂ.mf(t) %l (wl(t»zl_emﬁzf(t)
LMF 1 (a1 (1) =e 05710 3 (21 (1) =1—e 02

Suppose there are common/differential mode noise and fault
signal in the circuit. Let x1(¥) = Vp(f),x2(r) = ir(¢) and

x1(2)

x(t) = i| Then, the nonlinear dynamic of the tunnel

x2(1)
diode circuit can be expressed by
X)) =A@®x() + FO(t) + Ew(t) (43)
where
_ | —=50d() 50
A0 = [ -1 - 10}

with d(7) = 0.002 + o V3.

By using the IT2 fuzzy modeling method [40], we can con-
vert the nonlinear tunnel diode circuit system (43) into the IT2
fuzzy system in the form of (3), and the system matrices are
defined by

-1 —10

where di = dpin = 0.002 and dy = dyax = 0.272. The other
matrices are chosen as

1 [0 1 .
Ci=|:o],E[: -1],Fi=|:1], (i=1,2).

The transfer function of weighted fault dynamic in (15) is:
Go(s) = —[(0.025 4+ 0.54)/(s + 2)]. The UMF and the LMF
of the plant and the FDF are displayed in Tables I and II,
respectively.

In addition, the nonlinear weighting functions of the plant
and FDF are given by m;(x (1)) = sin?(x1 (7)), mi(x1 (1) = 1 —
sin? (v (1), (01 (1) = myCe (), and 70 (1) = i1 (1),
respectively.

Remark 5: As shown in Fig. 2, the IT2 fuzzy system,
FDF and METM are simulated by using MATLAB. The sig-
nal transmission device is a real wireless network. Such a
hardware-in-loop simulation platform can not only simplify
the complexity of the experiment but also observe the real
performance of networked FD.

From Theorem 2 with parameters § = 0.001, o =
03,00 =07,y = 2,0 =0.15,@w = 001, @ = 0.2, and
W =1 1], one can obtain

Ao [F17610 1479757 o [—-1.5747
1=1-02676 —4.1922| 1= | 0.0972

4, = [~50d: 50}

\

UMF and LMF of Plant
o
o
-

UMF and LMF of FDF

Fig. 4. Membership function of the plant and the FDF.
0.6 T
e y(t)
05 [ y(t)
0.4
—~ 03
S ot
O
0.1
-0.2 .
0 1 2 3 4 5 6 7 8 9 10
Time (s)
Fig. 5. Output of the plant and the input of the FDF.
A — —20.7679  28.7842 B — 0.4940
27 09881  —5.8199] 27 02717
Cpi = [0.0247  —0.2865], Cy» = [-0.0257 —0.2738]

Dy = —0.0270, Dy = —0.0098, M = 0.7211.

Assume the initial state of the plant and the filter are x(0) =
%(0) = [0.1 —0.1]7 and w(r) = 0.2¢~"%, the fault signal is
given as

1,15<1r<23

0, else. (44)

0(1) = {

In Fig. 4, the solid lines, the dash—dotted lines and the dash—
dotted lines represent UMF, LMF, and weighted membership
functions, respectively. Fig. 5 shows the FDF input y(#;) and
the output of the plant y(#), from which one can see y(¢) at
instant #; is sampled when the WHI from ¢ — o to ¢ satis-
fies the event triggering condition. Also, it can be observed
that the duration of each packet at releasing instant is differ-
ent due to the implementation of the adaptive METM. Fig. 6
depicts releasing instants and releasing intervals, from which
one can draw a same conclusion as well. The disturbance and
the fault are mainly occurred within 0-3 s. From Fig. 6, one
can see that the number of releasing packets within 0-3 s is
17, accounting for 54.8% of data packets within 10 s. It illus-
trates that the filter receives more packets from the plant via

Authorized licensed use limited to: NANJING NORMAL UNIVERSITY. Downloaded on July 27,2023 at 10:35:01 UTC from IEEE Xplore. Restrictions apply.



