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Abstract: Many complex systems can be more accurately described by fractional-order models. In this
paper, a leader-following consensus problem of fractional-order multi-agent systems (FOMASSs) is firstly
formulated and then an event-trigger consensus control is proposed for each agent. Under the assumption
that the interconnection network topology has a spanning tree, consensus of the closed-loop FOMAS is
analyzed with the help of the Mittag-Leftler functions and stability theory of fractional-order differential
equations. It is shown that Zeno behavior can be avoided. Simulation results are presented to demonstrate

the effectiveness of the theoretical results.
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1. INTRODUCTION

In recent years, coordinate control of multi-agent systems
(MASSs) has been a hot topic due to its wide application in
formation control, distributed sensor filtering, robotic
cooperation, and so on. A particular objective of multi-agent
coordination is to reach consensus, which requires all agents
to achieve a desired common goal using only neighboring
information. The consensus problem was firstly concerned in
the fields of management science by Degroot (1974) and
statistical physics by Vicsek et al. (1995). The consensus
problem and its application have been studied in distributed
decision-making system by Borkar et al.(1982) and Tsitsiklis et
al.(1986). So far, a large number of the consensus problems of
first-order, second-order and high-order MASs have been
extensively studied by Tian et al. (2008); Li et al. (2016);
Zhang et al.(2015); He et al. (2017); Wan et al.(2016).

Many works about consensus problems of MASs are
investigated in the framework of integer-order dynamics,
however, many complex phenomena such as macromolecule
fluids, porous media and electro-magnetic waves, cannot be
accurately described by integer-order models. It has been
found that many complex behaviors of agents are more
suitably modeled by fractional-order dynamics. Distributed
coordination of MASs with fractional-order dynamics was
early studied by Cao et al. (2008-2010) and Ren et al. (2011).
Sufficient conditions were derived by Yin et al.(2013) to
ensure the consensus of heterogeneous fractional-order
MASSs in terms of linear matrix inequalities. Consensus of
FOMASSs with heterogeneous input delays and communicati-
on delays were studied by Shen et al. (2012), which showed
that consensus conditions do not rely on communication
delays, but depend on input delays when the fractional order

Copyright lies with the authors

belongs to (0, 1). A leader-following consensus problem of
FOMASs with nonlinear dynamics was considered by Yu et
al. (2015), and some sufficient conditions on consensus were
presented. A consensus problem of FOMASs was addressed
using adaptive pinning control method by Chai et al. (2012),
and then was extended to the case with delay by Liang et al.
(2016). The observer-based strategy for the consensus of
FOMASs with input delay was studied by Zhu et al. (2017).

In many physical systems, due to the limited on-board res-
ources and capabilities of computation, communication and
actuation, event-triggered control strategies guarantee that
agents update their control protocols only at some event time
instants and thus draw enthusiastic research interest.
Guinaldo et al. (2011) considered a distributed event-based
control strategy for a networked dynamical system consisting
of N linear time-invariant subsystems with perfect decoupling
conditions. The event-triggered conditions were given by
some state-independent functions by Seyboth et al. (2013)
and Guinaldo et al. (2011). However, up to now, there are
rare literature considering consensus of FOMASs with event-
triggered control. Furthermore, some techniques employed in
integer-order MASs cannot be straightly used to deal with
consensus control of FOMASs. Even though a consensus
problem of a FOMAS was addressed using sampled-data
control by Yu et al. (2017), the sampling instants have fixed
period, which is not flexible. Recently, a leader-following
problem of FOMASs with single input was investigated by
Wang et al. (2017). An event-triggered leader-following con-
sensus problem of general linear FOMASs and the system
with input delay has been investigated by Ye et al.(2018).

