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Leader-following consensus of fractional order multi-agent systems is investigated. The agents are considered as
discrete-time fractional order integrators or fractional order double-integrators. Moreover, the interaction between the
agents is described with an undirected communication graph with a fixed topology. It is shown that the leader-following
consensus problem for the considered agents could be converted to the asymptotic stability analysis of a discrete-time
fractional order system. Based on this idea, sufficient conditions to reach the leader-following consensus in terms of the
controller parameters are extracted. This leads to an appropriate region in the controller parameters space. Numerical
simulations are provided to show the performance of the proposed leader-following consensus approach.
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1. Introduction

The application of multi-agent systems in sensor
networks,[l autonomous vehicles,m and mobile robots! has
attracted the researchers to develop new methods for cooper-
ative control of multi-agent systems./* These methods have
been proposed to attain different goals such as consensus, !
formation control,!®! and flocking.!”) Agreement of all the
agents in a multi-agent system is called consensus. In a leader-
following consensus, the control signals of the agents are ap-
propriately selected such that their state trajectories follow the
leader state.l’! This could be achieved by obtaining informa-
tion from the leader and other agents.

Various works have been reported about leaderless con-
sensus and leader-following consensus of multi-agent sys-
tems. Hierarchical cooperative control of multi-agent sys-
tems with switching directed topologies has been verified
in Ref. [8].
rion for a linear discrete-time stochastic system with applica-

In Ref. [9], a novel finite-time stability crite-

tions to consensus of multi-agent systems has been presented.
Distributed node-to-node consensus of multi-agent systems
with stochastic sampling has been investigated in Ref. [10].
Distributed observer-based stabilization of nonlinear multi-
agent systems with sampled-data control!'!l and observer-
based consensus tracking of nonlinear agents in hybrid vary-
ing directed topology!'?! have been studied too. These works
include the first order agents (integrator), the second order
agents (double-integrator), or high-order agents (with arbitrary
number of states). However, in practical applications, con-
sensus of multi-agent systems with the first-order or second-
order agents is preferred. In Ref. [13], finite-time consensus of
second-order multi-agent systems using the auxiliary system
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approach has been verified. Leader-following consensus of
second-order multi-agent systems with fixed and time-varying
delays has been studied in Refs. [14] and [15]. In Ref. [16], a
leader-following consensus control for first-order multi-agent
systems in the presence of measurement noise and commu-
nication delays has been proposed. Consensus of second-
order discrete-time multi-agent systems with fixed topology
has been addressed in Ref. [17]. In Ref. [18], robust finite-
time leader-following consensus for second-order multi-agent
systems with nonlinear dynamics has been discussed. Finite-
time consensus of second-order leader-following multi-agent
systems without velocity measurements has been verified in
Ref. [19]. In Ref. [20], consensus of second-order multi-agent
systems in the presence of velocity constraints has been ver-
ified. Moreover, consensus of second-order multi-agent sys-
tems with external disturbances has been considered in the
literature. 21-23

Fractional order systems have been utilized to describe
dynamics of some physical phenomena (like diffusion and vis-
coelasticity) with non-integer operators.**! Dynamical sys-
tems could be better described by fractional order systems.
For example, the dynamical properties of neural networks
could be better described with fractional complex-valued neu-
ral networks.!>! Consensus of fractional order multi-agent
systems (FOMAS) has been considered in the literature. In
Ref. [26], necessary and sufficient conditions for consensus
of delayed fractional-order systems have been extracted us-
ing the generalized Nyquist stability criterion. The same ap-
proach has been employed in Ref. [27] to reach consensus for
fractional order systems with simultaneously non-uniform in-
put and communication delays. In Ref. [28], sufficient con-
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ditions for consensus of uncertain FOMAS in terms of linear
matrix inequalities (LMI) have been extracted. In Ref. [29],
leader-following consensus of FOMAS under fixed topology
has been studied. Consensus of FOMAS with communica-
In Ref. [31], the
multiconsensus problem of uncertain FOMAS has been veri-

tion delays has been verified in Ref. [30].

