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Fault Estimation and Fault-Tolerant Control for
Networked Systems Based on an Adaptive
Memory-Based Event-Triggered
Mechanism

Zhou Gu ™, Peng Shi*, Fellow, IEEE, Dong Yue

Abstract—This paper mainly focuses on the problem of
networked fault estimation (FE) and fault-tolerant control
(FTC). A novel adaptive memory-based mechanism is proposed
by introducing the latest piece of historical output information.
The historical information at each instant is matched with a
corresponding weight such that the closer information is, the
more contribution to the releasing event. Many unexpected
triggering events can be avoided under this communication
protocol, especially for the scenarios of the system with jitter
disturbance or random noise. Moreover, to make the instant-
aneous data releasing rate adapt to the requirement of the
control system, a time-varying threshold of the event-triggered
mechanism is designed. Therefore, the burden of network
bandwidth can be greatly decreased. Based on this proposed
communication protocol, a new fault and state estimation model
is developed. The fault-tolerant controller uses the estimations to
compensate for the influence induced by the network and the
fault. Sufficient conditions are derived to co-design the
parameters of FE, FTC, and adaptive memory-based event-
triggered mechanism. Finally, the performance of the proposed
communication mechanism, FE, and FTC is evaluated on an
example of the F-404 engine system.

Index Terms—Adaptive memory-based event-triggered mech-
anism, Fault estimation, Fault-tolerant control.

I. INTRODUCTION

IGH safety and high reliability are the fundamental
requirements of modern engineering systems. However,
unexpected faults, such as actuator stuck and sensor saturation
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are common phenomenon in practical industry processes. The
system’s performance with a certain fault, especially with a
severe fault, will be deteriorated, increasing potential safety
problems. To maintain the control performance of the system
in the presence of certain bounded faults, fault detection (FD),
FE, and FTC are necessary to tackle these problems. Over the
past decades, the problems of FD, FE, and FTC have attracted
extensive attention, see for example, [1]-[6], and references
therein.

The FD concerns with monitoring the control system, iden-
tifying when a fault has occurred. To obtain acceptable control
performances of the system with faults, two design methods
are usually adopted: passive FTC [7] and active FTC [8], [9].
The main purpose of passive FTC is to design a tolerant con-
troller to make the system insensitive to unexpected faults, for
example, in [7], a reliable controller was designed by assum-
ing the actuator failure is governed by a series of random vari-
ables. The authors in [10] developed a robust adaptive FTC to
achieve asymptotic tracking for a cascaded system subject to
actuator failures. In [11], a passive FTC was investigated for
T-S fuzzy-based nonlinear systems against bounded actuator
faults. It is noticed that these passive FTC methods do not
depend on fault information. In contrast with the passive FTC,
the active FTC method needs to make full use of fault infor-
mation to compensate for the influence of the fault in the con-
trol process. In [12], By using integral sliding-mode control
technology, a finite-time FE-based FTC scheme was proposed
to address the trajectory-tracking problem of surface vehicles.
To realize the voltage compensation of dual three-phase per-
manent-magnet synchronous motor against multi-faults, the
current-sensor fault was estimated to design a fault-tolerant
controller in [13]. It can be manifested that the active FTC
method is more effective and reliable on the condition that the
fault information can be obtained or estimated. In the past dec-
ades, considerable efforts have been dedicated to the issue of
active fault-tolerant control to deal with various fault prob-
lems [14]-[16].

It is known that signal transmission plays a vital role in the
control loop. The signal transmission in the literature listed
above is based on traditional point-to-point (P2P) communica-
tion. Under this transmission style, the control scale, flexibil-
ity, and reliability will be limited [17]-[19]. With the
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development of the technology of computation, network, and
control theory, network communication of the control system
has gradually been an alternative to the traditional P2P-based
communication control system. However, some features of
communication networks for networked control systems
(NCSs), such as time delay, limited network bandwidth, etc.
will deteriorate or destabilize the control performance. There-
fore, over the past two decades, considerable attention has
been received for improving the performance of NCSs [20]-
[22], for example, in [20], the authors modeled the network-
induced delay as an interval time-varying delay. The network-
induced delay is assumed to be governed by some random dis-
tributions in [23], [24]. In traditional control design, digital
signal transmission with a fixed period from one terminal to
the others is usually adopted, and the fixed period is set small
enough to ensure the control system with a satisfying perfor-
mance in the worst situation [25]. Consequently, this time-
triggered mechanism (TTM) with high-frequency sampling
and broadcasting will inevitably aggravate the burden of a net-
work, even leading to network congestion.

To effectively save network bandwidth when designing
NCSs, numerous results regarding the event-triggered mecha-
nism (ETM) have been proposed in recent years, such as [26]-
[32]. Unlike TTM, signal transmission with ETM depends on a
condition used to generate releasing event, rather than a periodic
time sequence. The control strategy with these event-triggering
conditions ensures the stability of the system. In [33], the data
transmission was designed by utilizing a mechanism of time-
driven sampling and event-driven releasing. The parameters of
the controller and the ETM can be co-designed by using such an
approach of model transferring. This method was successfully
extended to the design of networked FTC, such as in [34], under
this framework, the data releasing rate can be dramatically
decreased, while the control performance can be maintained to
an acceptable level. In [35], an annulus-based ETM was pro-
posed to decrease the amount of data releasing for time-varying
FD systems. To improve the adaptation of the event-triggering
condition, adaptive/ dynamic ETMs were developed [36]-[39],
for example, in [38], [39], the thresholds were designed to be a
dynamic that changes with the current sampling information and
the latest released information. Distributed adaptive ETM
in [36], [40] was investigated for consensus of linear multi-agent
systems (MASs) against multiplicative faults and disturbances,
where the parameters of the triggering function depend on both
the state and the running time to enhance the adaption to the con-
dition. It is noticed that the ETMs in the literature as mentioned
above only use the current information to decide the next releas-
ing instant. Sometimes it may lead to an unnecessary releasing
event. Fewer results are reported to use the ETM with historical
information for the design of FTC. Theses research gaps are our
primary motivation for the current study.

