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The paper studies sampled-data consensus for nonlinear multiagent dynamical systems. A distributed linear reliable consensus
protocol is designed, where probabilistic actuators with different failure rates and random network-induced delay are considered.
Based on the input delay approach, a new distribution-based fault multiagent system model with random delay is proposed. By
using the stochastic analysis technique and Kronecker product properties, some consensus conditions are derived in terms of
linear matrix inequalities, and the solvability of derived conditions depends on not only the failure rate of the actuator but also on
the probability of the delay. Finally, a numerical example is provided to demonstrate the effectiveness of the obtained theoretical

results.

1. Introduction

In recent years, distributed coordination of multiagent sys-
tems has received increasing attention due to its potential
applications, such as control of distributed sensor networks,
unmanned-air-vehicle formations, satellite clusters, and so
on [1-4]. As one of the fundamental and important issues
in the area of cooperative control, the consensus problem in
multiagent systems has been the hot and significant topic [5-
13].

In many engineering applications, on the one hand, with
the rapid development of computer hardware, only sampled
data is used for the implementation of digital sensors, filters,
and controllers. On the other hand, it is quite difficult to
measure the continuous information transmission due to
the capability of transmission bandwidth of networks; thus,
it is more practical to apply sampled-data control, and the
sampled-data control technology has shown more and more
superiority over other control approaches. In particular, a
new approach to deal with the sampled-data control problems
has been proposed in [14-18]; the sampling period has been
converted into a time-varying bounded delay. Based on this
method, recently, many results have been established for
the consensus in multiagent systems with sampled data. For
example, in [19], the average consensus problem is considered

for a class of first-order multiagent systems sampled-data
communications; the consensus can be achieved by choosing
the appropriate sampling interval. In [11, 20], some necessary
and sufficient conditions are derived for consensus of mul-
tiagent systems with a fixed directed topology and periodic
sampling. The consensus is also discussed for multiagent
systems with sampled control by using zero-order holds or
direction [21-24]. In [21], the sampled-data coordination
algorithms are given for double-integrator dynamics, where
the first algorithm guarantees that a team of vehicles achieves
coordination on their positions with a zero final velocity
and the second algorithm guarantees that a team of vehicles
achieves coordination on their positions with a constant final
velocity. The consensus problems for second-order agents
in [22] are discussed in sampled-data setting, where the
sampling period of each agent is independent of the others.
Second-order sampled-data consensus problems are studied
in [23, 24]; the sampled position and velocity data are used
in [23] to design the consensus protocol, but, in [24], only
the sampled position data is utilized. It is well known that the
agent needs to exchange the information with their neighbors
by an interconnected network to accomplish some specific
tasks. Hence, the wireless sensor networks play a critical
role for information exchange, and in practice the sensor
might be destroyed, subjected to external attacks, and fail to
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communicate with its neighbors; the reliability and robust-
ness of multiagent systems might become weaker than before
[25, 26]. To describe the actuator fault, a Bernoulli distributed
variable is employed to investigate the missing measurements
[27, 28], which takes the value 0 to mean complete sensor
failure and 1 to mean completely normal. Later, a more
general random variable taking in [0, 1] is introduced in [29-
31], when taking value in (0, 1) means the partial failure of
the sensors. It should be pointed out that in most existing
references concerning the multiagent systems, the related
results have been obtained only by using the information of
the variation range of the delay; however, in practice, the
distribution of the delay is not uniform, the probability of the
delay taking values in a long range may be very small [30-32].
This phenomenon motivates us to investigate the effect of the
system performance. Unfortunately, up to now, by employing
the distribution information of the time delay, designing the
reliable consensus control algorithms by using the sampled
data has not been investigated, and the purpose of this paper
is to close this gap.

The main contributions of this paper can be summarized
as follows. (1) A distributed linear reliable sampled-data
consensus protocol is designed, where the actuator fault and
random network-induced delay are considered. (2) A more
generalized random variable is introduced for describing the
different conditions of actuator fault; these conditions contain
the case of complete failure, partial failure, complete normal,
and measurements distortion. (3) The solvability of derived
conditions depends on not only the size of the delay (the
sampling period), but also on taking values of failure rates of
the actuator fault.

Motivated by the above analysis, sampled-data consensus
for nonlinear multiagent dynamical systems is investigated.
A distributed linear reliable consensus protocol is designed,
where probabilistic actuator and random delay are consid-
ered. Based on the input delay approach, some consensus
conditions are derived in terms of linear matrix inequali-
ties, containing the information of the actuator fault and
random delay, the maximum sampling period (the delay)
can be obtained. Finally, a numerical example is provided
to demonstrate the effectiveness of the obtained theoretical
results.

