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Secure Adaptive-Event-Triggered Filter Design
With Input Constraint and Hybrid Cyber Attack
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and Xiangpeng Xie

Abstract—The problem of secure adaptive-event-triggered fil-
ter design with input constraint and hybrid cyber attack is
investigated in this article. First, a new model of hybrid cyber
attack, which considers a deception attack, a replay attack, and
a denial-of-service (DoS) attack, is established for filter design.
Second, an adaptive event-triggered scheme is applied to the
filter design to save the limited communication resource. In addi-
tion, a novel adaptive-event-triggered filtering error model is
established with the consideration of hybrid cyber attack and
input constraint. Moreover, based on the Lyapunov stability the-
ory and linear matrix inequality technique, sufficient conditions
are obtained to guarantee the augmented system stability, and
the parameters of the designed filter are presented with explicit
forms. Finally, the proposed method is validated by simulation
examples.

Index Terms—Adaptive event-triggered scheme, deception
attacks, denial-of-service (DoS) attacks, hybrid cyber attack,
secure filtering.

I. INTRODUCTION

S A CLOSED-LOOP feedback control system, the net-

worked control system (NCS) uses a communication
network to exchange the measured signals. It has the advan-
tages of convenient information resource sharing, fewer con-
nections, simple installation and maintenance, low cost, etc.
Because of the above advantages, networked systems can solve
problems that traditional control systems cannot solve, such
as multiagent [1]-[3]; remote control of teleoperation robots
[4], [5]; and other fields [6]-[8] in harsh environments. That
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is why scholars pay so much attention to the relevant con-
trol areas of NCSs [9], [10]. Presently, the main research
contents of networked systems include transmission mecha-
nism design, security control and filtering, input and output
constraints, etc. In practical applications, due to the influence
of material quality and external environment, if the input or
output of components exceeds a certain limit, it may cause
component damage, system performance reduction, or even
instability. Therefore, considering input constraint can protect
components and maintain good performance of the system to
a large extent. In view of this, the problem of state restriction
has attracted much attention from scholars [11]-[14].

The introduction of the network brings many benefits
to a control system, which makes networked systems a
research hotspot. However, with the introduction of the
network, the problem of network resource constraints caused
by hardware and technology comes along. If the system
runs smoothly, abundant unnecessary sampled data enter the
network, thus wasting limited network resources. In order
to solve this problem, the event-triggered scheme has been
proposed which only allows data to be transmitted when
the trigger condition is satisfied. Under this scheme, the
transmission frequency of sampled data is reduced, which
can save the network resources effectively. In view of this,
the event-triggered scheme is widely studied [15]-[20]. For
instance, Yue et al. [17] proposed a new event-triggered
scheme, in which the implementation of the event genera-
tor only requires supervision of state. Considering the merits
and drawbacks of the time-triggered and event-triggered mech-
anisms, a hybrid-triggered scheme is studied in [21]-[23].
Due to the triggering condition of the event-triggered scheme
is preset, it cannot adapt to the changing system condi-
tions. In view of this, an adaptive event-triggered scheme is
first proposed for nonlinear networked interconnected control
systems in [24], which can dynamically change triggering
conditions rather than presupposing triggering conditions.
Afterward, an adaptive event-triggered scheme and its appli-
cation have been widely studied, and many achievements have
been obtained [25]-[30].

With the in-depth application of networked systems, not
only the problem of resource constraints has been stud-
ied but also the problem of security has attracted a lot of
attention. According to the different attack targets, there are
sensor attack [31], actuator attack [32], network attack [33],
and so on. In recent years, the network attack has been a
hot topic of research. There are several kinds of common
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cyber attacks, such as deception [34]-[36], replay [37]-[39],
denial-of-service (DoS) attack [40], etc. The deception attack,
as the most common attack, usually replaces the real data of
the system with carefully forged data to achieve certain pur-
poses of the attacker. Another common cyber attack is the
replay attack, which maliciously reproduces transmitted data
to influence system operation. In addition, DoS attacks can
also have a great impact on the system. Attackers prevent mea-
surements from reaching their destination by executing DoS
attacks, which can pose a huge threat to the system. However,
it should be pointed out that although a lot of research has
been done on network attacks, few studies have considered
multiple attacks at the same time.