Motivated by the above literature, the memory-based event-
triggered mechanism was proposed to design the FE and the
FTC for networked control systems. The main contribution of
this paper is threefold as follows.

1) A new memory-based event-triggered mechanism was
developed. The weighted historical information is introduced
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Fig. 1. The framework of the adaptive event-triggered FE-based FTC.

in the triggering function, by which the unexpected releasing
event under the traditional ETM can be avoided due to the
instantaneous random jitter (RJ);

2) A new fault estimation model is constructed to match the
memory-based ETM, under which the estimation accuracy of
the observer can be guaranteed.

3) The FE and FTC can be co-calculated conveniently based
on the conditions that guarantee the stabilization of the aug-
mented system by converting a nonlinear matrix inequality
into an optimization problem.

The rest of this study is organized as follows. Section II
presents the framework of networked FE and FE-based
FTC. Section III gives the coordinated design method of the
FE and the FTC. Finally, a semi-physical simulation plat-
form for an aircraft engine system (AES) is presented to
show the effectiveness and advantages of the proposed
approach in Section IV. Conclusion V summarizes this
study.

Notation: In this paper, O[M, N| represents N MN. col{-}
stands for a column vector. He{M} = M + M.

II. PROBLEM FORMULATION

As shown in Fig. 1, the framework of networked FE and the
corresponding FTC is depicted. To relieve the burden of net-
work bandwidth, the adaptive memory-based ETM is
introduced.

A. Plant Model

Consider the following linear time-invariant system with
fault and external disturbance:

ey

where z(t) € R", y(t) € R™, u(t) € R™, 2(t) € R™, f(¢) €
R"f, and v(t) € R™ denote the system state, measured output,
control input, system output, system fault and external distur-
bance, respectively. A, B,C, D, F' and I', are known matrix
with appropriate dimensions. In this study, the pairs (A, C)
and (A, B) are assumed to be observable and controllable,
v(t) and f(t) belong to I3]0, o).
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From Fig. 1, one can see that the input of the adaptive mem-
ory-based ETM includes not only the current output informa-
tion y(t) but also ¢(¢) with historical information.To facilitate
the description of §(t), we first define

f(s) = COl{g(8)7gl(S), cee gpfl(s)}a 2)
7(s) = &(s) @ I, 3

where g(s) is a function that satisfies f:_w g9(s)ds=1,wisa
given constant that represents the length of historical informa-
tion to be used as the input to fault/state estimation observer.
For ¢ (s), we assume it has the following property:

(s)
ds

=G 7(s), “4)
where G,,xpn 15 @ given constant matrix.
Next, we define

@(t) = al@(t) + apy(t), 5)

where (1) j; w9 y(s)ds and 7 a; = 1,; > 0.

Remark 1: Tt is notlced that 9(t) in (5) is average historical
information. Meanwhile, g(s) can be regarded as a weight of
y(s) at instant s. If one chooses g(s) as a monotone increasing
function for s € [—w 0] in (5), it means that the closer the
time is to current instant ¢, the bigger the weight is.

Remark 2: As mentioned in Remark 1, g(t) is average his-
torical information owning to the sliding window with a fixed
window width w. Such a widow slides with time ¢. If w — 0,
it tends to be a memoryless ETM, while w is chosen too big,
more useful information may be missed. Therefore, a reason-
able w is the result of multiple trials.

Remark 3: From (5), one knows that the historical informa-
tion and the current information are matched with respective
weights. The bigger «; is, the more historical information in
the ETM and FE is. Especially, if one sets oy = 0, the trans-
mission signal turns to be a traditional one.

B. Memory-Based ETM

To alleviate the burden of the communication network, an
adaptive memory-based ETM is introduced (see Fig. 1).
We define

p(w(t,tr), y(t) = @' (OQw(t, tx) — 8(t)y" () Q(t), (©6)

where w(t,ty) = §(t) — y(tx) and ¢ is the k-th triggering
instant. y(¢;) is the system output that is successfully transmit-
ted over the communication network at instant ¢;. §(¢) is a sca-
lar function designed by

w? w
8(t) =8 —2(8 — §)/marctan (g yT((?)%y((g tk)) @

fort € [ty tg 1), where0 < § < § <lando > 0.
Then, the next triggering instant can be expressed by

tep = inf {t|t > t, @(w(t, tr), y(t)) > 0} (8

3235

Remark 4: 1t is noticed that instantaneous RJ may arouse
unexpected triggering events when using the traditional ETM.
Such the event is called the bad event in the following. The
historical information with a sliding window w being intro-
duced to generate the absolute error of the ETM in (8) can
avoid the occurrence of bad events, which will be demon-
strated in Section IV.

Remark 5: From (7), one knows that the threshold is vari-
able and has the following properties and advantages: (1) § <
8(t) < &; and (2) the threshold decreases with the relative error
o0 wl (H)Qw(t,t;)

vl (D Qy(1)
smaller §(¢) is, leading to much more releasing events.