fied. Robust consensus problem of FOMAS with positive real
uncertainty has been solved using the information of second-
order neighbors in Ref. [32]. In Ref. [33], the leader-following
consensus of FOMAS using adaptive pinning control has been
investigated. Robust consensus of FOMAS with external dis-
turbances over a directed fixed topology has been studied
in Ref. [34]. In Ref. [35], the consensus problem of FO-
MAS with a reference state has been investigated. Consen-
sus of FOMAS with linear models via observer-type proto-
col has been addressed in Ref. [36].
and sufficient conditions to reach consensus for FOMAS with

In Ref. [37], necessary

double-integrator were derived. Consensus of linear and non-
linear FOMAS with input time delay has been investigated in
Ref. [38]. In Ref. [39], the concept of consensus region for
FOMAS has been defined and a multistep control protocol has
been proposed for the mentioned region. Moreover, to im-
prove the robustness of FOMAS against communication time
delay, the delayed state fractional order derivative has been
introduced. %!

All previous works about consensus of FOMAS have
been devoted to continuous-time fractional order systems. As
we know, the leader-following consensus of multi-agent sys-
tems describing with discrete-time fractional difference equa-
tions has not been studied in the literature. The stability anal-
ysis of the systems described by fractional order difference
state space equations is more complicated comparing with that
of the systems described by fractional order differential equa-
tions. In this paper, leader-following consensus of discrete-
time FOMAS is investigated. The dynamics of the agents
and leader are considered as discrete-time pseudo first-order
or second-order fractional systems. Moreover, a fixed topol-
ogy with undirected communication graph is considered. The
consensus problem of discrete-time FOMAS is converted to
the stability analysis of a discrete-time fractional order sys-
tem. The results obtained in Refs. [41] and [42] are em-
ployed for the stability analysis of the closed loop system. For
discrete-time pseudo first-order agents, the necessary and suf-
ficient condition in terms of the controller gain to reach the
leader-following consensus is derived. For agents described
by discrete-time pseudo second-order systems, sufficient con-
ditions in terms of the controller gains are obtained. This leads
to a special two-dimensional region in the controller parame-
ters space. Numerical examples are given to show the effec-
tiveness of the proposed method.

This paper is arranged as follows. Section 2 reviews

the necessary concepts of the fractional calculus. The mathe-
matical preliminaries about graph theory and multi-agent sys-
tems are given in Section 3. The details about the leader-
following consensus of discrete-time FOMAS with pseudo
first or second-order agents are presented in Section 4. Numer-
ical simulations and concluding remarks are given in Sections
5 and 6, respectively.

2. Review on fractional calculus concepts

Although there are different definitions for the fractional
order derivative, in this paper the Grunwald-Letnikov defi-
nition, the discrete version of the fractional order derivative,
is utilized.[>*! According to the Grunwald—Letnikov defini-
tion, the fractional order derivative of a function f(z), called
«D% (1), is given by[*4!

@)
i) =Jimp Y (<07 (%) s gn.
=0

where « is the fractional order. Considering a =0 and ¢t = kh
yields the following approximated version of Eq. (1):

DY f(t) = A f(kh), 2)

where
Ah f(kh)

h“Z

Now, consider a continuous-time commensurate frac-

(4w o

tional order system with the following state space equations:
D%x(t) = Fx(t) + Gu(t), 4)

where x(¢) € R" and u(r) € R™ are the state vector and the in-
put signal, respectively. F' € R"*" and G € R are the state
space matrices and « is the commensurate order belonging to
(0, 1]. According to relations (2) and (3), the discrete version
of state space equation (4) could be obtained as[?*!

Afx(k+1) = Fx(k) + Gu(k), 3)

where T is the sampling period and A%x(k+ 1) is given by!2*!

“HZI ( )(k+1—) ©)

Theorem 1 The discrete-time fractional order system (5)

x(k+1)

is asymptotically stable if and only if the following conditions

are satisfied: [41:42]

an
of e [Fam— | Al | < e, @

where Af is the i-th eigenvalue of F, ¢f is the argument of
AP, and || is given by

2
i = T

This means that system (5) is stable if and only if all /”LiF lie

F_ 21\ &
sin(p’a”/D Ci=1,...n. (8

2—o

inside the specified region plotted in Fig. 1.
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Fig. 1. The stability region for discrete-time fractional-order system (5).