Taking the effects of the deception attack into account,
Ding et al. [35] investigated the security control problem
for a stochastic nonlinear system. In [39], the resilient net-
worked control systems subject to replay attacks were stud-
ied. With the consideration of nonperiodic DoS attacks, the
resilient event-based controller design for NCSs was investi-
gated in [40]. However, it should be pointed out that although
a lot of results like [35], [39], and [40] have been done on
network attacks, few studies have considered multiple attacks.
Inspired by that, a hybrid cyber attack is considered in this
article, which contains deception, replay, and DoS attacks
at the same time. Moreover, in order to better solve the
problem of resource constraints, an adaptive event-triggered
scheme is proposed and introduced into the NCS based on the
scheme in [17]. As far as we know, although there exist some
research results on event-triggered control and estimation, few
results consider the impacts of network attacks and input con-
straints on the system. The innovation points of this article are
summarized as follows.

1) Different from the existing literature, a novel unified
model of hybrid attacks is first proposed, which con-
siders deception, replay, and DoS attacks at the same
time.

2) Based on the event-triggered scheme, a novel adaptive
event-triggered filtering error model is first established
with the consideration of a hybrid cyber attack and input
constraint.

3) Based on the above error system model, the problem of
filter design for networked systems with a hybrid cyber
attack and input constraint is studied for the first time.

The structure of this article is organized as follows. By con-
sidering the influence of the hybrid cyber attack and introduc-
ing an adaptive event-triggered scheme, a filtering error system
model is established in Section II. In Section III, based on the
Lyapunov stability theory, a secure adaptive-event-triggered
filter is designed. Then, the designed filter performance is val-
idated by an illustrative example in Section IV. The conclusion
is provided in Section V.

Notation: Throughout this article, R, denotes the
n-dimensional Euclidean space; ST stands for transpose
of matrix S; for real matrix S, S > 0 means that S is a real
symmetric positive-definite matrix; 0 and I represent the
zero matrix and identity matrix with compatible dimensions,
respectively; and (%) stands for a term that is induced by
symmetry.
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II. SYSTEM MODELING

In this article, a secure adaptive-event-triggered filtering
problem with input constraint and hybrid cyber attack is
investigated. Consider the following linear system:

() = Ax() + Bo (1)
() = Cx(1) (1)
2(f) = Lx(?)

where x(f) € R, is the state vector, z(¢) is the output vector
to be estimated, w(¢) represents the external disturbance, and
y(#) is the measurement of the sensor. Matrices A, B, C, and
L are constant matrices.

The purpose of this article is to design the following filter:

{ Xp (1) = Apxp(1) + Bry(0)
zr () = Crxr(0)

where x¢(¢) is the filter state; y(¢) is the real input of the filter;
and z¢(t) is the estimation of z(t). Ar, By, and Cy are the
parameter matrices of the filter to be designed.

As we all know, the state information of plant is measured
by a sensor. However, due to the influence of its own hard-
ware and environment, data transmitted by the sensor is often
limited. In this article, the following restriction function is
considered:

@

Ymax if y(f) > Ymax
y(), if —Ymax < Y(*) < Ymax 3)
—Ymax> if Y(£) < —Ymax.

Then, similar to [23], the signal can be separated as

y(®) =y(@) —o(y(®) (4)

where the nonlinear function o(y(¢)) satisfies the following
condition for u € (0, 1):

my (DY) = 0T (1)) (5)

Remark 1: In practical applications, there always exists
constraint of the input and output signals by the influence
of hardware materials and environment. If the input or output
exceeds a certain limit, it will cause damage to the compo-
nents themselves and influence the system performance. To
avoid that, a kind of secure adaptive-event-triggered filter with
input constraint is designed in this article.

By taking the limited network resources into account,
inspired by [24], an adaptive event-triggered scheme is adopted
to solve resource constraints. Under this scheme, the triggering
instants are as follows:

tew1h = th + infl{qh|eT(tkh)Qe(tkh)
q=

y(n) =

— ¢y (({h)2(t[n) = 0} (6)

where #;h represents the triggering instant; /i represents the
sampling period; €2 is a weight of triggering condition; ch =
tch + gh; e(th) = y(th) — y(txh + gh) represents the thresh-
old error; ¢ = 1,2,..., and ¢(¢) is a triggering parameter
satisfying the following adaptive law:

by = (i - n)eT(r)sze(n ™)
sO\0

with n > 0, 7 > 0,and 0 < ¢(¢) < 1.
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Remark 2: Considering that the existing event-triggered
scheme cannot well meet the needs of rapidly changing
systems, an adaptive event-triggered scheme which is deter-
mined by a varying threshold ¢ (¢) is introduced. It can adjust
the release frequency by changing the threshold parameter
under the adaptive law (7). Moreover, when the system is sta-
ble, according to the adaptive law (7), ¢ (¥) will maintain a
constant which means it turns to the traditional event-triggered
scheme. Particularly, if ¢ (f) = 0, the adaptive event-triggered
scheme turns to the time-triggered scheme.