Accordingly, the control performance can be ensured.

, which means the bigger §(t) deviates y(¢;), the

C. The Framework of FE and FTC

For the sake of compensating for the influence of faults and
solve the asynchronization problem induced by the network, a
fault estimation observer is considered, which is constructed
as follows:

a(t) = Ax(t) + Bu(t) + Tf(t) + L(y(te) — 5(1))

Bly(ty) — 9(0) ©
(t) =a1C [, 9(s — t)Z(s)ds + aaCZ(t),

where Z(t) € R", 4(t) € R™ and f(t) € R"™ denote the
observer state, output and the estimated fault signal, respec-
tively. L and E are parameters to be designed.

Based on the above fault observer, we now consider the fol-
lowing FTC strategy

u(t) = =BT f(t) + KZ(t), (10)

where K is the observer-based fault-tolerant controller
gain to be designed, and B' is the matrix that satisfies
(I - BBNHT = 0.

Defining e, (t) = z(t) — Z(t) and e;(t) = f(t) — f(t), and
recalling the definition of w(t, t;) yields that

éx(t) = (A —aaLC)ey(t) + Tep(t) + Lwo(t, ty)

t
— a1 LCH, / 7(s—t)eg(s)ds
t—w

' (11D
ép(t) =— ozlEC'Ho/ 7 (s —t)ey(s)ds
t—w
— o ECe,(t) + Ew(t, 1) + f(t).
_ By define y(t) = [ef(t),e?(t),mT(t)]T and v(t) = [v1(¢),
FL()]", we can obtain the following augmented system:
t
U(t) = Ap(t) — ale’H()/ 7(s—t)ey(s)ds
t—w
+ Jw(t, tg) + Du(t) (12)
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where A = .A() + Al, HO = [Ina On o ,On}’ and
—_———
p—1
A T 10 D 0
AO = 0 0 0 ,D - 0 I )
(0 rla D 0
A _[_a2£0 0(n+nf)><nf] | 0(n+ﬂf)><7l
1 = )
| [-BK 0., | BK

The main purpose of this study is to design a networked
fault-tolerant control strategy such that the system with the
memory-based ETM in (8) has an H,, performance y, i.e.,

1) The system (12) with v(¢) = 0 is asymptotically stable;

2) The system (12) for v(t) # 0 satisfies ffzc 2L (#)z(t)dt <
v ftzo T (t)v(t)dt under zero initial condition.

The following lemma that plays an essential role in deriving
the main results will be introduced first before proceeding
further.

Lemma 1: For a vector function ¢ : £ — R™ with ny, =
2n + ny and a symmetric positive definite matrix @) € R™*",
the following integral inequality holds:

[ouslas=zolmea [ ouwa]

where M = [ [, &(s)€7 (s)ds] ", &(s) and ¢ (s) are defined in
(2) and (3), respectively.

III. NETWORKED FE AND FTC DESIGN

In this section, we first analyze the stability and H
performance of the system (12) in Theorem 1 and then
develop the approach of the networked FE and FTC with
the novel communication protocol presented in (8) in The-
orem 2.

For the purpose of simplifying the prescription, we give the
following notations:

]Il = [Inv, Ond, xXpn Om/, Onwxny 077/1// XMy 077/1// ] y
]IQ = [Opnxnv, ]pn Opnxnt/, Opnxny Opnxnv Opnxnll, ] 5
]13 = [ 0"1// Onw xXpn Inw Onwxny 077/1// XMy 077’1// ] y
]I4 = [Onyxnw Ony xXpn Onyxn,/, In,y Onyan) Ony XNy ] 5

withny = 2n+ns,n, =n, +np,n, = (p+2)n+ny.
Theorem 1: For given scalars §,w,y, B, a; (i =1,2) and

matrices K, L and E, the system (9) can asymptotically esti-

mate the fault and the state of the plant with an H, perfor-

mance level y under the adaptive memory-based ETM in (8),

P P
Pl P } Q>
0, R > 0, and matrices Uy, Us with appropriate dimensions,

if there exist symmetric matrices P = {
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such that the following inequalities hold:

[P P,
q)_[PQT P3+M®Q] >0, 14)
0+0; =
{FHQL —1} <0 (15)

where
0 = He{H} PT,} + I H| QH I,
— I3 QI3 + wI{ H RH,I; + 137, — 1701,
+ 8(CHIL, ) " QCH, I, — y*11T5,
0, = He{7:S},

Ts=[U 0 0 0 0 U], U=diag{U;,Us},
S= [-A —OlleH() Onv,xn j D _In,/, ],
Tl = [Tll 712}3
TH _ Onl/, Onv,xpn On,/, ’

7 (O)Hl —g — (—w)]Hh

On Ny, 077 Ny _In
Ty = Y XMy v 4 ’

Opnxny Opnxnv Opnxn,/,
To=[0 -M®R 0 0 0 0],

Hl = [Inv Onxnfa On]a H2 = [0717 Onxnfa In]a

HS = |:In;7a Onnxnwa Onnxny Onn XNy 9 Onnxn\[/:| .

Proof: For the convenience of expression, we first define
v(t)

ffiw 7 (s —t)ey(s)ds

w), w(t,ty), v(t), ¥(t)}.

n(t) = [
B(t) = 001{77(73)’ ex(t —

From Lemma 1, one knows that

t

O[Pn(®)]+ [ OlQ,ex(s)]ds

t—w

> D[P, n(t)] + 0 {M ®Q, /ttw 7 (S)ez(5>d8:|

= 0[P, n(¢)]. (16)

Dueto® > 0,R > 0, we can construct the following Lya-
punov-Krasovskii function.