Motivated by the above discussion,this paper studies a leader-
following consensus problem of a general linear FOMAS by
employing a novel event-triggered control strategy and
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function. The main contributions of this paper are summariz-
ed as follows: First, a novel event-triggered control strategy
is developed for each agent without using real-time relative
information from its neighboring agents. Second, a
theoretical analysis is provided for both the consensus
analysis of the FOMAS and Zeno behavior by using the
Mittag-Leffler function method, which is more challenging
for the consensus analysis of integer-order MASs.

The rest of this paper is organized as follows. Section 2
presents some preliminaries and formulates the leader-
following problem of a FOMAS. A distributed event-
triggered consensus control is proposed and some theoretical
results are presented in Sections 3. Simulation results are
given in Section 4 to illustrate the effectiveness of the
theoretical results. Conclusions are given in Section 5.

2. PRELIMINARIES AND PROBLEM FORMULATION

This section presents some basic notations about the
algebraic graph theory, the Caputo fractional-order
derivatives and the fractional integral, and then formulates
the leader-following consensus problem of a linear FOMAS.

2.1 Graph Theory

Let/ ={1,2,---,N}be a set of nodes and E ={(j,i)|i,j eV}
be a set of edges. A directed graph G=(V,E) is used to

model the communication network topology among a group
of autonomous agents. The i th node represents the i th agent.

The set of in-neighbors of agent i is denoted by N, ={, V|
(j,i)eE}. Thus jeN, means that agent i can receive the
information of agent j . A path in a digraph is a sequence
i, of distinct nodes such that (i, ,,i,)€E, [, =1,2,---,1. A
directed tree is a digraph, where every node has exactly one
parent except for the root. A directed spanning tree of a

digraph is a directed tree formed by graph edges that
connects all the nodes of the graph.

lo’ll’...’

Let A=(a,),.y be the adjacency matrix, where a, >0 if
(j.)€E and a; =0 , otherwise. D=diag{d,.d,,--.d,} is the

degree matrix whose diagonal elements are defined
by d, =) a, . The Laplacian matrix of the weighted

JEN;
digraph G is defined as L=D—.A . It is well-known that L has
exactly one zero eigenvalue and all the other eigenvalues
have positive real parts if and only if the digraph G has a
directed spanning tree. Furthermore, when the N agents
interact with a leader, we use a diagonal matrix
B =diag(b,,b,,---,b,) to describe the interaction relationships

among the agents and the leader. Let H=L+B . Then we
have

Lemma2.1. (Ren et al. 2011) All the eigenvalues of the
matrix H have positive real parts if and only if the
interconnection network of the leader-follower system has a
spanning tree with the leader being the root node.

2.2 Caputo Fractional-order Operator

Caputo and Riemann-Liouville (R-L) fractional-order deri-
vatives are commonly used in fractional-order dynamical
systems. Since the initial conditions for fractional-order
differential equations with Caputo fractional-order derivative
have the same form with the traditional integer-order diff-
erential equations, we will adopt the Caputo fractional-order
derivative to model the FOMAS in this paper .

Definition2.1. The Caputo fractional-order derivative of a
function f(¢r) with orderq is defined as follows:

(n)
D f (1) = J'[“ (tf ©

)q n+l

where n is an integer, q satlsﬁes n—l<g<n, and ['(-)is the
Gamma function defined as

I'(z)= J.:e”tz"dt )

Particularly, when0< ¢ <1,

D'f(1) =

J' f(¢9)

r(1 9)"

Definition2.2. The fractional integral of order & for a func-
tion f(x) is defined as

10 —ﬁj (=)' £(0)do .

2.3 Problem Formulation

In this paper, we consider a consensus problem of a FOMAS
consisting of one leader and N following agents. The
dynamics of the leader labeled by O and the followers are
respectively described by the following fractional-order
differential equations:

Dx,(#) = Ax,(2)
qui(t) = A‘xi(t) + Bui(t)a
where D?x,(7) is the Caputo derivative of x,(r), ¢ €(0,1]is the

1
i=1,2,,N M

fractional order, x,(r) e R" and u,(¢) € R" denote the state and

control input of the i th agent, respectively, 4e R™" and
B e R are constant matrices with appropriate dimensions.