3. Graph theory preliminaries

The graph theorem is utilized to describe the topology
of multi-agent systems. In this section, some fundamental
definitions and notions about the graph theory are illustrated.
A graph denoted by G = (S,E) is a set of nodes and edges.
S = {s1,82,...,s5} is the set of nodes (the number of nodes
is denoted by N), E C S x S is the set of edges, and mem-
bers of E are denoted by e;; = (s;,s;). The set of neighbors
of node s; is defined by N; = {sj €S:(sj,8i)€ E} The adja-
cency matrix of graph G is an N X N matrix with non-negative
elements denoted by A = [q;;]. The diagonal elements of A
are assumed to be zero. Moreover, if (s;,s;) € E,i # j, then
a;jj > 0, otherwise a;; = 0. If A = AT, then the graph is
called undirected. Otherwise, the graph is called directed or
a digraph. The Laplacian matrix of the graph is denoted by
L= [l,’j] with [; = 2 aij and lij = —a;j for i 7& Jj. A directed

J7F1

graph is called strongly connected if there is a directed path
between any pair of distinct nodes. For undirected graphs, the
word “strongly” is omitted. A graph has a spanning tree if
at least one node has a path to all of the other nodes. This
means that strongly connected (or connected) graphs have at
least one spanning tree. The Laplacian matrix of the directed
graphs has at least one zero eigenvalue with the corresponding
eigenvector 1 = (1, l,...,l)T.

Lemma 1 The Laplacian matrix of undirected connected
graphs has one zero eigenvalue with eigenvector 1 and all of
its nonzero eigenvalues are real and positive.*!

Moreover, the leader is denoted by node sg. The con-
nection weight between agent i and the leader is denoted by
D = diag{dy,...,dy}. If agent i is connected to the leader,
then d; = 1, otherwise d; = 0.

Lemma 2 For connected undirected graphs (with at least
one spanning tree), if there is at least one path between the
leader and all the agents, then all the eigenvalues of matrix
H = L+ D are non-zero and positive. !

4. Problem statement

In this section, leader-following consensus of discrete-
time fractional-order multi-agent systems is studied. The dy-
namics of agents is described with fractional order integra-

tors (pseudo first-order) or fractional order double integrators
(pseudo second-order). The same dynamics is considered for
the leaders. The details are given in the following.

4.1. Leader-following consensus of discrete-time pseudo
first-order agents

In this section, the dynamics of the agents is considered
as

A%xi(k+1):ui(k)7 iil,...,N, )

where x;(k) and u;(k) are the position and the control signal of
the i-th agent at time k, respectively, and o € (0, 1]. This is the
discrete version of a fractional order integrator. This dynamics
is called pseudo first-order system.

The dynamics of the leader is considered as

Axo(k+1) =0, (10)

where xo(k) is the position of the leader at time k.

Definition 1 The leader-following consensus of systems
(9) and (10) will be achieved if for each agent i,i =1,...,N,
the appropriate control signal u;(k) (depending on x;, j € N;)
exists such that!®!

lim [|x; (k) —xo(k)|| =0, i=1,...,N (11)
k—yo0
for any initial condition x;(0), i =1,...,N.

Assumption 1 In this paper, the interaction between the
agents is described by an undirected connected graph with a
fixed topology.

If the position error between agent i and the leader is de-
noted by %;(k) = x;(k) —xo(k), then according to Egs. (9) and
(10), we have

A%%i(k+1) = u;(k), i=1,...,N. (12)

The leader-following consensus is achieved if and only if
]}im || (k)| =0,i=1,...,N. Now, the control signal of each
—yo0

agent is considered as

ui(k) = ki ;Vaij(x,-(k) —xi(k)) + kid;i(xo (k) — xi(k)),
JEN;

i=1,...,N, (13)

where k is the feedback control gain.

Remark 1
ered without the control signal. If the control signal
is considered for the leader, ie., A¥xo(k + 1) = ug(k),
where ug(k) is the control signal of the leader, the con-
trol signal (13) should be replaced with u;(k) = ug(k) +
k] 5’\] a,-j(xj(k) 7)C,'(k)) +k1di(x0(k) 7)6,‘(]{)),1' = 1, e ,N.