Vi) =olPat]+ [ OlQ.e.(s)ds

[ -trupRe@is A
t—w

Authorized licensed use limited to: NANJING NORMAL UNIVERSITY. Downloaded on July 27,2023 at 12:16:53 UTC from IEEE Xplore. Restrictions apply.



GU et al.: FAULT ESTIMATION AND FAULT-TOLERANT CONTROL FOR NETWORKED SYSTEMS BASED ON AN ADAPTIVE MEMORY-BASED

Take the derivative of V(¢) along the system (12), and it has

V() = 20" () Pi(t) + O[H] QH., (t)]
[ e, (t — w)] +w O[H] RH,, %(t)]
/. O[R, e,(s)]ds.
It is noted that
% t; 7 (s —t)ey(s)ds = ¢ (0)H ¥ (t) — ¢ (—w)H ¥t — w)

t
— g/ (s —tle.(s)ds.  (18)
t—w
Utilizing Lemma 1 once more yields that

V(t) < 20" () PT 14(t) + O[H] QHy, ()]

—9[Q, eo(t —w)] + w O[H] RHy, (t)]
+ (I3 T o, ¢(2)]. (19)
From (12), one knows that
2T 3 Sp(t) = (20)

Recalling the event-triggering condition in (8) and combing
(19)-(20), we have

V()+2"(8)(t) — ¥V (£)v(t)
< 29" (t) PT19(t) + O[H{ QH1, ¥ (t)]
- 9[Q, ex(t — w)] + w O[H] RH,, ¥(t)]
+ 1575, $(t)] — D15 QL, ¢(t)]
+ D[8(CHLI, )" Q(CH,I, ), ¢(t)]
[(TTS +8"T5), (1))
o[

FHoly)" (FH,IL ), ¢(t)] — O[y*1L 15, ¢(2)).

2y

Using Schur complement lemma to (15) follows that
V() + 27 (t)2(t) — 2T (t)u(t) < 0.

Then, one can easily obtain V(t) < 0 with v(t) =0 and
W 2 (0)2(t)dt < y? [V (t)v(t)dt for v # 0. Thus, we com-
plete the proof. |
Next, we will develop the design method of FE and FTC for
networked systems with the proposed adaptive memory-based
ETM in terms of Theorem 1.

Theorem 2: For given scalars 8, w,y, B,a; (i = 1,2), the
system (9) can asymptotically estimate the fault and the state
of the plant with an H,, performance level y under the
adaptive memory-based ETM in (8), if there exist symmetric
ISQIT gj, Q > 0,R > 0, and matrices
Uy, Uy, N'1,W,Y with appropriate dimensions such that the

(22)

matrices P = {

3237

following inequalities hold:

o= [Pl B ] >0 (23)
P BB+ MeQ ’
®+®1 *
< 0,
FH,I, —I

U,B = BW,

(24)

(25)

where

=He{7T.S},
[ﬂ[nw 000 0 I,],

70[1:70]}]10 Onwxn \7 up *u} y

'\‘(\ @l

|—|

A = [—012/\[10 O(n+nf)><nf] | O(n+nf)><n

[-BY 3%

i

Onxnl]
_ - N
A=UA+ Ay, T = |:Fl]

and the other symbols are defined in Theorem 1. Furthermore,
the parameters of FE and FTC are:

K =Wy, [%] =U'N,.

Proof: Define Ny =U, L, UyB=BW, and Y = WK,
then one can know that (24) is equivalent to (15). The proof is
completed. |

It is noticed that it is hard to find a feasible solution from
Theorem 2 due to the equality constraint in (25). The follow-
ing approximate algorithm is considered to get the parameters
of ETM in (8), FE in (9), and controller gain in (10) by using
LMI control toolbox.

It is known that (25) is equivalent to

trace(Us B — BW)" (UyB— BW) = 0 (26)

Due to the property in (26), the parameters to be resolved in
Theorem 2 can be approximatively obtained by the following
Theorem.

Theorem 3: For given positive scalars §,w,y, B, a; (i =
1,2) and a small enough constant o > 0, the system (9) can
asymptotically estimate the fault and the state of the plant
with an H, performance level y under the adaptive memory-
based ETM in (8), if there exist symmetric matrices P =
L]DDIT Ijjj Q > 0,R > 0, and matrices Uy, Uy, N1, W, Y
wit}21 appropriate dimensions, such that the following inequal-
ities hold:
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Fig. 2. Simulation platform.

P P, T
e > 0, 27)
P2 P3 + M ® Q_
0+0 ]
O, (28)
FHl, —I|
—ol * ]
<0, (29)
UsB— BW —I|

where the symbols are defined in Theorem 2. Furthermore, the
parameters of FE and FTC are:

L

. —1
K=w"1y, [E

} =U;'W7.

IV. CASE STUDY

In what follows, a practical example, the test run of an
F-404 AES [41], is provided to show the effectiveness of
the FE and FTC design method for networked systems
with the proposed adaptive memory-based ETM. The plat-
form of the system is presented in Fig. 2, from which one
can see that the communication network is implemented
by a pair of Zigbee modules, the other modules including
plant, adaptive memory-based ETM, FE, and FTC are sim-
ulated by Simulation/Matlab in PC. The system matrices
are given as:

—1.46 0 2.428 0.11 0
A=10.1643 —-0.4 -—-0.3788|, B=10.14 —-04],
0.3107 0 —2.231 0.10 0
0 0.5 —0.1 0 1
r=|-04|,D=115(,C=1015 2 —-0.1]{,
0 1 0.1 0.2 0.1
and ' = I3.