Remark 3: It can be seen from the adaptive triggering con-
dition in (6) that the trigger parameter is not a preset constant
as traditional ones. Instead, it satisfies an adaptive law in (7),
which depends on the state error of the latest data and present
data. In this case, measurements can be more reasonably
transmitted in the network.

Remark 4: 1If set n = 0 in (7), then () = 0, the triggering
instants in (6) can be changed as

fewth = tch + infl{theT(tkh)Qe(tkh)
q=

~ BT = 0)

where 0 < ¢ < 1. That means the adaptive triggering
condition reduces to the conventional ones (such as in [17]
and [18]).

Similar to the analysis in [17], the interval [txh+piy, , tip1h+
My.,) can be divided into several subintervals, which can be
expressed as [txh+ g, tip1h+ gy, ) = Uf:o [tf{h+,u,k, t;{h+
h+ gy, ). wy are the corresponding network-induced delay,
and 0 = ft4) — tx — 1. Define d(1) =t — £{h, and it is easy to
get the range of d(f) as 0 < p,, <d(®) <h+ dthH £ dy.

Then, the signal transmitted to network can be expressed as

(@) =yt —d@®) + e(). ®)

When the data are transmitted by the network, a decep-
tion attack is considered first. It is assumed that the deception
attack signal f(-) which satisfies Assumption 1 can completely
replace the normal transmission data in this article. In order
to show its randomness, a Bernoulli variable «(f) satisfy-
ing E{a(H)} = a and E{(x(®) — )3} = 612 is introduced.
Then, the data transmitted under the deception attack can be
represented as

yi(0) =1 —a@O)f (G — () + a()y() ©))

where y(¢) represents the data transmitted to the network, as
defined in (8).

Assumption 1 [23]: For a real constant matrix F, the signal
of the deception attack f(y(r)) satisfies

IF G2 = IIFy@)5-

Remark 5: In (9), a nonlinear function is used to represent
the deception attack signals and a Bernoulli variable () is
utilized to indicate whether the deception attack occurs or not.
When «(f) = 1, then the deception attack does not occur
and the data transmitted is y;(¢#) = y(¢); when «a(f) = 0, that
means the deception attack occurs and the data transmitted are
replaced as yi () = f(y(t — 7(2))).

(10)
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Then, a replay attack is considered next. When the replay
attack occurs, the data transmitted will be replaced by past
data. In order to show the uncertainty of attack occurrence,
similarly, variable 8(¢) satisfying the Bernoulli distribution is
introduced. Then, the signal transmitted in the network can be
rewritten as

y2(t) = (I = B(0)y- (1) + BO)y1() (1)

where y, () = (t—r(¢)) is the replay signal, and r(¢) represents
that the replayed data are the data transmitted in previous r(¢)
seconds. E{B(1)} = B, E{(B(t) — B)*} = 63. It should be
pointed that the data stolen by attackers are often within a
certain period of time, that is, r(f) has an upper bound ryy.
Then, we have 0 < r(f) < ry.

Assumption 2 [41]: The transmission data are assumed to
be stored from instant fy to current instant 7, and then the
data of an arbitrary instant from the sequence are selected for
replay.

Finally, a DoS attack is taken into consideration when the
communication network transmits the measurement signals.
When the DoS attack is active, no signal can be transmitted
to the filter; when the DoS attack is sleeping, the signal is
transmitted to the filter normally. In view of this, the data
transmitted suffering the DoS attack can be represented as

_ @), t€lay, ly)
() = {0, re [ln7an+l)

where a, is used to represent the start time of the DoS
attack when it enters sleeping for the nth time. s, indicates
the duration of the nth sleeping. [, is the ending instant
of the nth sleeping, that is, [, = a, + s,. The condition
O<ag<a <l <a <l <---<l,is satisfied.