The rest of this paper is organized as follows. In Section 2,
problem formulation and preliminaries are briefly outlined.
In Section 3, main results are derived in the form of LMIs.
In Section 4, a simulation example is provided to show the
advantages of the obtained results, and some conclusions are
drawn in Section 5.

Notation. The notation used in the paper is fairly standard.
R” denotes the n-dimensional Euclidean space and R™"" is
a set of real n x m matrices. The notation X > 0 (resp., X <
0), for X € R™", means that the matrix X is real symmetric
positive definite (resp., negative definite). diag{: - - } stands for
a block-diagonal matrix. || - || denotes the Euclidean norm
in R". The superscript “I”” stands for matrix transposition. I,,
denotes n x n identity matrix. E{-} stands for mathematical
expectation. The Kronecker product of matrices Q € R™"
and R € R is a matrix in R"?*™ denoted as Q ® R. In this
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paper, if not explicitly stated, matrices are assumed to have
compatible dimensions.

2. Problem Formulation and Preliminaries

Consider the following nonlinear multiagent dynamical sys-
tems consisting of N agents

x()=Ax; () + f (x; (1) +u; (), (=12,...,N), (1)
where x;(t) € R" is the position state vector of the ith agent.
f(-) € R" is an unknown but sector-bounded nonlinear vec-
tor function to describe the time-varying nonlinear dynamics
of agent i and u;(t) € R" is the control input. In this paper,
control input u;(t) is sampled before entering networks based
on the sampling technique and zero-order hold circuit, and
t; are the sampling instants satisfying 0 < t, < t; < --- <
t < ---; for simplicity, it is assumed that t;,; — t; = 7, where
T > 0 is the sampling period and then the controller can be
described as

N
u; (t) = CKZ%‘ [xj (te) = x; (tk)]
i1

)

—CKle] x; (), (<t <tpa),

where [a;;] . is a weighted adjacency matrix, @ = 0 if
and only if there is a connection between agent i and agent

j; otherwise a;; = 0. The Laplacian matrix L = (I is

defined by I;; = Z] jeiljand Iy = —a; (i#j). cisa
constant denoting the coupling strength; K is the feedback
controller to be designed.

Let 7(t) = t — t;.. Then, (2) can be rewritten as

u; () = -cKZl,J x;(t-1 (1), (3)

where 0 < 7(t) < 7, 7 is the upper bound of the delay 7(t)
which is also the sampling period.

When the actuator experiences failures, we use uf (t) to
describe the control signal to be sent from actuator of the
neighbors; that is,

u; (t)——cHKZl,] x;(t-1(1), 4)

j=1

where IT is a random variable taking values on the interval
[0,0], where 8 > 1. The mathematical expectation and
variance of IT are y and o, respectively.

Remark 1. Spring by [27-31], when IT = 0, it means complete
failure of actuator. When IT = 1, it means the actuator has
good working condition. When 0 < IT < 1, it means partial
failure of the actuator. When IT > 1, it means the data
distortion with the measurement of the actuator is bigger than
the real measurement.
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Substituting (4) into (1), we can obtain

%; (1) = Ax; (t) + f (x; (1)) —cHKle] x;(t-7(1)

= Ax; (1) + f (x; (1))

©)

—cyKZl,] xj(t-1()-c(M-p)K

—7@t)).

x lel Xj

Assumption 2. The distribution of the random networked-
induced delay can be observed; that is, there exist constants
7, and 7, where 0 < 7; < 7, such that either 7(¢) € [0, ;) or
7(t) € [1),7], and the probability distribution of 7(t) taking
values in [0, 7;) and [7;, 7] is known a priori.

Define the following two functions and a stochastic
variable:

() = {T(t), () € [0,1y),
1

T4, T(t) € [1,7],

[r, @) e[r.1],
Ty (t) - {T, T(f) € [0> Tl) > (6)
L teftlT =1 ),
a(t) = ‘[0, eftlr()=7,1)}.

Assumption 3. «(t) is Bernoulli distributed sequence with
P{a(t) = 1} = «y and P{a(t) = 0} = 1 — «,. Then, we have
E{a(t)} = ay and E{(«(t) — 040)2} = (1 — o).