By using Theorem 3 with §=0.05,86=0.18,w =
0.06,y = 10,8 =200,07 = 0.7,00 = 0.3 and o = 0.001,
one can obtain the controller gain in (10) is

IEEE TRANSACTIONS ON NETWORK SCIENCE AND ENGINEERING, VOL. 8, NO. 4, OCTOBER-DECEMBER 2021
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Fig. 3. The disturbance with random jitter.

05
041 fy
03 i
02f |
01}

ol

0.1

State response z(t) and its estimation ;(t)

021

03 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45 50

Time (sec)

Fig. 4. State response x; (¢) and its estimation Z (¢).
K — —7.8060 0.7715 —5.1863
| —12.5312 13.5394 —12.3676 |’
and the parameters of FE in (9) are
1.9513  1.0960 11.0304
L= 48132 —-2.6073 —11.9353 |,
2.6512  0.2150 2.2646

E=[-1.5994 5.0764 35.4080],

and the weight matrix of the ETM in (8) is

3685.4720  —902.1206 —8747.6339
Q=] —902.1206  674.3940  5743.5295
—8747.6339 5743.5295  50547.2189

Assume the initial state of the plant and the fault estimation
observer are z(0) = #(0) = [0.10.2 — 0.1]". Different types
of fault (solid blue line in Fig. 7) that injects into the system is
considered to show the effectiveness and the advantages of
the designed FTC strategy, which is expressed by

£(t) = {0'360.2@10)2 _ 0.2¢—0-1(t—25)*
0.3
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Fig. 5. State response xo(t) and its estimation Z» (¢).

0.3

1 its estimation Z3(t)

State response x3(t)

03 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

Time (sec)

Fig. 6. State response x:3(¢) and its estimation Z3(t).
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Fig. 7. The fault and its estimation.

To test the performance of the proposed memory-based
ETM respect to disturbance with RJ, we set the disturbance as
shown in Fig. 3.

Fig. 4 - Fig. 6 present the plant trajectories and their estima-
tions, from which one can see that the system with the fault
(depicted in Fig. 7) and the disturbance (shown in Fig. 3) per-
forms well by using the proposed approach. Also, from Fig. 7,
it can be known that the fault estimation signal can well observe
the injected fault signal. As such a reason, the injected fault sig-
nal of the plant can be better compensated (see the control strat-
egy in (10)) by the estimated fault signal, thereby leading to
good control performance.
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Fig. 8. Adaptive threshold §(¢).
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Fig. 9. Triggering instants and releasing intervals with a; = 0.7.

3 T T T T T T T T T

Release interval (sec)
o
:
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Fig. 10. Triggering instants and releasing intervals with oy = 0.

Fig. 8 shows the adaptive threshold of the memory-based
ETM. Under such a threshold, the next triggering instant is
decided by the event-triggering condition in (8). Fig. 9 presents
the time sequence of triggering instants and their releasing inter-
vals. Combining Fig. 8 and Fig. 9, one can see that the threshold
is time-varying and the triggering threshold increases after the
latest triggering event, which is an attempt of decreasing the
amount of data-releasing till the triggering condition is invoked.
To verify the necessity of using adaptive threshold, we choose
8(t) = (8 +8)/2. Under this fixed threshold, the amount of
releasing data (ARD) within 50 s is 127, while the AMD is 99
when using the adaptive threshold in (7) whose curve is depicted
in Fig. 8.
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TABLEI
THE AMOUNT OF RELEASING DATA WITHIN 50 S

ARD (with RJ) ARD (without RJ)
Adaptive TETM 137 91
Our method 99 83

0.8 T T T T T T T T T

0.4 1

(t)

021 1

Disturbance v

04 E

06 I I I I I
0 5 10 15 20 25 30 35 40 45 50
Time (sec)

Fig. 11.  The disturbance without random jitter.

Next, we choose «; = 0 as stated in Remark 3. In this case,
the ETM does not include the historical information, and it
turns to be an adaptive traditional event-triggered mechanism
(TETM). Fig. 10 shows the time sequence of triggering events
under this scenario. Table I gives the ARDs of adaptive
TETM and our proposed adaptive memory-based ETM. Com-
bining Table I, Fig. 9 and Fig. 10, one can see that the ARD
by using our method is obviously less than the one by using
adaptive TETM when the system is subject to RJ disturbance.
That is to say, the performance of avoiding the occurrence of
bad events by using our method is better than using the tech-
nique of TETM for the system with RJ, as mentioned in
Remark 4. To further show the advantage of our proposed
adaptive memory-based ETM, the disturbance is assumed to
be smooth, which is shown in Fig. 11. In Table 1, it is clear
that our method is still better than the TETM in the condition
of the disturbance without RJ. Therefore, one can conclude
that the network bandwidth can be greatly saved when using
our proposed method for networked FE and FTC problems.