Definition2.3. The FOMAS (1) is said to achieve leader-
following consensus if there is a state feedback u,(¢) such

that the closed-loop system satisfies
Tim || 3,0 = x%,(0) =0, 2)

for any initial condition x,(z,),i=1,2,---N .

In sequel, we need the following useful lemmas related with
Mittag-Leffler functions.

Lemma2.2. (De et al. 2011) For any matrix 4 and a constant
q €(0,1], there exist constants M,, M, such that

|E, 4| < M, ||, |, , (4] < M, e
where E, ,(z) is the Mittag- Lefﬂer function defined by
,a>0,6>0.

Fent?)= zr( k+B)

Lemma2.3. (Ye et al. 2007) Suppose a(¢) is a nonnegative

locally integrable function during the time-interval [0,7]
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(T <+:), and g(¢) is a nonnegative, non-decreasing contin-
uous function defined in [0, 771, g(¢f)<M (constant), and
v(t) is nonnegative and locally integrable during the interval
[0, 771, satisfying w(¢) < a(t)+g(t).|-: (t —5)""v(s)ds for a posi-

tive constant ¢ . Then we have

n=1 1—‘( )
Furthermore, if a(s) is a non-decreasing function during the
interval [0,7), then we have

V() <aE, (g(OT(g)(E—1,)7) .
Lemma2.4. (Podlubny 1. 1998) Suppose 0<g<land g is a

v(t) < a(t)+ g(t).[ |:Z OO (t— s)'""a(s)}ds, t,<t<T.

constant. If there is a @ such that % <w<nq,then we have

E, ,|<C(+|z )" exp(Re(z" )+
7.8 1+

where C,,C, are positive constants, and|arg(z) |[< @ .

|z’

Lemma?2.5. (Kilbas et al. 2006) Let Q=[0,5] be an interval on
the real axis R, let n=[q]+1 with [¢]=
geNor n=q for qeN.Ify(¢) e C"[0,b] then we have
-1 ,(m) 0
1D =30~ $ O
k=0
Particularly, if 0 < ¢ <1and y(¢) € C'[0, b] ,then
1D y(t) = y(1) = (0) .
3. EVENT-BASED LEADER-FOLLOWING CONSENSUS
OF FOMAS

max{meZ|m<q} for

In this section, the design and analysis of a consensus control
is considered for a general linear FOMAS and the rigorous
analysis is also given for Zeno behavior.

3.1 Event-triggered Consensus Control

Let us consider the latest broadcasted state of agent i given
by x,(z) atthe event-triggered time instant z; . Define a rela-

tive state information from the neighboring agents for agent
i as follows:

p.(t) = Zaj (x.(6)=x,(0)) + b, (x,(6) = x,(0)).

Then an event-triggered control is proposed for agent ; as
follows:

u()=—K p,(t) .t €[t,ty,) 3)
where K € R™" is the control gain matrix to be determined.
Define the relative measurement error for agent i as

ei(t) = pi(t;;) _pi(t) .
agent i is defined by

The triggering time sequence {tk} for

ty, =inf (]t > 1, £0)>0), 4)
where the event-triggered function is given by
L@ e®I=-A 1l pE) =L, (5)

for some parameters 2 >0,8 >0, When

f,(t)=0during , we can have the next triggered time instant

and y>0 .

¢, . In this distributed control strategy, we assume that each

agent can obtain its neighbors’ information at its own

triggered time ¢ .

3.2 Consensus Analysis

Let&,(¢) =x,(t) — x,(¢),i =1,2,---,N. From (1) and (3), we have

DY () = As,(1) - BK(iau (x.(0)=x,(0)) + b, (x,() = x,0)) +e,(t)}

Jj=1
(6)
Denote (1) =(el (0),&L(0)) . et) =(¢f (0)--,eh(1)) . and A=
I,®A-H®BK, H=L+B, then (6) can be rewritten in the
following compact form
Ds(t) = Ae(t) - (1, ® BK )e(?) . (7

Now we give a main result for the consensus analysis of the
FOMAS (1) under the controller (3).