" Relations (13) and (12) give

In this paper, the leader is consid-

AFZi(k+1) = ki va a;j(x;j(k) — xi(k)) + kidi(xo (k) — x;(k)),
JEN;
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i=1,...,N. (14)
Relation (14) could be rewritten as
A%ii(k-i- 1) =k Z Clij(fj(k) —f,(k)) —kldiii(k),

JEN;
i=1,...,N. (15)

According to the definition of matrices D, L, and H, equa-
tion (15) could be rewritten as

A¢E(k+ 1) = —k HZ (k), (16)

where &(k) = [% (k),..., &y (k)"

Thus, the leader-following consensus of systems (9) and
(10) depends on the asymptotic stability of discrete-time frac-
tional order system (16). The following theorem gives the nec-
essary and sufficient condition for the asymptotic stability of
system (16).

Theorem 2 Consider that Assumption 1 is satis-
fied. Now, the necessary and sufficient condition for leader-
following consensus of the multi-agent systems described by
relations (9) and (10) is

o

Ta,umax ’

0<k < 17

where [y is the maximum eigenvalue of matrix H.

Proof The leader-following consensus is realized if and
only if system (16) is asymptotically stable. The eigenvalues
of the state matrix of system (16) are calculated as

A’i:—klui’ izl’...,N7 (18)

where ;i = 1,...,N are the eigenvalues of matrix H. Ac-
cording to Theorem 1, system (16) is asymptotically stable if
and only if its eigenvalues fulfill the conditions (7). On the
other hand, according to Assumption 1 and Lemma 2, all y;
are real and positive. Now, the argument of the eigenvalues
Aiyi=1,...,N could be obtained as (considering k; > 0)

¢ = arg(A;) = arg(—ki ;) = 7. (19)

It is obvious that @ € [am/2,2w — arw/2]. Thus, the argu-
ment condition in Eq. (7) is satisfied. It is enough to verify the
condition on absolute value of A;,i = 1,...,N. According to
Egs. (8) and (18),

2. m—an/2\* 2%
ol = (3mSR - 2 i

Thus, according to Eq. (7), we have
2(1
|| = ki < Ta’
Therefore, k; < 2%/w;T*,i=1,...,N. This means that 0 <
ki < 2%/T*Umax. Thus, system (16) is asymptotically stable
(or equivalently klim |%: (k)] =0,i =1,...,N) if and only if
—yo0

i=1,...,N. (20)

condition (17) is realized. This completes the proof.

4.2. Leader-following consensus of discrete-time pseudo
second-order agents

Consider the pseudo second-order agents with the follow-
ing discrete-time dynamics:

{ AZxi(k+1) = vi(k),

Mvlk+ 1) =u(n, (Tt @D

where x;(k) and v;(k) are the position and the velocity of the
i-th agent, respectively.
The state space equations of the leader are given by

AaxO(kJr 1) = VO(k),
{A?vo(kﬂ) =0, (22)

where x( (k) and vo(k) are the leader position and velocity, re-
spectively.

Definition 2 The leader-following consensus of systems
(21) and (22) will be attained if for each agenti, i =1,...,N,
there is an appropriate control signal u;(k) (depending on
Xj,Vj,j € N;) such thatD!

lim [lx;(k) —xo (k)| = lim [lv;(k) —vo(k)[| = O,
k—>o0 k—yoo
i=1,...,N (23)

for any initial condition x;(0),i = 1,...,N.

Let us define the position error as %;(k) = x;(k) — xo(k)
and the velocity error as ¥;(k) = v;(k) — vo(k). Now, accord-
ing to Egs. (21) and (22), the following error dynamics will be
obtained as

{ A7Xi(k+1) = vi(k),
AFDi(k+1) = ui(k),

It is obvious that leader-following consensus of multi-agent

i=1,...,N. (24)

systems (21) and (22) will be achieved if and only if
lim ||%;(k)|| = lim ||7;(k)|| =0,i=1,...,N.
k—>oo0 k—yoo

The control law for the agents is considered as

uik) =Y, aijlka (xj(k) = xi(k)) +ka (v (k) = vi(k))]

JEN;
+ dilky (xo (k) — xi(k)) + k2 (vo (k) — vi(k))],
i=1,...,N, (25)

where k; and k&, are the the feedback control gains.
Incorporating relations (24) and (25) yields

= Vi(k))] = dilki % (k) + kavi (k)] (26)

According to Eq. (26) and the definition of Laplacian matrix,
we have

22838 7= ]
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where &(k) = [%(k),...,5v(K)]", (k) = [71(k), ...
and Iy is an N x N identity matrix.