V. CONCLUSION

In this paper, the problem of networked FE and FTC has been
addressed. To mitigate the usage of limited network resources, a
new adaptive memory-based event-triggered mechanism has
been proposed. By introducing a certain length of historical
information to the ETM and matching the historical information
with different weights to different past times, the unexpected
triggering events generated by disturbance or some random
noises can be decreased. Moreover, a reasonable threshold can
be obtained online by the proposed adaptive approach, which
depends on the current and the past output rather than a fixed
constant. Under this proposed ETM, a new FE and FTC design
method for networked systems has been developed. Finally, an
example of the F-404 AES is used to show the effectiveness and
advantages of the proposed approaches. In the future study, the

IEEE TRANSACTIONS ON NETWORK SCIENCE AND ENGINEERING, VOL. 8, NO. 4, OCTOBER-DECEMBER 2021

networked fault detection problem with the proposed memory-
based ETM will be considered. Also, a full hardware experimen-
tal platform will be constructed.

REFERENCES

[1] C.Ke, C.Li, and Q. Zhang, “Distributed adaptive fault-tolerant consen-
sus of nonlinear multi-agent systems via state-constraint impulsive pro-
tocols with time-delay,” IEEE Trans. Netw. Sci. Eng. vol. 7, no. 4,
pp. 3112-3121, Dec. 2020.

[2] Y. Zhang, H. Fang, Y. Zheng and X. Li, “Torus-event-based fault diag-
nosis for stochastic multirate time-varying systems with constrained
fault,” IEEE Trans. Cybern., vol, 50, no. 6, pp. 2803-2813, Jun. 2020.

[3] D.S. Pillai, F. Blaabjerg, and N. Rajasekar, “A comparative evaluation
of advanced fault detection approaches for PV systems,” IEEE J. Photo-
volt., vol. 9, no. 2, pp. 513-527, Mar. 2019.

[4] X.Xie, D. Yue, H. Zhang, Y. Xue, “Fault estimation observer design for
discrete-time Takagi-Sugeno fuzzy systems based on homogenous poly-
nomially parameter-dependent Lyapunov functions,” vol. 47, no. 9,
pp. 2504-2513, Sep. 2017.

[5] X.Li, C.K. Ahn, D. Lu, and S. Guo, “Robust simultaneous fault estima-
tion and nonfragile output feedback fault-tolerant control for markovian
jump systems,” IEEE Trans. Syst. Man Cybern.: Syst. vol. 49, no. 9,
pp. 1769-1776, Sep. 2019.

[6] H. Zhang, J. Han, Y. Wang, and X. Liu, “Sensor fault estimation of
switched fuzzy systems with unknown input,” IEEE Trans. Fuzzy Syst.
vol. 26, no. 3, pp. 1114-1124, Jun. 2018.

[71 Z. Gu, T. Zhang, F. Yang, H. Zhao, and M. Shen, “A novel event-trig-
gered mechanism for networked cascade control system with stochastic
nonlinearities and actuator failures,” J. Franklin Inst. vol. 356, no. 4,
pp. 1955-1974, Mar. 2019.

[8] K. Zhang, B. Jiang, M. Chen, and X.-G. Yan, “Distributed fault estima-
tion and fault-tolerant control of interconnected systems,” IEEE Trans.
Cybern. vol, 51, no. 3, pp. 1230-1240, Mar. 2019.

[9] X.Wang, Z. Fei, T. Wang, and L. Yang, “Dynamic event-triggered actu-

ator fault estimation and accommodation for dynamical systems,” Inf.

Sci. vol. 525, pp. 119-133, Jul. 2020.

Z. Liu, J. Liu, and W. He, “Robust adaptive fault tolerant control for a

linear cascaded ODE-beam system,” Automatica, vol. 98, pp. 42-50,

Dec. 2018.

D. Ye, N.-N. Diao, and X.-G. Zhao, “Fault-tolerant controller design for

general polynomial-fuzzy-model-based systems,” IEEE Trans. Fuzzy

Syst. vol. 26, no. 2, pp. 1046-1051, Apr. 2017.

N. Wang and Z. Deng, “Finite-time fault estimator based fault-tolerance

control for a surface vehicle with input saturations,” IEEE Trans. Ind.

Inf. vol. 16, no. 2, pp. 1172-1181, Feb. 2020.

X. Wang, Z. Wang, Z. Xu, M. Cheng, W. Wang, and Y. Hu,

“Comprehensive diagnosis and tolerance strategies for electrical faults

and sensor faults in dual three-phase pmsm drives,” IEEE Trans. Power

Electron. vol. 34, no. 7, pp. 6669-6684, Jul. 2019.

K. Zhang, B. Jiang, X.-G. Yan, Z. Mao, and M. M. Polycarpou, “Fault-

tolerant control for systems with unmatched actuator faults and dis-

turbances,” IEEE Trans. Autom. Control, vol. 66, no. 4, pp. 1725-1732,

Apr. 2020.

H. Yang, C. Huang, B. Jiang, and M. M. Polycarpou, “Fault estimation

and accommodation of interconnected systems: A separation principle,”

IEEE Trans. Cybern. vol. 49, no. 12, pp. 4103-4116, Dec. 2019.

X. Wang and G.-H. Yang, “Fault-tolerant consensus tracking control for

linear multiagent systems under switching directed network,” IEEE

Trans. Cybern. vol. 50, no. 5, pp. 1921-1930, May 2020.

C. Wu and X. Zhao, “Quantized dynamic output feedback control and

Lo-gain analysis for networked control systems: A hybrid approach,”

IEEE Trans. Netw. Sci. Eng. vol, 8, no. 1, pp. 575-587, Jan.-Mar. 2021.