Remark 4. The Bernoulli distributed sequence is used to
describe the distribution information of the delay in [33],
which is an important characteristic of the network to affect
the system performance. Unfortunately, such kind of statis-

tical information has been utilized to design the consensus
protocol for multiagent systems.

Combining (5)-(6), the system (6) can be rewritten as
X; (1) = Ax; (6) + f (x; () — ca (t) uK

x Zlu Xj

-7 (t) -c(1-ua(t))uK

X Zlv xi(t-1 ()

—ca(t) (T - ) K

3
N
x Y Lxi (t=1, (1) —c(1—a(®) (M- w) K
j=1
N
X Zlijxj (t-1, ().
j=1
7)

By using the Kronecker product of the matrices, the above
system (7) can be written in a compact form as

x(t)= (Iy®A)x () + F(x(t)) - cua (t) (L® K) x
x(t—1 (1) —cp(l-a(®)(LeK)x(t—1,(t))
—ca(t) (- p) (LOK) x (t -7, (£))

—c(l-a®)(I-p)(LeK)x(t-1,1),
(8)

where
x@) = (<7 @, xL @, 2L 0) o
Fee®) = (7 (e )2 7 (e 0) e ST (en )
Before starting the main results, some definitions and
lemmas are introduced here.

Definition 5. Consensus in multiagent systems (1) is said to
be achieved if, for any initial conditions,

Jlim E ||x,. (t) - x; (t)]] =0, (,j=1,2...,N). (10)

Assumption 6 (see [34]). For Yu,v € R”, the nonlinear func-
tion f(-) satisfies the following sector-bounded condition:

[f @) - f) -F w-w"[fw)- F,(u-v)] <0,

(1)

f-

where F,, F, are real constant matrices with F, — F; > 0.

Lemma 7 (see [35, 36]). Let U = (u;)yxn P € R™"

x = (Dl xk) € RN, where x; = (x;1, Xir- ., X;,) €
“and y = (Lyl....yy) € RV where y; =
(Vit> Vigs--» Vi) € R IFU = UT and each row sum of U

is zero, then

X UePy= Y uw(xi-x)P(yi-y) (1

1<i<j<N
Lemma 8 (see [33]). Q;, Q,; (i = 1,2) and Q are some

constant matrices of appropriate dimensions; T,(t) (i = 1,2)
satisfies 0 < 7,(t) < 7; < 1,(t) < 7,. Then,

Q+[1,()Q + (1, -7, (1) Qy]
+ (1, (1) = 1) Quy + (1 = 7, (1)) Q] < 0

(13)



if and only if
Q+1Q +(1,-1)Qp, <0,
Q+1,Q +(1,-7)Qy <0,
Q+1Qy +(1,-1)Q, <0,

Q+1Qy + (1, — 1) Qp < 0.

Lemma 9 (see [35, 36]). Let f(-) be a nonnegative function
defined on [0,+00). If f(-) is Lebesgue integrable and is
uniformly continuous on [0, +00), then lim, _,  f(¢) = 0.

(14)

3. Main Results

In this section, we will deal with sampled-data consensus for
nonlinear multiagent dynamical systems via reliable control.

Theorem 10. For given some positive scalars T > 7, > 0, oy >
0, 4 > 0, ¢ > 0 and the feedback gain matrix K, consensus
in system (1) is achieved if there exist appropriate dimensional
matrices P > 0,Q; > 0, R, > 0(i = 1,2) and Y, M;, T},
S; (i = 1,2), and a positive scalar o > 0, such that the following
LMIs hold:

)
[211 En] <0, (1<i<j<N;1=1,234), (15

* Xy
where
iy Zp Zy3 0 25 O
£ %, 0 0 0 0
s Z33 23 00
Wm0 w0 % 3y B 0]
k% % % gy g
* * * * * Do

) [0 0 VEM{ M, 0 0 ]T
12 Va-7)sh \-=)sy |

00 0 0

T T T

5O _ 00 oM, VuM, 0 0
27100 0 \/(T—TI)TIT \/(T—TI)TZT o’
s _ [vAY 0 vaY; 0 0 0 !
270 0 0 0 0 \r-)S \(r-z)s|”
T

—w [vay! o ymy; 0 0 0
2= 0 0 0 \/(T—TI)TIT \/(T—TI)TZT 0|’

2y, = diag {~R;,~R,},
$,=PA+ATP+Q,+Q, +ATR,A
+Y,+Y) —a(F[F,+FF),
2,=P+A"R,+a(F +F),
%13 = coopL;iPK + caguNL; AR, K Y, +Y5,