Assumption 3 [42]: Assume that there exist uniform
bounds on the lengths of the DoS sleeping and active periods,
respectively

(12)

{Smin < inf,en{sn} (13)

bmax = sup,enlan — ln—1}-

Assumption 4 [43]: Define [(t) as the number of DoS attack

sleep/active transitions during the interval [0, ¢). For given real

number v; > 0, @ > h, the DoS frequency I(¢) satisfies the
following condition:

1) < v + - (14)
w

Combining (9), (11), and (12), the real input of filter can
be obtained
(1 =B@)yr@) + O —a@®)f (@ — (1))
+ a@BOI®), 1€ lan, In)
0, te [ln, Cln+1).

y@) = (15)

Remark 6: In this article, it is assumed that hybrid cyber
attacks occur in the following order: deception — replay —
DoS attack. In fact, the order of hybrid cyber attacks is uncer-
tain in most cases; however, hybrid cyber attacks in other
orders can also be modeled in the similar way described above.
In practical applications, we can use the attack detection meth-
ods to determine whether the attacks occur and its sequence,
and then adjust the corresponding control strategies.
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By combining (2), (4), (8), and (15), one can obtain

Apxp (1) + Be{(1 — B@)yr (1) + (1 — a () B(1)
X fy(t— (1)) +a()B()
(Cx(t —d@®) +e() —o(y(t —d(®)) }
t € lap, ly)
0, te [ln, anp+1)-

iy (1) =

(16)

Define £(f) = [;((’t))

:|, z(t) = z(1) — z¢ (1), then one can have
the filtering error system

A&(N) + Bo(t) + (1 — B(N)EHE(t — r(1))

) + (1 = BM)Ee(t — r(t) + (1 — () B ()

§() = x Ef((t — t(0)) + a()BOCHE(r — d(1) + e(D))
—a()BMOE(y(t —d()), € lap,In)
AE(t) + B (1), t € [In, ans1)

£(1) = ¢(), te[—h,0)

z(t) = L&()

a7

- _[A 0] 5_[B] - 0
where A = [0 Af}, B = [0} C= [ch], H=][I 0],

_ 0] -
E=|p|i-lt -q)

For the convenience of analysis, some lemmas are intro-
duced as follows.

Lemma 1 [21]: For any vectors a, b € R,, and positive-
definite matrix S € R, x,, the following inequality holds:

2a"h < a'Sa + bTS~b. (18)

Lemma 2 [23]: For given positive-definite matrices R, P
and scalar y, the following inequality holds:

—PR7'P < —2yP+y°R. (19)

III. MAIN RESULTS

In this section, sufficient conditions to ensure the mean-
square exponential stability for system (17) are obtained. Then,
on this basis, a filter is designed under an adaptive event-
triggered scheme and hybrid attack. The main results are
presented as follows.

Theorem 1: For given positive scalars A;, ¢; (i=1,2), y, «,
,B_, sampling period 4, DoS parameters Smin, Pmax, V1, @, and
matrices F, and filter parameters Ar, By, Cy, system (17) is
exponentially mean-square stable if there exist Q > 0, P; > 0,
Qi1 >0,R1 >0,00n0 >0,Rp >0, Qi3 >0, Rz >0, and
matrices J;, M;, Z;, N;, U; and V; (i = 1, 2) with appropriate
dimensions, such that for i = 1,2, j = 1, 2, 3 the following
inequalities hold:

T (x) (o) (%)

| Y2 Yz () ()
b, = Ty 0 Ts (0]~ 0 (20)
Y 0 0 7Yy
2618min — 2(61 + 62)h — 262bmax — In(A1A2) >0 (21)
w
Py < AP (22)
Py < A162(§1+§2)hp1 23)

4003
Qij < A3-iQ3—i)y) (24)
Rij < A3—iR@3—i); (25)

where the elements of the matrix ®; are given in Appendix A.
Proof: See Appendix B. |
In Theorem 1, sufficient conditions guaranteeing the expo-

nentially mean-square stability for argument filtering system

have been obtained. In the following, an adaptive-event-
triggered filter with input constraint and hybrid cyber attack

is designed on the basis of Theorem 1.