In the following, sufficient conditions for reaching the
leader-following consensus of multi-agent systems (21) and
(22) are derived.

Leader-following consensus of multi-agent systems (21)
and (22) depends on the asymptotic stability of system (27). If
the eigenvalue of matrix I" in Eq. (27) is denoted by A, then
we have

B Aly Iy
det(ALy —I') = det [le AINJrsz]

= det(lIN) det (AIN +kyH + kl)LI{)

det(A2Iy + (koA + ki) H)

(A2 + ko il + ky ;)

I
=

I
e 1

(28)

Solving equation (28) gives

—ko i + ) K3 F — 4k i

il = ’

2 i=1,....N. (29
—kopti =/ k3 7 — 4k
A«iz = 2 )

Consider that A;; and A;» could be complex numbers. Thus,
conditions (7) may give complicated relations in terms of k;
and k>. To attain explicit inequalities in terms of k; and k», the
parameters are chosen such that the resultant eigenvalues are
real numbers. This means

k3u? — 4k >0, i=1,...,N. (30)

Or, equivalently

Hmin
4

Consider that condition (32) is conservative (because eigenval-

k < k2. (3D

ues may have complex values while the conditions in Eq. (7)
could be satisfied too). This is the reason why only sufficient
conditions for leader-following consensus of multi-agent sys-
tems (21) and (22) will be obtained.

According to Lemma 2, all y; are positive. Now, if k1 >0
and k, > 0 are considered, both A;; and A;; are negative. This
means

arg(A;) = arg(Ap)=m, i=1,...,N. (32)

Thus, the argument condition in Eq. (7) is fulfilled (consider
that @ € [am/2,2n — o /2]). Now, only the absolute value
condition given in Eq. (7) should be verified. According to

Eq. (8),

2.
|| = T [sin

77:0671'/2‘)“_20‘ N

2_a —ﬁ, lzl,

It is obvious that |A;1| < |A2| . Thus, satisfaction of Eq. (8)
leads to

kopti [k —dki ;g
[Aiz| =

2 < Ta

i=1,...,N. (33)

Relation (33) gives

2(X+1
VR — 4kt < S~k i= 1N (34)

The right side of relation (34) should be positive. Thus, we

have
2(X+1
Tow’

ky < i=1,...,N. (35)

According to relation (35), we have

2a+1
ky < . 36)
2 T(X,umax (
Relation (34) gives
20 2¢ .
k1>Ta<k2—“iTa), i=1,...,N. 37
Relation (37) leads to
20 20
ki >— k— . 38
1>T“<2 NmaxT“> (38)
According to relations (31) and (38), we have
Hmin ;2 2¢ 2¢
k — | kp — 3
: 2>Ta<2 e ) (39)
or
min ) X 2206
k5 — —ky+ ——— . 4
1 274 2+I~LmaxT2“ >0 (40)

It could be easily verified that the discriminant of the quadratic
equation in the left side of inequality (40) (or (22%/T2%)(1 —
Umin/Umax )) is positive. Thus, we have

206+1 R
ky > (1 + /1 “‘““)
Ta“min Hmax
or
2a+1 R
ky < (1— 1—“‘“‘“). (41)
Ta“min Hmax
Consider that
2(X+1 _ 20H—l (1+ L 'umm) (1 1'umm> '
T Hmax T Hmin Hmax \/ Hmax
Therefore, we have
2a+1 <1_\/1_m> - 2a+1
Ta.umin Hmax Tanumﬁx
2oc+1 X
Ta.umin Hmax
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According to relation (42), the inequalities (36) and (41) will
be realized if

2(x+l imin
Ta.u-min <1 B - ,umax> . (43)

Finally, the following theorem could be obtained.

ky <

Theorem 3 The sufficient conditions to achieve the
leader-following consensus for multi-agent systems (21) and
(22) under Assumption 1 using control signal (25) are

ki >0, kp >0,

2% 2% Hmin 2
— |k — ki < k
T“<2 Taumax>< ST @

2a+1 (1 /1 :umin>
T(X.umin Hmax ’

where Unin and Umax are the minimum and maximum eigen-

ky <

values of H.