%5 =c(1— ) uNL;PK +c (1 - ay) uNL; AR}, K,
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%, = Ry, - 24,
Sy = -2 (4 +0°) NLYK'R ,K
-Y, -Y + M, + M,
Sy =M, + M,,
Suu=-Q —~M,-M, +T, +T],

S5 =T, +T5,

Ts = -2 (1-a) (4 +0°) NLPK R ,K
—TZ—T2T+S1 +SIT,
Ss6 =S, +S5,

g = _Qz - Sz - Sg’
R, =17R, +(1-1))R,.
(16)

Proof. Construct a Lyapunov-Krasovskii functional candi-
date as

V(t,x,) =V, (t.x,) +V, (t,x,) + V5 (t, x;), 17)
where

Vi (tx) =x" () (Ue P)x (1),

t

Vy(tx,) = J X" () (U®Q,) x(s)ds

t—1;

=T

thT " (U®R,)x(v)dvds

N

Vi) = [

t-1;

+ Jt Jt %7 (v) (U®R,) X (v) dvds,
t

-7 Js

where P, Q;, R, > 0 (i = 1,2) are some matrices to be
determined and

N-1 -1 -1 - -1
1 N-1 -1 - -1

U: —]. —1 N—l —1 . (19)
1 -1 -1 - N-1

The infinitesimal operator & of V (¢, x,) is defined as

ZV (t, Xt) = Alirré+E {{V (t + A’xt+Ai| xt} - V(t’ xt)} .
(20)
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Calculating the derivative of V;(t,x,) (i = 1,2,3) along
the trajectories of system (8), we have

LV, (t,x,) = 2x" (t) (U e P)
x [(Iy ® A) x () + F (x (1))
—cagu(L®K)x(t -1, (1))
—c(1-a)uLeK)x(t-1,())]

2xT (t) (U® PA) x (t)

+2xT (1) (U® P)F (x (1))
— 2capux’ (t) (UL® PK) x (t — 7, (t))

—2c(1 - o) ux" (t) (UL® PK) x (t — 7, (£))

X [UeQ)+UeQ,)]x(t)
~x(t-1)(UeQ)x(t-T1)

—xT(t—T)(U®Q2)x(t—T),

ZV, (t, x,)

FLV, (L, x,)
=" (1) [ (UeR))+(r-1)

x(U®R,)] (1)

_ r 2T (s) (U R,) % (s) ds

_ JHI %' (s) (U®R,) % (s) ds.

(21)

Denoting Ry, = T;R, + (t — 7;)R,, then ; (U®R;) + (7 -
7,)(U ® R,) = U ® R;,, and recalling (8), we can obtain

E{x" (1) (UeRy) x (1)}
=E{x" (1) (Iy® A)' (UsRy,) (Iy® A)x (1)
+ F (x (1) (U® Ry,) F(x(£)
+Cagu’x" (t-1, (1) (Lo K)T
x (U®Ry,)(L®K) x(t -1, (1))
+(1—a) ?x (t—1, (1) (L@ K)T
x (U®Ry,) (L®K) x(t -1, (1))
+ oy(m—p)’x" (t -1, (1)) (LOK)"
x(U®Rp,)(LeK)x(t-1 1))
+F(1-ap) (m—p)’x" (t -1, () (LOK)"

x (U®R,,) (L®K)x(t —1,(t))

—2xT (1) (Iy® A)" (UsRy,)
X [cagu (L® K) x (t — 7, ()
+c(1-ap) (LK) x(t—1,(1)]}
=x' (1) (U ATR,A) x (1)

+F (x (1) (U®Ry,) F(x (1))
+ oo’ x’ (t—1, (1))
x [(L'UL) ® (K'R,K)] x (t - 7, (1))
+Cago’x” (t—1, (1))
x [(L"UL) ® (K"R,K)| x (t - 7, (1))
+(1-ap)o’x" (t-1, (1))
x [(L"UL) ® (K"R,K)] x (t - 7, (1))
+2x" () (U® ARy, F (x (1)
= 2capux’ (1) (UL® ATR,K) x (t - 7, (1))

—2c(1-ag) pux" (1) (UL® ATR,K) x (t — 1, (1)) .