J. Liu, Y. Wang, J. Cao, D. Yue, and X. Xie, “Secure adaptive-event-

triggered filter design with input constraint and hybrid cyber attack,”

IEEE Trans. Cybern, vol. 51, no. 8, pp. 4000—4010, Aug. 2021.

L. Ding, Q.-L. Han, B. Ning, and D. Yue, “Distributed resilient finite-

time secondary control for heterogeneous battery energy storage systems

under denial-of-service attacks,” IEEE Trans. Ind. Inf. vol. 16, no. 7,

pp. 4909-4919, Jul. 2020.

D. Yue, E. Tian, Z. Wang, and J. Lam, “Stabilization of systems with

probabilistic interval input delays and its applications to networked con-

trol systems,” IEEE Trans. Syst. Man Cybern. Part A. Syst. Humans,

vol. 39, no. 4, pp. 939-945, Jul. 2009.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Authorized licensed use limited to: NANJING NORMAL UNIVERSITY. Downloaded on July 27,2023 at 12:16:53 UTC from IEEE Xplore. Restrictions apply.



GU et al.: FAULT ESTIMATION AND FAULT-TOLERANT CONTROL FOR NETWORKED SYSTEMS BASED ON AN ADAPTIVE MEMORY-BASED

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

X.-M. Zhang, Q.-L. Han, X. Ge, L. Ding, “Resilient control design
based on a sampled-data model for a class of networked control systems
under denial-of-service attacks,” IEEE Trans. Cybern., vol. 50, no. 8,
pp. 3616-3626, Aug. 2020.

X. G. Guo, P.-M. Liu, J.-L. Wang, and C. K. Ahn, “Event-triggered
adaptive fault-tolerant pinning control for cluster consensus of heteroge-
neous nonlinear multi-agent systems under aperiodic dos attacks,” IEEE
Trans. Netw. Sci. Eng, vol. 8, no. 2, pp. 1941-1956, Apr.—Jun. 2021.
Z.Gu, S. Yan, C. K. Ahn, D. Yue, and X. Xie, “Event-triggered dissipa-
tive tracking control of networked control systems with distributed
communication delay,” IEEE Syst. J., to be published, doi: 10.1109/
JSYST.2021.3079460.

E. Tian, Z. Wang, L. Zou, and D. Yue, “Chance-constrained H, control
for a class of time-varying systems with stochastic nonlinearities: The
finite-horizon case,” Automatica, vol. 107, pp. 296-305, Sep. 2019.

D. Zhang, S. K. Nguang, and L. Yu, “Distributed control of large-scale
networked control systems with communication constraints and topol-
ogy switching,” IEEE Trans. Syst. Man Cybern.: Syst., vol. 47, no. 7,
pp. 1746-1757, Jul. 2017.

L. Ding, Q.-L. Han, X. Ge, and X.-M. Zhang, “An overview of recent
advances in event-triggered consensus of multiagent systems,” IEEE
Trans. Cybern. vol. 48, no. 4, pp. 1110-1123, Apr. 2018.

S. Hu, D. Yue, X. Yin, X. Xie, and Y. Ma, “Adaptive event-triggered
control for nonlinear discrete-time systems,” Int. J. Robust Nonlinear
Control, vol. 26, no. 18, pp. 4104-4125, Apr. 2016.

E. Tian and C. Peng, “Memory-based event-triggering H., load fre-
quency control for power systems under deception attacks,” IEEE Trans.
Cybern., vol. 50, no. 11, pp. 4610-4618, Nov. 2020.

M. Donkers and W. Heemels, “Output-based event-triggered control
with guaranteed L., gain and improved and decentralized event-
triggering,” IEEE Trans. Autom. Control, vol. 57, no. 6, pp. 1362-1376,
Jun. 2012.

X. Ge, Q.-L. Han, L. Ding, Y. Wang, and X. Zhang, “Dynamic event-
triggered distributed coordination control and its applications: A survey
of trends and techniques,” IEEE Trans. Syst. Man Cybern.: Syst.,
vol. 50, no. 9, pp. 3112-3125, Sep. 2020.

X. Ge, Q.-L. Han, X. Zhang, and D. Ding, “Dynamic event-triggered
control and estimation: A survey,” Int. J. Autom. Comput., vol. 18,
pp. 857-886, 2021.

Z. Gu, X. Sun, H.-K. Lam, D. Yue, and X. Xie, “Event-based secure
control of T-s fuzzy based 5-DOF active semi-vehicle suspension sys-
tems subject to DoS attacks,” IEEE Trans. Fuzzy Syst., to be published,
doi: 10.1109/TFUZZ.2021.3073264.

D. Yue, E. Tian, and Q.-L. Han, “A delay system method for designing
event-triggered controllers of networked control systems,” IEEE Trans.
Autom. Control, vol. 58, no. 2, pp. 475-481, Feb. 2013.

X. Wang, Z. Fei, Z. Wang, and X. Liu, “Event-triggered fault estimation
and fault-tolerant control for networked control systems,” J. Franklin
Inst., vol. 356, no. 8, pp. 4420-4441, May 2019.

Y. Zhang, Z. Wang, L. Ma and F. E. Alsaadi, “Annulus-event-based
fault detection, isolation and estimation for multirate time-varying sys-
tems: Applications to a three-tank system,” J. Process Control, vol. 75,
pp. 48-58, Mar. 2019.