Theorem 2: For given positive scalars ;, ¢; (i = 1,2), y,
o, B sampling period h, DoS parameters Smin, Pmax, V1, @,
matrices F, system (17) is exponentially mean-square stable if
there exist Af, Bf, Cf, Q, Py >0, Pz > 0, Qll > 0, R,l > 0,
le > 0, R12 > 0, Q,3 > 0, R,3 > 0, S;, Jl, Ml, Zl, Nl, Ul
and V; (i = 1,2) with appropriate dimensions, such that for
i=1,2,j=1,2,3 the following linear matrix inequalities
and conditions (21)—(23) hold:

T (6) (0 (%)

A Yo Y * *

(2508w
Te 0 0 7Ty

Pji —P3 >0 27

SiQijSiT < )»37@(3—1‘)]‘ (28)

SiieijS;r < Xa—ii?a—i)j (29)

where the elements of the matrix ®; are given in Appendix C.
Moreover, the parameters of the designed filter can be
obtained

4 op—1
Ay :{‘J'PB

Bf = Bf 30)
|
Cr=CrPs.
Proof: See Appendix D. |

IV. SIMULATION EXAMPLES

In this section, the effectiveness of the designed method is val-
idated by the following examples. A tunnel diode circuit system
is considered to prove the effectiveness of the designed filter
in Example 1. Moreover, in Example 2, a numerical example
is used to demonstrate the effectiveness of the design filter.

Example 1: As shown in Fig. 1, a tunnel diode circuit system
is considered, which can be expressed as follows:

{CV e = -0 +i ()
Lij(t) = —Vc(t) — Rei (1) + w(1).

Let x(r) = [xl(t) xz(t)] = [Vc(t) iL(t)]T, then the

circuit system can be expressed as

1 1
x(r) = [ CRp Ri}x(t) - [(]_)} + o ().
L A L

Consider the circuit system in Fig. 1 with C =2 F, Rg =
2 Q, L = 1000 mH, and Rp = 2 Q2. Set the system parameters
toh =015, Smin =2, bnax = 3, @ = 0.2, B = 0.3, 1] =
M = 101, ¢; = 046, ¢o = 04, dyy = 0.1, 7yy = 0.08,
ry=0.11,y =2, u =0.16, and e; = e = 3.
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Fig. 1. Structure of the tunnel diode circuit system.
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Fig. 2. Occurrence instants of deception, replay, and DoS attacks in
Example 1.

() (b)

Fig. 3. Release instants, intervals, and filtering error in Example 1. (a) Release
instants and intervals. (b) Filtering error.

The disturbance signal is described as

1, 6<t<7
0, else

w(t) = {

and the deception attack signal is selected as f(y(f)) =
tanh(0.15y(7)).

By using Theorem 2, the designed parameters of filter can
be acquired

A _[—0.0254 —2.0152]
/= 1-0.4233 —26.8053
Bf=E0.987o —0.5781]"

Cr = [-0.0050 —0.2376].

Set the initial condition x(0) = [1 O.4]T, x(0) =
[0.9 O.S]T, the following figures can be obtained.

Fig. 2 shows the Bernoulli distributed variable for the decep-
tion attack, replay attack, and occurrence of DoS attack,
respectively. Release instants and intervals under the adap-
tive event-triggered scheme are shown in Fig. 3(a). Fig. 3(b)
shows the filtering error of the filter designed under the adap-
tive event-triggered scheme and hybrid attack, which illustrates
the validity of the designed method.

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 51, NO. 8, AUGUST 2021

rrrrrrr

Fig. 4. Adaptive event-triggered scheme in Example 2. (a) Parameter ¢ (7)
of the adaptive event-triggered scheme. (b) Release instants and intervals.

(@) (b)

Fig. 5. x(1), x¢(¢), and the filtering error in Example 2. (a) x(z) and x7 (7).
(b) Filtering error.

Example 2: The following system (1) is considered:

~2.1 0.1 1
Az[ 1 —2}’ Bz[—o.z}

c=[1 0], L=[1 -05].
Consider the disturbance signal described as

1, 6<t<7
0, else

w(t) = {
and the deception attack signal is selected as

S((@®)) = tanh(0.15y(2)).

Checking Assumption 1, one can see that if the nonlinearity
upper bound is F = 0.15, the condition (10) is satisfied.

Set the system parameters to 2 = 0.1 s, Spin = 2, bmax = 3,
a=028=03 1 =X =101, ¢ = 046, ¢, = 0.4,
dy = 0.05, ty = 0.08, ryy = 0.06, y = 2, u = 0.16, and
el =ey)=3.