(22)
Employing the free matrix method, we have
25O U [x0)-x(t-7, ()
t
- J x (s) ds] =0,
t—1,(t)
2T UeM)|x(t-1,t) -x(t-1,)
(23)
t—1,(t)
—J x(s)ds] -0,
# OUeD) [ x(t-1)-x(t-5,0)
- jtin x(s) ds] =0,
t=7,(t)
2T (U eS) [x(t—rz ) -x(t-1)
(24)

t=1,(t)
- J x(8) ds] =0,
t

=T
where
)= [0 Faw) it-n®) St-n) Lt-no) L],

Y'=[yT oyl 00 0],



M"=[o 0o MT M 0 0],
=looo 1 17 0], (25)

s'=[0000 s s8]

It can be shown from (23) that thereexist R; > 0 (i = 1,2),
such that

— 2T (UeY) r %(s)ds

t=7(t)

<t OUY)(UsR,) UsY)E®)

+ Jt %7 (s) (U®R,) % (s) ds,
=7, (f)

t—7(t)
- 28T (1) (U ® M) J % (s)ds

t—1;

<(m -1, @)E UM (UsR,)"

><(U®M)TE(t)+r e %' (s) (U®R,) % (s)ds,

_2#T () U e T) JHI %(s)ds

t=1,(t)

(M) -1)EOUeT)(UsR,)"

x (U e T)TE () + rﬁ £ (s) (U®R,)  (s)ds,

t=7,(t)

t=1,(t)

— 2T (UeS) Jt_ % (s)ds
<(t-1,M)E () UeS)(UsR,)  (UeS) &)
~7,(t)

+ Jt t %" (s) (U ®R,) % (s) ds.

=T

(26)

For Vo > 0, it can be derived from Assumption 6 that

[ x(t) ]T
F(x(¢))
X[U@(FlTFz"'FzTFI) U (F +F) (27)
-Ue (F, + F,) 2UI)
[ x (t) ]
F(x ()

Noting UL = LU = NL, based on the properties of the
Kronecker, we can obtain L'UL = NLTL. For presentation
convenience, let xl-j(t) = x;(t) - xj(t), ﬁj(t) = f(x;(1)) -
f(xj(t)), and E,-j(t) =&(t) - E]-(t). Adding (23) to the right of
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(20) and substituting (26) and (27) into (20), using Lemma 7,

{Zx (t) PAx;; (t)

+2x;; (£) Pf;; (1)
+2coouNL;;x; PKx,J (t-1, (1)
+2¢(1 - &) uNLjx; PKx (=1, (1))
+ x5 (1) (Q + Q) x;; (1)
= (= 7) Qi (£ - 1)
—x (=) Qyx; (¢~ 7)
+x;; (1) ATR, Ax; (£)
+ fi @) Ripfyj (8) = 2o’ NLY x
x (t =1, (1) K'Ry,Kx (t - 7, (1))
- 26 (1 - &) @’ NLY ], (£ = 7, (1))
x K¥ Ry, Kx;i (t -1, (1))
-2 ay0  NLY x, (t - 7, (1))
x KT Ry, Kx;; (t =7, (1))
—2¢ (1 - a) oZNLE.?xz (t-1,()
x K'Ry, Ko (t =7, (1))
+2x;; (£) ATRy, fy; (£) + 2caouNL jx;; (1)
x ATR,Kx;; (t = 7, (1))
+2¢ (1 - og) uNLj;x;; L) AT Ry, Kx;; (t =7, (1))
+25 (O (x;(0) - x; (t -7, (1))
+ z{ij OM (x;(t -1, () - x; (£ - 7))
+25 (O T (x(t-7) - x; (t =7, (1))
+28 (1) S (x; (-1, () - x; (£ - 7))

[x (t)] FE,+FJF, - (F[ +F)
fi®] | —(F +F) 21

[)JC‘,] 8 ] + 1 ()& (O YR'YTE; (1)
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+ (7, -7 (6) & () MRT' MTE; (¢) where

+ (5 () - 1) & () TR, T"E,; (1)

011 glz B3 0 65 0
T “1gT * 0 0 0 O
+(t-1,)&; (t)SR, S & (1) 22
( 2 ) ij 2 ij o " * 633 034 0 0
T T w0y O O
= Z f,-j () Efij ®, ok k% O O
1<i<j<N I S I T o
(28) .
212 T
here L' is the el f the ith he jth col f
2\72 ere L;;” 1s the element of the 1th row and the jth column o arie AT WsIATP . .
. 0 0 0 0
By Schur complement and Lemma 8, we can obtain 2 < 0 V“ofl(;zElVT ; V“0T161€1VT 0 ,
and then it follows that 0 W e VT 0 mel VT
0 0