Theorem 3.1. Assume that (A4,B) is stabilizable and the
communication network topology of the leader-follower
system has a directed spanning tree with the leader as the root.
Then the leader-following consensus can be achieved for the
FOMAS under the controller (3) with the gain matrix K =
hB"P, P is positive definite solution of the following
algebraic Riccati equation (4RE): A"P+PA-PBB'P+Q=0,
QO is a positive definite matrix.

Proof. First, we show the existence of the control gain
matrix K . Since (4,B) is stabilizable, then the algebraic
Riccati equation has a unique nonnegative definite solution
P=P" for any given positive definite matrix Q = Q". Moreover,
all the eigenvalues of 4— BB"P have negative real parts. On
the other hand, by Lemma 2.1, all the eigenvalues of H have
positive real parts, which implies that there is a positive
constant % such that ARe A (H)>1. Thus, the gain matrix K =
hB" P can ensure that 4 is a Hurwitz matrix.

Second, we can have the solution of (7) expressed by

e()=E,, (A(t—1,)")&(t,)
+J.t (t—s)""

Define a positive constant as /Iz—max{Re/li(Z)} . Thus 4 is

- ®)
E, ,(A(t—5)")(1, ® BK)(~e(s))ds.

a positive constant. Furthermore, there exists a positive
constant M, such that || "™ |< M, ™, Then, by
Lemma 2.2 and (8) we have

(0111, (A=) - )|
] =9 B, (Al =5)1) |11, ® BK |- (o) s

t>1,

ety | < Me ™™ || e(t,) |
+M'[t0 (t-5)""e ™| 1, ®BK |- ||e(s)||ds
)
where M = max{M,M,,M M.}.
Now we consider the norm of e(f) . The event-triggered
function guarantees that
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leI<B I pi(t/i) I +ﬂ2677([”“)
=B || p.(t) + e, (1) || + S
Sﬂl(d[ +b,)|| Si(l)” +ﬂlzaij H gj(t) H+ﬂ1 H el.(t) H +ﬂ26*7(tﬂ0) (10)
Then we have ’
B(d+Na) NB: i
leI=== =2 e+ o

where d =max{d, +b,},a=max{a;} . From (9) and (11), we
i L]

have
() ||< Me™ ™ || &(z,) |

v NS,
+M f ' (t=5)""e ™| I, ®BK || —ﬁﬂz e g
ty -5

ﬂl(d+Na)

! -1 A
+ML (t=s)"e || 1, ® BK ||- [l £Cs) llds

1

<M{ ) 411y @ BK || L g ) }

-4 (A=7)
e[ ((-sye |1, @ 8K | AN (1d N | o) lds.
(12)

Multiplying e¢*“~ on both sides of (12) leads to

e w%w R }
| (13)

+M||I, ® BK||- md_*ﬂN ")j (t=9)""e") | &(s)||ds.
NB, AN I'(q) _
Leta(t)= M{ISO)HII ®BKH1 5 - )} g)=

M1, @B[(H.M
l_ﬂl

we have

A(t—1, N A iet r
&) e o)SM|:E(t0)|+1N®BK|.ﬂZe( e 0)(q)q}
1-4 A=)

{Mu © 8K | A M gy, }
(14)

For any? <w<7q,we have

(d + Na)

arg[M |1, ® BK || B -y F(q)(t—t0)4)< o . Invoking Lem-
1

ma?2.4, there exist constants C,,C, such that

| &) e "')<M{||£(t)||+||l ®BK||- NB, jo-rii-) F(‘I)q
_ﬂl (/1_7/)
/a(dwm) Ve .
6,
(15)
Aid+Na)

I'(g)(t-1,)", which implies

where 6, :1+M||IA‘\,®BK||‘/311
1

that

,v(H)=e | &(®)|, by Lemma 2.3,

=1 r
|S(l‘)|<M{||£(t)||+|IN®BK| NB, ieriw (q)q}
5" (A=7)
{{M”’N®B’<H'ﬂl(£7;{va)r(q)}%*l}(t—ro) (16)
. C]e + C202 H

| fid+Nay

-1
where ¢, _e“”“{HM |1, ® BK | F(q)(t—to)"} .