D. Ye, M.-M. Chen, and H.-J. Yang, “Distributed adaptive event-trig-
gered fault-tolerant consensus of multiagent systems with general linear
dynamics,” IEEE Trans. Cybern. vol. 49, no. 3, pp. 757-767, Mar. 2019.
L. Dong, X. Zhong, C. Sun, and H. He, “Adaptive event-triggered con-
trol based on heuristic dynamic programming for nonlinear discrete-
time systems,” IEEE Trans. Neural Netw. Learn. Syst., vol. 28, no. 7,
pp. 1594-1605, Jul. 2017.

Z. Gu, D. Yue, and E. Tian, “On designing of an adaptive event-trig-
gered communication scheme for nonlinear networked interconnected
control systems,” Inf. Sci. vol. 422, pp. 257-270, Jan. 2018.

L. Zhang, H. Liang, Y. Sun, and C. K. Ahn, “Adaptive event-triggered
fault detection scheme for semi-markovian jump systems with output
quantization,” [EEE Trans. Syst. Man Cybern.: Syst. vol. 51, no. 4,
pp. 2370-2381, Apr. 2021.

X. Ruan, J. Feng, C. Xu, and J. Wang, “Observer-based dynamic event-
triggered strategies for leader-following consensus of multi-agent sys-
tems with disturbances,” IEEE Trans. Netw. Sci. Eng. vol. 7, no. 4,
pp. 3148-3158, Oct.—Dec. 2020.

P. Shi, M. Liu, and L. Zhang, “Fault-tolerant sliding-mode-observer syn-
thesis of markovian jump systems using quantized measurements,”
IEEE Trans. Ind. Electron. vol. 62, no. 9, pp. 5910-5918, Sep. 2015.

3241

Zhou Gu received the B.S. degree in automation from
North China Electric Power University, Beijing, China,
- in 1997, and the M.S. and Ph.D. degrees in control sci-
ence and engineering from the Nanjing University of
Aeronautics and Astronautics, Nanjing, China, in 2007
and 2010, respectively. From September 1999 to Janu-
ary 2013, he was with the School of Power engineering,
Nanjing Normal University, Nanjing, China, as an
Associate Professor. He is currently a Professor with
Nanjing Forestry University, Nanjing, China. His cur-
rent research interests include networked control sys-
tems, time-delay systems, reliable control, and their applications.

Peng Shi (Fellow, IEEE) received the first Ph.D.
degree in electrical engineering from the University
of Newcastle, Callaghan, NSW, Australia in 1994,
the second Ph.D. degree in mathematics from the
University of South Australia, Adelaide, SA, Aus-
tralia, in 1998, the Doctor of Science degree from the
University of Glamorgan, Pontypridd, U.K., in 2006,
and the Doctor of Engineering degree from the Uni-
versity of Adelaide, Australia in 2015. He is currently
a Professor with the University of Adelaide. He has
authored or coauthored papers in his research fields,
which include systems and control theory and applications to autonomous and
robotic systems, intelligence systems, network systems, and cyber-physical
systems. He is on the Editorial Board of a number of journals, including Auto-
matica and IEEE TRANSACTIONS ON AUTOMATIC CONTROL, IEEE TRANSACTION
oN CYBERNETICS, IEEE TRANSACTION ON Fuzzy SysTEms, AND IEEE TRANSACTION
oN Circuits AND SysTEms. He is currently the President of the International
Academy for Systems and Cybernetic Science, and the Vice President and
Distinguished Lecturer of IEEE SMC Society. He is a Member of the Acad-
emy of Europe, and a Fellow of the IET and IEAust.

Dong Yue (Fellow, IEEE) received the Ph.D. degree
from the South China University of Technology,
Guangzhou, China, in 1995. He is currently a Chang-
jiang Professor and the Dean of the Institute of
Advanced Technology, Nanjing University of Posts
and Telecommunications, Nanjing, China. His
research interests include analysis and synthesis of
networked control systems, multiagent systems, opti-
mal control of power systems, and the Internet of
Things. He is currently an Associate Editor for the
IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS,
IEEE TRANSACTIONS ON NEURAL NETWORKS AND LEARNING SYSTEMS, Journal of
The Franklin Institute, International Journal of Systems Science, and the
IEEE Control Systems Society Conference Editorial Board.

Shen Yan received the B.S. and Ph.D. degrees from
the College of Electrical Engineering and Control
Science of Nanjing Technology University, Nanjing,
China. He is currently a Lecturer with the College of
Mechanical and Electronic Engineering, Nanjing
Forestry University, Nanjing, China. His current
research interests include networked control systems,
nonlinear systems, and event-triggered control.

Xiangpeng Xie received the B.S. and Ph.D. degrees
in engineering from Northeastern University, She-
nyang, China, in 2004 and 2010, respectively. From
2012 to 2014, he was a Postdoctoral Fellow with the
Department of Control Science and Engineering,
Huazhong University of Science and Technology,
Wuhan, China. He is currently a Professor with the
Institute of Advanced Technology, Nanjing Univer-
sity of Posts and Telecommunications, Nanjing,
China. His research interests include fuzzy modeling
and control synthesis, state estimations, optimization
in process industries, and intelligent optimization algorithms.

Authorized licensed use limited to: NANJING NORMAL UNIVERSITY. Downloaded on July 27,2023 at 12:16:53 UTC from IEEE Xplore. Restrictions apply.


https://dx.doi.org/10.1109/JSYST.2021.3079460
https://dx.doi.org/10.1109/JSYST.2021.3079460
https://dx.doi.org/10.1109/TFUZZ.2021.3073264


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