0

(=]

gv (t’ xt) < Amax (E) Z E {"EIJ (t)"z}

1<i<j<N BEiz=
IRCD)
T T
Ame® Y E{|x 0} falmpadts ol madte :
1SN Vaolsy e : Veo G- meay 0
— T—T] )rE: T — & T—T1)NE T
Therefore, we have g (1-ag) ( . eV g (1-ag)( s 1)rieV
t 2 T T T
E{V()}-E{V(0)} <A, (E) J Y E {||x,.]. )] }ds S _[00 vEM] yAEM, 0 0
0 1<i<jsN T4 00 0 0 \/(T -7,)S" \/(T -1)8, |’
(30) .
T T
which implies that Eﬁ) _ (00 vaM o VTM, . 0 , 0 ,
. , X 00 0 \/(T—TI)TI \/(T—Tl)TZ 0
J Y E{||x,.j o) }ds < - EIV(O)} < +oo. ., . .
0 145N max (2) _ _ [vaYl 0 y&Y; 0 0 0
31) et 0 0 0 0 e-5)s \(r-7)si] "
It is easy to see that E{|| xij(s)llz} is uniformly continuous w [vE AN 0 0 o1’
on [0, +00), and, from Lemma 9, one has By = . . ,
0 0 0 -7 \(z-7)17 0
lim E{|x; (6) - x; (®)[} = 0. (32) .
Foeo 8,, = diag {-¢, P, —¢, P, —¢, P, —¢, P},
From Definition 5, it can be seen that consensus is achieved _ )
in system (1). The proof can be completed. O &, = diag{-&,P, ~&,P, —&,P, —&, P},
Remark 11. A sufficient condition is presented for consensus By = diag {~&, P, ~e,P},
analysis of multiagent systems (1), which is an LMI condition 9. = pa+ AT
= + A P+Q+Q,+Y,
when the gain K is given. When the gain K is a matrix variable 1 QA Q&+h
to be determined, the above condition is not an LMI, we + Y1T _ oc( FlTFz + FzT Fl) i
are now ready to consider the gain K design problem. From
Theorem 10, the following result can be derived easily. 0, =P+1,6A"P+(1-1)) e, A"P
Theorem 12. For given some positive scalars T > 1, > 0, +a ( FIT 4 FzT) ,
a > 0,4 >0,¢ >0 ¢ >0 ande, > 0, consensus in
system (1) is achieved with feedback gain K = P~'V. If there 0,5 = ayr,V - Y, + YzT’
exist appropriate dimensional matrices P > 0, Q; > 0, Q, > 0, 0,s = (1-ag) 1,V
V.Y, M, T, andS; (i = 1,2), and a positive scalar o > 0, such 5 0772
that the following LMIs hold: 0,, = 1,6, P + (1 — 1,) &,P — 2al,
E, Ep B EY _ T T
R 0y = -Y, - YJ + M, + M/,
*oS2 <0, (1<i<j<N;1=1,234), .
* % Hys 0 03, = -M, + M,,
* * * By

(33) 944=_Q1_M2_M§+T1+T1T’



04 =-T, + TZT,
55 = -T, Ty +S, +8S,
Bs6 = =S, + 51,
666 =-Q, =S, - SzT’
r = —CWN’L, - 2P NLY - 20°NLY,

ry = cuNLy;,

(34)

then we can obtain the gain matrix K = P™'V.

Proof. From (22) and Lemma 7, the following inequalities
hold:

E{x" () (UeR,,) (1)}

= Y {x AR, AX; (1)

1<i<j<N
- ZCZ(XOMZNL(;)XZ} (t—1, (1)
x KTRy,Kox (t =1 (1))
+ fii © Ry (8) =267 (1 - o) 4’ NL x;
x (t =1, (1) K" RyyKox (t =7, (1))
- ZczocoozNL(j)xg (t-1, (1)
X KTRIZKxij (t—1, (1)
-2 (1 - a) O‘ZNL(;)XZ (t-1, (1))
x KTRy Kox; (t -7, (1))
+ Zx?; ®) ATRlzfij )+ 2coc0[4NL,-]~x§ )
x ATR,Kx;; (t =7, () +2¢ (1 - )
X yNLiij (t) ATRlszij (t-1, (t))}

= Z {fz? (t) Rlzfij (t) + 296,?]T (®) ATRlzfij (t)