1
ﬁ/‘l
M |1, ® BK ||(d + Na)[ () + A*
y> A, then we have |l &@)ll—0,ast—>x, and thus the leader-
following consensus can be achieved asymptotically.

When we select g <

Next, the rigorous analysis of Zeno behavior is presented to
guarantee the feasibility of the proposed distributed event-
triggered strategy.

Theorem 3.2. The linear FOMAS (1) with the control
strategy (3) will not exhibit Zeno behavior.

Proof. Zeno behavior is excluded if the length of the inter-
event times ¢, , —z is strictly positive. From (1) and (3), we
have

D p (1) = Ap,(5) - hBBTP{fZa,-, [P, D) ]+d,p, (r;;)}, 17

Let of = r[nax | D‘P(t)||and & —maxHa) || . It is evident that

te| t; .t ,]
o' and o} exist from the proof of Theorem 3.1. Combing
with Lemma 2.5, we have

le 1=l p) - p,O

: [ -5 D' (5)ds = [ (15" D" p (5)ds

I(g)
_ %q) j: (=9~ (=" |D*p,(s)ds
Fk(({)lj,i,(t—s)q‘lbqpi(s)ds | 1o
_r((j:l)[(t K ("’i)q_(’_’U)q]+r<?:l>(’_mq
‘ r(zqal 1) -4y
Further, we have
F(Zq"f ; (e =0) 2 € 1) | > B 7. )

From (19), we have
1
tf _ﬂ >(F(q+l)ﬁ2 —/(’1(1_’0)]A
k+1 k
20!

The proof is thus completed.
4. SIMULATION EXAMPLE

In this section, a numerical example will be given to demo-
nstrate the effectiveness of the theoretical results. Consider a
linear FOMAS with a leader and four followers. The
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interconnection topology graph of all agents is illustrated in
Fig.1.

Fig.1 Interconnection network topology

The matrices 4 and B are given as follows:

0 1 0 1
A=|0 -1 1|, B=|0]|.
-1 0 0 1

For simplicity, we assume that ¢, =1 if jeN,, otherwise,
a; =0 . There is a directed spanning tree with leader rooted in

the node 0. Thus the Laplacian matrix L and H =L+ B are
given as follows:

1 -1 0 0 2 -1 0 0
-1 1 0 0 -1 1 0 0

L= , H= .
0 0 1 -1 0 0 1 -1
-1 0 0 1 -1 0 0 1

By simple computation, we have A,(H)=1,1,2.618,0.32 . It is
not difficult to see that(A4,B)is stabilizable. Select O as the
identity matrix. Then we solve the ARE and have

4.2841 1.8156 -2.0332
P=| 18156 14473 -0.4978|.
-2.0332 -0.4978 1.9663

15

xn(t)

c .
5 10 15
Time

Fig. 2 State evolution of the 1th component

Xgo(t)
X4o(t) U
Xpo(t)
X3o(t)

X4 ]

x‘z(t)
o

Fig.3 State evolution of the 2th component

Xo3(t)
SEQ)

Xoa(t)