750

Release instants

ﬁTm

0 1 2 3 4 5 6 7 8 9 10
Time (sec)

Fig. 6. Releasing sequence under the proposed adaptive METM.
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Time (s)
Fig. 7. Adaptive threshold of the METM.

network to achieve a better evaluation result during the system
with disturbances and faults. In Fig. 7, the adaptive threshold
is presented. It is clear that the greater the variation of the
plant output becomes, the lower the threshold is. When the
system tends to be stable after 4 s, the threshold varies from
0.16 to 0.2. Therefore, the data releasing rate can be adjusted
adaptively according to the necessity of the FDF performance
and the releasing requirement.

Figs. 8 and 9 show the responses of the residual signal and
the evaluation function under the fault and fault-free cases,
respectively. According to (9), we can calculate the FD thresh-
old Jin = 0.0089. The fault in (44) applied to the system is
occurred at 1.5 s. From the response of J(#), one can see that
J(@®)|s=1.69 > J, that is to say, the fault is detected after 0.19
s according to the FD logic in (19). It demonstrates that the
proposed method can lead to a satisfactory FD performance.

To illustrate the effect of parameter o on the number of trig-
gering events, Table III lists experimental results with different
values of p, from which one can see that a large scale of sliding
window o may reduce the sensitivity of event-triggering.

Next, we consider the following two ETMs: 1) the normal
ETM with the format (45) and 2) the adaptive ETM formulated

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 53, NO. 2, FEBRUARY 2023

0.03 T T T T
r(t) under fault-free case
r(t) under fault case E

0.025

0.02

0.015

0.01

0.005

Residual signals

-0.005 + : i ,

0.015 . . . . . . . . .
0

Fig. 8. Residual signal r(z).

0.02

0.018 - Ju(t) under fault case

0.016 [

o

o

IS
T

0.012 -
(169, 0.0089)
0.01

X
0.008 -

0.006 [ \

0.004 - ']th(f)

Evaluation function J()

Ju,(t) under fault-free case

0.002

Fig. 9. Evaluation function J(#).

TABLE III
NUMBER OF TRIGGERING EVENTS UNDER DIFFERENT @

0 0.03 0.06 0.15
The number of triggering events 43 38 31

TABLE IV
NUMBER OF TRIGGERING EVENTS UNDER DIFFERENT ETMS

Methods Triggering times
Normal ETM 54
Adaptive ETM 43

Our Adaptive METM 31

by (46)
Normal ETM:  f41 = [intf{nqS(e(t), Y(t) > 0} (45)
>tk
with ¢(E@), y#) = &T(OME®W) — wyl (t)My(tx), where
£(t) = y(t) — y(fx) and @ 1is a constant
Adaptive ETM:  f1 = tintf{t|¢3(s(z), Y1) > 0} (46)
>k
with ¢E(1), y(t) = ET(OME®) — @ (O)yT (tx)My(tx), where
&) = y(t) — y(tx) and @ (¢) takes the same as (10).

The comparison among the numbers of triggering events
using different mechanisms are listed in Table IV, from which
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one can see that our proposed adaptive METM generates fewer
triggering events compared with the others.

V. CONCLUSION

The networked FD problem has been investigated for 1T2
fuzzy systems in this study. The WHI is utilized in the
design of the adaptive METM to replace the current mea-
sured output of the plant. It can further reduce the data
releasing rate and enhance the robustness of the METM,
while maintaining the FD performance. Moreover, the adap-
tive threshold that depends on the WHI is designed to adjust
the generation of triggering events dynamically. Considering
the uncertainty of the premise variables and unmatched mem-
bership function, UMF/LMF and slack matrix technology have
been utilized to improve FD evaluation performance. In addi-
tion, a hardware-in-loop simulation platform has been built
to implement the signal transmission, which is mainly com-
posed of the Arduino and ZigBee modules. Simulation results
have shown the effectiveness of the proposed scheme. In future
work, the METM-based fault-tolerance control will be consid-
ered and the optimal design of ¢ in the proposed METM will
be studied.
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