The shaded region in the k;—k, plane shown in Fig. 2
is the acceptable region for the controller parameter to attain
the leader-following consensus for the discrete-time pseudo
second-order agents.

k1 22 2

= <1 —. /1= M)A
/ T ity Hmax

204! (1 _fiZ #min)
T timin Hmax
I \ 2(1 kZ

Ta“lﬂﬂx

Fig. 2. The acceptable region in terms of controller parameters.

Remark 2 To design discrete-time controllers, two meth-
ods are utilized. The first one is the indirect method in which
a continuous-time controller is designed for the continuous-
time plant. Then, the obtained controller is discretized via
discretization methods. In this method, the continuous-time
controller should be designed for the series connection of the
plant and the zero-order hold (ZOH) block. The ZOH block
is described with a non-rational transfer function that may be
approximated with a rational transfer function. Thus, the pre-
cision of the indirect method is low. The second method is
the direct one in which a discrete-time controller is directly
designed for the discretized plant. This method is more pre-
cise comparing with the indirect method. However, designing
a discrete-time controller usually is more complicated than de-
signing a continuous-time one. In this paper, the direct method
is utilized. Thus, the agents are considered as discrete-time

fractional order systems. The previously published papers

in this area considered the continuous time fractional-order

agents (or equally the indirect discretization method). [26-40]

5. Numerical examples

In this section, two illustrative examples are presented to
show the efficiency of the proposed leader-following consen-
sus approach. In the first example, the agents are considered as
fractional order integrators, while in the second one, fractional
order double integrators are considered as the agents.

Example 1 Consider a fractional-order multi-agent sys-
tem consisting of a leader and five discrete-time pseudo first-
order agents. The topology is described with an undirected
graph shown in Fig. 3. The Laplacian matrix L and matrix D
are obtained as

1 -10 0 0 10000
~11 0 0 0 00000
L=|0 0 2 -1-1|,D=|00100]. 45
0 0-11 0 00000
0 0 —-10 1 00000

According to Eq. (45), Umin = 0.26 and Umax = 3.73 are ob-
tained. @ = 0.85 and T = 0.01 are considered. According
to Eq. (17), ki < 24.2. The initial conditions of the agents
are considered as xp(0) = 25,x1(0) = 2,x(0) = 6,x3(0) =
10,x4(0) = 15,x5(0) = 20.

Fig. 3. The topology structure of the agents.

The state trajectories of the agents and the leader for dif-
ferent values of k1 (8, 16,22) are shown in Figs. 4-6. As can be
seen from these figures, the agents follow the leader position.
Increasing k; (or getting closer to the instability boundary) re-
duces the consensus time and increases the transient response
oscillations. Thus, k; = 16 is a reasonable choice.

Example 2 Consider a multi-agent system with the same
topology as shown in Fig. 3. The agents and the leader are con-
sidered as fractional order double integrators with o = 0.95
and T = 0.01. The acceptable region of the controller pa-
rameters in the k;—k; plane is shown in Fig. 7. As can be
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seen from Fig. 7, k; = 35 and k, = 25 are considered as the
controller parameters. The initial positions and velocities of
the agents and the leader are chosen as x¢(0) = 100,x;(0) =
10,x2(0) =20,x3(0) =30,x4(0) =40,x5(0) = 50 and vy(0) =
20,v1(0) = 15,v2(0) =25,v3(0) = 35,v4(0) = 45,v5(0) = 55,
respectively. The position and velocity of the agents and the
leader are shown in Fig. 8. It is obvious that leader-following
consensus in both position and velocity is achieved.

25 , — - ——
e ()
20 3(k)
AAAAAAAAAA x1EZg
15 ~ xZ(k) 1

Position

0 20 40 60 80 100 120 140 160

k

Fig. 4. (color online) The state trajectories of the agents and the leader for
k1 = 8 in Example 1.

25 T T T T T T T T
...... z1(k)
L e - ao(k)
20[ z3(k)
N z4(k)
- 5(k)
15 Wi . e Io(k‘) 4

Position

0 20 40 60 80 100
k

Fig. 5. (color online) The state trajectories of the agents and the leader for
ki = 16 in Example 1.