1<i<j<N
+ ocOxiTj (t) A"Ry, Ax;; (£)
+ chxO‘uNL,»sz; (1) ATRlsz,-j (t-1, (1)
+ (xoczyzNzLiij (t—1, (1)
x KRy Kx; (£ =7, (1))

+ (1 - ag) x5 (1) ATR, Ax; (1)
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+2¢(1 - o) MNLijx§ (®) ATRlszij (t—1, ()

+(1 - o) cz;/tzNzL?jx; (t—1,(t))

x K'Ry, Ko (t =7, (1))

- [aoczyzNzL?j + ZococzyzNL(;)
+ ZaOCZGZNL(;)] x;

x (t -7, (1) KTRlszij (t-7, (1))

~[(1 =) czyzNzL?j +2(1-ap) CZMZNL(;)
+2(1-a) czazNL(iJZ.)] xiTj

x (£ =1, (1) KT R,Kox;; (¢ =7, (1)}

- Z {fzJT () Ry, f () + 2365 ) ATRufij (t)

1<i<j<N
+ “055 (t) '%TRlzdlEij ()
+ (1= o) & (8) o3 Ry &5 (1)
T T
+ “Orlfij (t) '52[3 R12d3£ij (t)

+(1-ap) r1€£ (t) dlezﬂz;Eij (t)} ,

(35)
where
dy=[A 0 rK 00 o],
d,=[A 000 rK 0],
dy=[00K 00 0],
(36)

d,=[0 000 K o],
r = —cz‘uzNzL?j - ZCZyZNLE? - 2c202NL(5),
ry = ¢uNL;;.
Combining (28) and (35), we can obtain
LV (t,x,)

)

1<i<j<N

{zxg (£) PAx; (1) + 2x;; () Pfy; ()

+ ZC(xOyNL,»ijPKxU (t—1, (1)
+2¢(1 - o) ,uNLisz;PKxij (t-1,)
+ x5, () (Q + Q) x;; (1)

=gy (t=7) Quxy; (£ = 17) = x5, (= 7)

T T
X Qux;; (t = 7) + x;; () A" Ry Ax;; (t)
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+ fi R fi () + 25 (0) ATRy, (1)
+ aoly; () | Ryl &5 (t)

+ (1= ) & (8) o3 Ry 9,85 (1)

+ o, & (£) 3 Ryt (1)

+ (1= o) 1y &l (6) Ay Rypl & ()

+ 285 (Y (x5 () - x; (£ - 7, (1))

+ 2&}; OM (x; (t =7, (1) - x; (t - 17))
+ 2&}]7 O (x5 (t-11) = x5 (- 7, (1))

+28 (0 S (x; (t -7, () - x; (£ - 7))
x; () !
- “[fij o)
y [FlTFz +FF —(F +EF)
—(F, +F,) 21
x; (1)
) [fj (t)]
+1 (D& OYRYTE; (0) + (1 -7, (1)
x &, (1) MR, "M (1)

+ () -1) & O TR T'E; (1)
+(T-1, (1)) &; (1) SR, 'STE; (1) }

= ) E®EEO.

1<i<j<N

(37)

Let R, = &P, R, = &P, and V = PK in (15) and then by
using Lemma 8, we can obtain E < 0. The proof is completed.
O

Remark 13. The solvability of derived conditions depends
on not only the failure rate of the actuator but also on the
probability of the delay. Since more information has been
employed, less conservative results might be obtained, which
can be seen from the following numerical example.

4. Numerical Examples

Example 14. For simplicity, we consider multiagent systems
with three agents and the state vector of each node being

TaBLE 1: The upper bounds of the delay (sampling period) for
different values of a,.

o 0.1 0.3 0.5 0.7 0.9 0.99
T 0.0129 0.0204 0.0372 0.1063 0.3853 0.7250

two dimensional; that is, N = 3, n = 2, and other related
parameters are given as follows:

2 -1 -1
A:[:g i] L=|-1 2 -1|, c=01,
-1 -1 2
(38)
u=14, o=0.2,
7, =0001, & =¢ =01
The nonlinear function is as follows:
_ [0.5x;; () — tanh (0.2x;; (t)) + 0.2x;, (£)
flx®) = [ 0.95x;, (t) — tanh (0.75x;, (t)) (39)
and then it is easy to verify that
0.3 0.2 0.5 0.2
Fl‘[o 0.2]’ FZ‘[O 0.95]' (40)

When the delay is random and its probability distribution
is known, we can obtain the upper bound of the delay
(sampling period) by Theorem 10; it is found in Table 1. It can
be seen that when the probability information of the delay
values in interval is known, the obtained upper bound of
the delay (sampling period) is larger than the one obtained
by tradition method with only variation range information
(t = 0.0106) of the delay.