Then, the filter parameters can be acquired by using
Theorem 2

B, [ 09865 —0.9102]

—0.9102 —2.9232
.~ [-12.6588  0.7785
F= [—0.6137 —14.9601}
By =[-1.2303 —0.1701]"

r=[-0.2016 —0.0466].

The initial condition is assumed that x(0) = [1 —l]T,
xp(0) = [0.9 —0.9]T, one can obtain the following figures
by simulation.

Variations in parameters of the adaptive event triggering
mechanism are shown in Fig. 4(a). In Fig. 4(b), release
time intervals under the adaptive event-triggered scheme are
presented. The filtered signal and actual signal are shown
in Fig. 5(a). Moreover, the filtering error when the filter is
subjected to the hybrid attack is shown in Fig. 5(b).
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@ (®)

Fig. 6. Release instants and intervals with different sampling period .
(a) Release instants and intervals with 2 = 0.01 s. (b) Release instants and
intervals with 7 = 0.1 s.

TABLE I
INFLUENCE OF THE ADAPTIVE PARAMETER 7 WITH ¢(0) = 0.4

[ =4 =5 =9
$(n) o(n) —» 027 ¢(n) > 02  H(n) — 0.11
packages transmitted 30/151 45/151 81/151

From Fig. 4(b), one can see that at the beginning of the
system operation, the measurement data are released fre-
quently due to the instability of the system, and the release
intervals are small. When the system is stable, the release
decreases instantaneously until the disturbance in the 6th sec-
ond causes the data to be transmitted again frequently. This
proves that the adaptive event-triggered scheme can save the
communication resources effectively. From Fig. 5(a) and (b),
it can be seen that the filter designed is still effective even
with disturbance and hybrid attack.

By setting different sampling period #, the data release can
be seen in Fig. 6.

It can be seen from Fig. 6 that with the increase of the sam-
pling periods A, the number of data triggered under the same
trigger parameter decreases. When the system is stable, the
number of data triggered is basically close. Therefore, before
the system is stabilized, the larger the sampling period # is, the
better the effect of saving network resources will be obtained.

By setting different adaptive parameter 7, the data records
are obtained in Table I.

It can be seen from Table I that with the increase of the
selected value of the adaptive parameter m, the smaller the
trigger parameter ¢ (f) becomes after the system is stable, and
the more packets are transmitted in the network. Therefore, in
the actual system, we should set the corresponding adaptive
parameters according to the system requirements, in order to
achieve the best effect. In addition, it should be noted that
when 7 = 2.5 and ¢ (n) = 0.4, the adaptive event-triggered
scheme degenerates into the event-triggered scheme.

V. CONCLUSION

The secure adaptive-event-triggered filtering with hybrid
cyber attack and input constraint is investigated in this article.
To save the limited network and power resources, an adap-
tive event-triggered scheme is introduced. Then, by taking the
influence of the hybrid cyber attack into account, a novel filter-
ing error model with the adaptive event-triggered scheme and
input constraint is established. Sufficient conditions to guar-
antee the system stability is obtained by using the Lyapunov
stability theory. Moreover, the filter parameters are obtained by
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utilizing the linear matrix inequality technique. Finally, sim-
ulation examples are given to verify the effectiveness of the
proposed method. In the future, security control problems for
the cyber—physical systems under the adaptive event-triggered
scheme and hybrid cyber attack will be studied.

APPENDIX A
ELEMENTS OF MATRIX Y; IN THEOREM 1

Y =¥ + T+, Yo =¥+ T+ 1)
ri=Ui+N;+U —Ji+M; —M,;
- Ni+Zi -7 —-U+V;

A (%) ) 0 0

Ay A3z (%) () ()
Yi=[0 0 Ay (x) (%

As O 0 A (%)

A7 O 0 0 Ag
Ay =261P1 +PIA+ATPI + Q11 + 012 + 013
Ay =aBH'C'P;, A3 =C'H'QHC
Ay = diag[—e—2§ldMQ12, 0, —e‘ZWMQu}

- Vil

PR == = =T

As=[piPiICH 0 aBPiC piPiC]

Ag = diag{CTHTQHC, —e MO 3, —vQ2, —vQ}
o= = _=_ =T > =

A7 =[aipPIE P\B —aBPE]’, Bi=1-8

Ag = diag{—l, 21 —1}, Y13 = diag{—1, —1I, —1)