25 T T T T T T T

201,

15

U g,

Position

0 20 40 60 80 100
k

Fig. 6. (color online) The state trajectories of the agents and the leader for
k1 =22 in Example 1.
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Fig. 7. The acceptable region of the controller parameters in k;—k; plane
for Example 2.
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Fig. 8. (color online) The state trajectories of the agents and the leader in
Example 2: (a) position, (b) velocity.

6. Conclusion

In this paper, the leader-following consensus of special
case of discrete-time fractional order multi-agent systems with
undirected fixed topology is verified. The leader and agents
are considered as discrete-time pseudo first-order and second-
order systems. The range of admissible feedback control gains
to achieve leader-following consensus is obtained. There are
some open problems in this area. For example, the topology of
the agents could be considered as a directed graph. The effect
of uncertainty in the fractional order and the communication
delay between the agents should be studied too. Investigating
the group consensus of discrete-time fractional-order multi-
agents systems could be considered as another future research
topic.

References

[1] Cassandras C G and Li W 2005 Eur. J. Control 11 436

[2] QuZ, Wang J and Hull R A 2008 /EEE T. Automat. Contr. 53 894

[3] Ghommam J, Mahmoud M S and Saad M 2013 J. Frankl. Inst. 350
2291

[4] Lewis F L, Zhang H, Hengster-Movric K and Das A 2014 Cooper-
ative Control of Multi-agent Systems: Optimal and Adaptive Design
Approaches (London: Springer-Verlag) pp.1-71

[5] Ni W and Cheng D 2010 Syst. Control Lett. 59 209

010701-7


http://dx.doi.org/10.3166/ejc.11.436-463
http://dx.doi.org/10.1109/TAC.2008.920232
http://dx.doi.org/10.1016/j.jfranklin.2013.05.031
http://dx.doi.org/10.1016/j.jfranklin.2013.05.031
http://dx.doi.org/10.1016/j.sysconle.2010.01.006

Chin. Phys. B Vol. 27, No. 1 (2018) 010701

(6]

(7]
(8]
[9]

[10]
[11]
[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]
[22]
[23]

Zhi H, JiaL, Ling C and Bing W 2012 Proceedings of the 31th Chinese
Control Conference, July 25-27, 2012, Hefei, China, p. 209

Olfati-Saber R 2006 IEEE T. Automat. Contr. 51 401
Hu J and Cao J 2015 IEEE T. Neur. Net. Lear. 26 2453

Hu M, Cao J, Hu A, Yang Y and Jin Y 2015 Circ. Syst. Signal Pr. 34
41

Wan Y, Wen G, Cao J and Yu W 2016 Int. J. Robust Nonlin. 26 110
Wan Y, Cao J, Alsaedi A and Hayat T 2017 Asian J. Control 19 918

Cao Y, Zhang L, Li C and Chen M Z Q 2017 IEEE T. Cybernetics 47
2212

Liu X, Cao J, Jiang N, Hao G and Wang S 2016 J. Frankl. Inst. 353
1479

Yang H'Y, Zhu X L and Zhang S 'Y 2010 Eur. J. Control 16 188
Zhu W and Cheng D 2010 Automatica 46 1994

Djaidja S and Wu Q 2016 Int. J. Control Autom. 14 357

Xie D and Wang S 2012 J. Math. Anal. Appl. 387 8

Li H, Liao X and Chen G 2013 Int. J. Control Autom. 11 422
Zhang Y and Yang Y 2013 Phys. Lett. A 377 243

Jesus T A, Pimenta L C A, Torres L A B and Mendes EM A M 2014
Int. J. Control Autom. 12 930

Hu H, Yu L, Chen G and Xie G 2013 Int. J. Control Autom. 11 258
Yu S and Long X 2015 Automatica 54 158
He X and Wang Q 2017 Appl. Math. Comput. 295 65

[24]

[25]

[26]
[27]
[28]
[29]
[30]
[31]

[32]
(33]
[34]
[35]
[36]
(37]
[38]
[39]
[40]

[41]
[42]

010701-8

Monje C A, Chen Y Q, Vinagre B M, Xue D and Feliu-Batlle V 2010
Fractional-order Systems and Controls: Fundamentals and Applica-
tions (London: Springer-Verlag)