Fig.4 State evolution of the 3th component

50

follower1
40~

follower2 [}
follower3
follower4

Control input

c c
5 10 15
Time

Fig.5 Control input u,(¢) of all followers

5

4.5~ T

Attt Mot e

3.5 A

Bhebt sk e e e bl ok kel kA

2.5 T

2 S kb He e He

Events of all followers

1.5+ bt
B I

0.5~ T

8 2 . ﬁie s 10 12
Fig.6 Triggering instances of all agents

The gain matrix is given by K=hB"P with j=3 . Let

q=0.8, y=0.5361, 5, =0.0066, 5, =10 and the initial state is

given by x,(0) =[-15;14;—13],x,(0) =[12;-11;10],x,(0) =[-9;8;-7],

x,(0)=[6;-5;4],and x,(0) =[-3;2;—1]. Let x,(z) denote the ; th

component of the ith agent. Fig. 2-4 illustrate the state
trajectories of the leader and the four followers, which shows
that the followers can follow the leader under the proposed
event-triggered control strategy (3). Fig. 5 gives the evolution
of the control inputs while Fig. 6 gives the event-triggered
time instants of the four followers, which shows that Zeno
behavior is avoided.

6. CONCLUSIONS

This paper has made a first attempt to study a consensus
control of a general linear FOMAS over a directed interaction
network. A distributed event-triggered state-feedback control
strategy has been proposed to guarantee the consensus. With
the help of the Mittag-Leffler function method, the leader-
following consensus of the FOMAS has been analyzed.
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Additionally, a rigorous proof has also been provided for
Zeno behavior.

ACKNOWLEDGEMENTS

This work is supported partially by National Nature Science
Foundation of China under Grants 61473061, 71503206,
61104104, the Sichuan Science and Technology Program
under Grant 2020YFSY0012, the Fundamental Research
Funds for the Central Universities Grant JBK2002021, and
the Program for New Century Excellent Talents in University
under Grant NCET-13-0091.

REFERENCES

Borkar, V., and Varaiya, P.(1982). Asymptotic agreement in
distributed estimation. /EEE Transactions on Automatic
Con-trol, 27(3), 650-655.

Cao, Y., Li, Y., Ren, W., and Chen, Y.(2008). Distributed co-
ordination algorithms for multiple fractional-order
systems, I[EEE Conference on Decision and Control,
2920-2925.

Cao, Y. and Ren, W.(2009).Distributed coordination of fract-
ional-order systems with extensions to directed dynamic
networks and absolute/relative damping. In Proc. the
48th IEEE Conference on Decision and Control,7125—
7130.

Cao, Y. and Ren, W.(2010). Distributed formation control for
fractional-order systems: Dynamic interaction and absol-
ute/relative damping. Systems & Control Letters. 59 (3),
233-240.

Chai, Y.,Chen, L.,Wu, R.,and Sun, J.(2012).Adaptive pinning
synchronization in fractional-order complex dynamical
networks, Physica A: Statistical Mechanics and its Appl-
ications, 391(22), 5746-5758.

Degroot, M.H. (1974). Reaching a consensus. Journal of the
American Statistical Association, 69 (345), 118-121.

De, M. la Sen. (2011). About robust stability of Caputo linear
fractional dynamic system with time delays through
fixed point theory. Fixed Point Theory & Applications,
1-20.

Guinaldo, M.,Dimarogonas, D.,Johansson, K.,and Sanchez, J.,
and Dormido, S. (2011). Distributed event-based control
for interconnected linear systems, the 50th IEEE
Conference on Decision and Control and European
Control Confer- ence, 2553-2558, Orlando, FL, USA.

He, W., Zhang, B., Han, Q., Qian, F., Kurths, J., and Cao J.
(2017). Leader-following consensus of nonlinear multi-
agent systems with stochastic sampling, IEEE Transact-
ions on Cybernetics, 47(2), 327-338.

Kilbas, A., Srivastava, H., and Trujillo, J.(2006). Theory and
Application of Fractional Differential Equations,
Elsevier, Oxford, U.K.