L 0 0 0 Ojys
Y, =10 0 0 FH Ojys
0 /uCi 0 0 Oixs

Yiu=[Ao Aig O A Ap]
Ag=[ATP, 0 0 0]', 61 =a&, 6 =4h
Ao =[A2 abrA13 BOIAL 9192A13]T

B B]PlaH 0 &BPIC B]P]é
Ay = —6,PiCH 0 &egp@ — 6,P,C
0 0 6,6PC 0
0 0 616,PC 0
[ @ifP\E P/B —aBPE
s — ahPtE 0  —abhP\E
271 _gpPlE 0 —6,8P\E
_—9192P1E 0 —6,6,P,E

Yis = diag{—PlRl_lPl, —PiR;'PI, PR 'P,
_ PlRflPl}, i — o 21k
Ry = tyR11 + dyRia + ryR13, fr = 22
Ry = tyRo1 + dyRay + ryRas, fo = &292™
Y17 = diag{—f1R12, —=fiR12, —=fiR11, —=fiRn
— fiR13, —=fiR13}
Ty=[L 0000 0 0 0]
Yyu=[PA 0 0 0 0 0 PB|
Yoz = —1, Tp5= —Psz_lpz
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Ay (») ) (» () (%)
0 0 (GO I CO R )
w 0 0 —£0n (K (¥ (%)
Tl o o 0 0 ®»
0 0 0 0 =0 ()
B™P, 0 0 0 0 —y2I
Yo=[ M N zi U Vi]'
JI=[E J5, 0 00 0 0 0
Mf=[0 M5 M5 0 0 0 0 0]
NiT [N' 0 0 N), 0 0 0 0]
=[0 0 0 z, zL 0 0 0]
UI-T [UF 0 0 0 0 UL 0 0]

vi=[0o 0o 0 0 0 vI Vi 0]
Y27 = diag{—R22, —R22, —R21, —R21, —R23, —R23}.
APPENDIX B

PROOF OF THEOREM 1

Choose the following Lyapunov functional:
t
Vi(t) = ET(0PE(®) + / £7(s) exp(-) Qi1 £ (s)ds
I—ty
t
+ / £7(s) exp(-) Q& (s)ds
t—dy
t
4 / ET(s) exp(-)Qisk (s)dls
1—ry
0 t
+ / ET(s) exp(-)Ri & (s)dsdv
—ty Jt+v
0 t
+ / ET(s) exp(-)Rpé (s)dsdv
—dy Jt+v

0 t
+ / £T(s) exp(-)R3é (s)dsdv 31)
—ry Jt+Y

where P; > 0, Qi1 >0, Rj; >0, Qp >0, Rp >0, Qi3 >0,
Ri3 > 0, exp(:) = 2D6i=9) = 5 0, and

1, te[-h,0]U ( ) [anln)>
neN
2, te Ull, .
€ neN[ " an+l)

1 =

When i = 1, by taking the derivative and mathematical
expectation of (31), one can obtain
E{Vi(h} < =261Vi(0) + 2616 (OP1E(1) + 2E{T () P1£ (1)}
+ ET 0@ + 012 + 013)E O+ E{ET(ORIE())
— &1t — dy)e > Q10 (1t — dy)
— &7t — e > QuE — )
— &1t — e 2 Qu3E (1 — )

t
- / ET()e 2Ry & (s)ds
t—1(1)
t—1 (1) . .
- / ET(s)e 2VRy & (5)ds
t

—Ty

t
~ / ET(9)e 21" R 1E (5)ds
t—d(r)
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1—d(1) .

— / ET(9)e 21 R 1E (5)ds
t—dy
t

- / ET(5)e 2SR 3 (5)ds
t—r(t)

t=r(t) | .
- / ET(9)e 251 Ry (s)ds.
1

—ry

(32)

Then, the following equalities can be obtained by using the
free weighting matrix method:

B —7(t) |
20(0Z1 | E(t — T(1)) — E(1 — ) — / £(s)ds | =0
=Ty |
’ .
2p(r>N1[s<t)—s(t—r(r))—/ ()é(s)ds =0
1—t(t _
i —d(t)
20(OM | &(t — d(1)) — &(t — dy) — / ) E()ds| =0
- t_ M -
5 .
2p(t)J; [sm —E(t—d(1) — f E(s)ds| =0
t—d(t) i
t—r(t) .
20OV [s(t—ra)) —E(t—rym) — / E(s)ds | =0
t—ry ]
’ .
2p(r>U1[s(r>—s(r—r<r))—/ RETEL
—r(t .
(33)

where Z;, Ny, My, Ji, Vi, and U; are the introduced free

weighting matrices, p(1) = [p1()  p2(2) ,03(t)]T, p1() =
[Tty ETt—d@) ETt—dw) ETt—1@)] . () =
[Tt —m) ETC—r(0) ETC—rm) €Tt )],

p3(0) = [fOU—T®) o@) ok—d®))].
Note that
E{ETORE@®)} = ATRIA+67B"R\B

+ 03CTRIC + 0}03DTRID (34

where A = A£(t) + Bw (1) + (1 — PECE(t — r(D) + (1 —
B)Ee(t —r(1) + (1 — @) BEf (y(1 — t(1))) + @BCHE (1 — (1) +
+aBCe(r) — aBEo(y(t — d(1)), B = —BEf(y(t — T())) +
BCHE(t — d(1) + BCe(r) — BEo(y(1 — d(1)), C = —ECE(1 —
r(1) — Ee(t—r(t))+(l —a)Ef(y(t—r(t))H—aCHE(t d@)+
aCe(t) —aEo(y(t — d(1)), D = —Ef(y(t — (1)) + CH&(t —
(1) + Ce(t) — Eo(y(t — d(1))).
The input constraint can be acquired from (5)

HET (1 — d(1)C] C1E(t — d(1) — 0" (Y(®))e(y(®)) > 0. (35)
According to (6) and (7), one can obtain the constraint of

the adaptive event-triggered scheme
EV(t —d)H QHE(t — d(1) — e  ()e(d) > 0.

Moreover, the following inequality can be derived from
Assumption 1:

YW CTFTFCiE(D) — T @) () = 0.

Combining (32)—(37) and using the Schur complement and
Lemma 1, it yields
E{Vi(0} + 2" (0200 — y?o" (Do (1)
< =2aVi)+p" @)

(36)

(37)
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x [®1 +E{ETORIE®D)} Then, combining (45) with (46), one obtains
+ 1SR IT + My R MT .
+ N SRINT + Zy 2 Ry ZT IE@I < = =e*"0ln- 47

U1 R UT + ViRV o). (38
+Che 1371+ e i3 V1 [e@®- - G¥) This means system (17) is exponentially mean-square stable

Using (20), it can be obtained that E{Vi ()} + 2T (0z(1) — under the conditions (20)—(25), which completes the proof. B

Yot Mo < =26 V().
Processing V,(¢) in the same way, one obtains APPENDIXA C
. T T ELEMENTS OF MATRIX ®; IN THEOREM 2
E{Vz(t)} +z2 (D) —y o Dw(D)
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[7]
APPENDIX D

PROOF OF THEOREM 2 8]

By applying Lemma 2, for positive scalar e, one can obtain

—P]R;1P1 < —2e1P; +e%R]. (48) o

Similarly, we have

— PaR;'Py < —2e2Py + E3Rs. (49) [10]

Since P > 0, there exist Pp and P3 > 0 satisfy-

- . T
ing Pj3 = PZ»I;PBP,'Q. Define that P; Pi P Y;

7
Pp

, (1]
P

, S = Y3Y; ! Then premultiplying and post-  [12]

1 0
0 PLP;!
multipiying 20) by {Y;, ..., Y, I,...,1, Y;, ..., Y;} and its
—_— —— Y———

6 8 8
transposition. Define P; = Y:P;,YT, Q; = YiQ;YT, Ry =
YiRGY!, Ju = YiJuY[, Ny = YiNaY[, My = YiMpY],
Zi = YiZY!, U = Y UpY), Vi = YV YT forj=1,2,3;
k =1, 2. then we have (26) from (20). Since P; > 0, by using
the Schur complement, one can obtain (27).

Define variables
Ap = ApPi3, Ar = PLAPY
2 T
lff = }3 12_Bf . r
Cr = CrP13,Cr = GyP, .

[13]

[14]

[15]
(50)
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According to the above definitions, similar to the method
of [44], the parameters of filter can be expressed as Ay =
P AfP};: By = P_TBf, and Cr = CrP1s.

Define x¢(¢) = Pi,x¢(t), (2) can be rewritten as

{ (1) = Arkr (1) + B0 51

7 (t) = Cpa(D).

Then, one can obtain (30) from (50) and (51). That completes
the proof.
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