Huang C, Cao J, Xiao M, Alsaedi A and Hayat T 2017 Appl. Math.
Comput. 292 210

Shen J and Cao J 2012 Asian J. Control 14 1690

Shen J, Cao J and Lu J 2012 P. I. Mech. Eng. I-J Sys. 226 271

Yin X and Hu S 2013 Asian J. Control 15 1538

Yu Z, Jiang H and Hu C 2015 Neurocomputing 149 613

Yang H'Y, Zhu X L and Cao K C 2014 Fract. Calc. Appl. Anal. 17 23
Chen J, Guan Z H, Li T, Zhang D X, Ge M F and Zheng D F 2015
Neurocomputing 168 698

Song C, Cao J and Liu Y 2015 Neurocomputing 165 293

Yu Z, Jiang H, Hu C and Yu J 2015 Int. J. Control 88 1746

Ren G and Yu Y 2016 Neurocomputing 218 339

Bai J, Wen G, Rahmani A and Yu Y 2017 Asian J. Control 19 1009
Zhu W, Li W, Zhou P and Yang C 2017 Neurocomputing 230 60

Yang C, Li W and Zhu W 2017 Discrete Dyn. Nat. Soc. 2017 9256532
Zhu W, Chen B and Yang J 2017 Fract. Calc. Appl. Anal. 20 52

Ma X, Sun F, Li H and He B 2017 Int. J. Syst. Sci. 48 629

Liu X, Zhang Z and Liu H 2017 Asian J. Control doi:
10.1002/asjc.1493

Stanistwski R and Latawiec K J 2013 B Pol. Acad. Sci-Tech. 61 353
Stanistwski R and Latawiec K J 2013 B Pol. Acad. Sci-Tech. 61 363


http://dx.doi.org/10.1109/TAC.2005.864190
http://dx.doi.org/10.1109/TNNLS.2014.2386858
http://dx.doi.org/10.1007/s00034-014-9838-x
http://dx.doi.org/10.1007/s00034-014-9838-x
http://dx.doi.org/10.1002/rnc.3302
http://dx.doi.org/10.1002/asjc.1415
http://dx.doi.org/10.1109/TCYB.2016.2573138
http://dx.doi.org/10.1109/TCYB.2016.2573138
http://dx.doi.org/10.1016/j.jfranklin.2016.02.007
http://dx.doi.org/10.1016/j.jfranklin.2016.02.007
http://dx.doi.org/10.3166/ejc.16.188-199
http://dx.doi.org/10.1016/j.automatica.2010.08.003
http://dx.doi.org/10.1007/s12555-014-0262-6
http://dx.doi.org/10.1007/s12555-012-0100-7
http://dx.doi.org/10.1016/j.physleta.2012.10.055
http://dx.doi.org/10.1007/s12555-013-0309-0
http://dx.doi.org/10.1007/s12555-013-0309-0
http://dx.doi.org/10.1007/s12555-011-0151-1
http://dx.doi.org/10.1016/j.automatica.2015.02.001
http://dx.doi.org/10.1002/asjc.v14.6
http://dx.doi.org/10.1177/0959651811412132
http://dx.doi.org/10.1002/asjc.683
http://dx.doi.org/10.1016/j.neucom.2014.08.013
http://dx.doi.org/10.1016/j.neucom.2015.05.054
http://dx.doi.org/10.1016/j.neucom.2015.05.054
http://dx.doi.org/10.1016/j.neucom.2015.03.019
http://dx.doi.org/10.1080/00207179.2015.1015807
http://dx.doi.org/10.1016/j.neucom.2016.08.088
http://dx.doi.org/10.1002/asjc.1427
http://dx.doi.org/10.1016/j.neucom.2016.11.052
http://dx.doi.org/10.1080/00207721.2016.1218570
http://dx.doi.org/10.2478/bpasts-2013-0034
http://dx.doi.org/10.2478/bpasts-2013-0035

	1. Introduction
	2. Review on fractional calculus concepts
	3. Graph theory preliminaries
	4. Problem statement
	4.1. Leader-following consensus of discrete-time pseudo first-order agents
	4.2. Leader-following consensus of discrete-time pseudo second-order agents

	5. Numerical examples
	6. Conclusion
	References