Li, W., Li, T., Xie, L., and Zhang, J.(2016).Necessary and su-
fficient conditions for bounded distributed mean square
tracking of multi-agent systems with noises. /nternation-
al journal of Robust and Nonlinear Control, 26(4), 631-
645.

Liang, S.,Wu, R.,and Chen, L.(2016). Adaptive pinning sync-
hronization in fractional-order uncertain complex dyna-
mical networks with delay, Physica 4, 444 (15), 49—63.

Podlubny, 1.(1998). Fractional differential equations. Mathe-

matics in Science and Engineering, 198.

Ren, W., and Cao, Y. (2011). Distributed Coordination of
Multi-agent Networks: Emergent Problems, Models, and
Issues. Communications and Control Engineering,
Springer-Verlag, London.

Shen, J.,Cao J., and Lu, J. (2012). Consensus of fractional-
order systems with non-uniform input and communicat-
ion delays, Proceedings of the Institution of Mechanical
Engineers, Part I: Journal of Systems and Control
Engineering, 226(2), 271-283.

Seyboth, G., Dimarogonas, D., and Johansson, K. (2013).
Event-based broadcasting for multi-agent average cons-
ensus, Automatica, 49(1), 245-252.

Tsitsiklis, J., Bertsekas, D.,and Athans, M.(1986). Distributed
asynchronous deterministic and stochastic gradient opti-
mization algorithms. [EEE Transactions on Automatic
Control, 31(9), 803-812.

Tian, Y.P.,and Liu, C.L.(2008).Consensus of multi-agent syst
ems with diverse input and communication delays, /[EEE
Transactions on Automatic Control, 53(9),2122-2128.

Vicsek, T., Czirok, A., Jacob, E., Cohen, I.,and Shochet, O.
(1995). Novel type of phase transitions in a system of
self-driven particles. Physical review letters, 75(6),
1226-1229.

Wan, Y., Wen, G., Cao, J.,and Yu, W.(2016). Distributed
node-to-node consensus of multi-agent systems with
stochastic sampling./nternational Journal of Robust and
Nonlinear Control, 26(1), 110-124.

Wang, F.,and Yang, Y.(2017). Leader-following consensus
of nonlinear fractional-order multi-agent systems via
event-triggered control, International Journal of Systems
Science, 48(3), 571-577.

Ye, H.P., Gao, J.M.,and Ding, Y.S.(2007).A generalized Gro-
nwall inequality and its application to a fractional differ-
ential equation. Journal of Mathematical Analysis and
Applications, 328(2), 1075-1081.

Yin, X.,Yue, D.,and Hu, S.(2013). Consensus of fractional-
order heterogeneous multi-agent systems. /ET Control
Theory & Applications, 7(2),314-323.

Yu, Z.Y., Jiang, H.,and Hu, C.(2015).Leader-following cons-
ensus of fractional-order multi-agent systems under
fixed topology. Neurocomputing, 149, 613-620.

Yu, Z., Jiang, H., Hu, C.,and Yu, J. (2017). Necessary and
sufficient conditions for consensus of fractional-order
multi-agent systems via sampled-data control, /EEE
Transactions on Cybernetics, 47(8), 1892-1901.

Ye, Y.Y.,and Su, H.S.(2018). Leader-following consensus of
general linear fractional-order multi-agent systems with
input delay via event-triggered control , International
Journal of Robust and Nonlinear Control, 28(18),5717-
5729.

Zhang, X., Liu, L.,and Feng, G. (2015). Leader-follower con-
sensus of time-varying nonlinear multi-agent systems.
Automatica, 52, 8-14.

Zhu, W., Li, W., Zhou, P.,and Yang, C. (2017). Consensus of
fractional-order multi-agent systems with linear models
via observer-type protocol, Neurocomputing, 230,60-65.

Zhu, W., Chen, B.,and Yang, J. (2017). Consensus of fracti-
onal-order multi-agent systems with input time delay.
Fractional Calculus and Applied Analysis, 20(1), 52-70.

2972