To illustrate the efficiency of the designed method, the
following three possible cases are considered.

Case 1. Consider no actuator failure and measurements
distortion in the system, thatis 4 = 1,0 = 0, when &, = 0.7.
The upper bound of the delay (sampling period) is 7 = 0.1071
by using Theorem 12, and the corresponding feedback gain is

359117  21.0898
K=1_1613924 —243.4319]" (41)

The state responses are shown in Figure 1.

Case 2. When the actuator is partial failure, let 4y = 0.7, 0 =
0.2, and when «, = 0.7, we can obtain that the upper bound
of the delay (sampling period) is 7 = 0.1060 and the feedback
gain is

50.4724  29.7689

K=1_244166 —3435873| (42)

The state responses are shown in Figure 2.

Case 3. When considering actuator fault and measurement
distortion, let 4 = 1.4,0 = 0.2, and when «, = 0.7, from
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TaBLE 2: The upper bounds of the delay (sampling period) for different values of &, and the conditions of actuator.
a 0.5 0.6 0.7 0.8 0.9 0.99
p=1,0=0 0.0373 0.0569 0.1071 0.1988 0.3906 0.7457
$=070=02 0.0371 0.0560 0.1060 0.1915 0.3702 0.6691
p=140=02 0.0372 0.0567 0.1063 0.1969 0.3853 0.7250
TaBLE 3: The feedback gain matrices K for different values of o, and the conditions of actuator.
a 0.5 0.6 0.7 0.8
p=1 144864  9.5364 [ 22.8536  14.2459 | [ 359117 21.0898 ] [ 62.6971  36.2678 |
0=0 -35.6942 —108.7951 | -73.8533 —163.0010 ] | -161.3924 —243.4319 ] | -419.9275 —428.9063 |
u=07 21.0127  13.6887 32.0593  20.0371 [ 504724  29.7689 ] [ 90.1993  53.0314 ]
0=02 -51.8329 —155.9968 ~102.4567 —229.2493 | —224.4166 —343.5873 | | -609.1302 —628.2796 |
p=14 10.2856  6.7829 [ 162402 10.1321 | [ 255233 14.9789 | [ 447015 25.9764 ]
0=02 -25.2842 -77.3933 | -52.3181 —115.9304 ] | -114.2535 —172.8522 ] | -229.7514 -307.3281 ]
0.8 0.8
0.6 J 06|
04 L | 0.4 K
=) =
- = 02F
o 02 1 i
7 2 of
S0 o
I 'F —02F
= -02p R =
= = 04
® -04 R ® _06
-0.6 1 -0.8
—-0.8 L 1 1 L L -1 N N N | |
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3

FIGURE 1: The position state curves of multiagent systems with o, =
0.7, u = 1,and o = 0 (without failure).

0.6 - R

0.4 J

=02+ J

x;i(t) (i=1,2,3;j = 1,2)
[=}
N

—-0.6} 4

-0.8

0 0.5 1 1.5 2 2.5 3
t

FIGURE 2: The position state curves of multiagent systems with o, =
0.7, 4 = 0.7, and o = 0.2 (with partial failure).

t

FIGURE 3: The position state curves of multiagent systems with oy =
0.7, p = 1.4, and o = 0.2 (measurement distortion).

Theorem 12, the upper bound of the delay (sampling period)
is obtained as T = 0.1063 and the feedback gain is

25.5233 14.9789

K= -114.2535 -172.8522|" (43)
The state responses are shown in Figure 3.

From the above three cases, when the actuator has fault,
the upper bound of the delay (sampling period) is smaller
than the other two cases. To illustrate the influence on the
system by employing distribution information, for different
a, the upper bound of the delay (sampling period) and the
corresponding feedback gain are listed in Tables 2 and 3 for
without failure, partial failure, and measure distortion of the
actuator.

5. Conclusions

The paper studies sampled-data consensus for nonlinear
multiagent dynamical systems. A distributed linear reliable
sampled-data consensus protocol is designed, where the
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actuator fault and random network-induced delay are con-
sidered. By using Lyapunov stability theory, some consensus
conditions are derived in terms of linear matrix inequalities.
In our future work, we will further consider the problems for
randomly occurring nonlinearities and randomly occurring
network topology.
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