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Abstract: The main goal of the paper is to present and study models of multi-agent systems for which
the dynamics of the agents are described by a Caputo fractional derivative of variable order and a
kernel that depends on an increasing function. Also, the order of the fractional derivative changes
at update times. We study a case for which the exchanged information between agents occurs only
at initially given update times. Two types of linear variable-order Caputo fractional models are
studied. We consider both multi-agent systems without a leader and multi-agent systems with a
leader. In the case of multi-agent systems without a leader, two types of models are studied. The
main difference between the models is the fractional derivative describing the dynamics of agents. In
the first one, a Caputo fractional derivative with respect to another function and with a continuous
variable order is applied. In the second one, the applied fractional derivative changes its constant
order at each update time. Mittag-Leffler stability via impulsive control is defined, and sufficient
conditions are obtained. In the case of the presence of a leader in the multi-agent system, the dynamic
of the agents is described by a Caputo fractional derivative with respect to an increasing function and
with a constant order that changes at each update time. The leader-following consensus via impulsive
control is defined, and sufficient conditions are derived. The theoretical results are illustrated with
examples. We show with an example the leader’s influence on the consensus.

Keywords: multi-agent systems; leader; consensus; Caputo fractional derivative with respect to
another function; fractional derivative of variable order; impulsive control

MSC: 34A34; 34A08; 34D20

1. Introduction

Recently, the dynamics of multi-agent systems have been successfully modeled by
fractional derivatives, and many theoretical results have been obtained (see, for example,
Iref. [1] for consensuses of linear systems, ref. [2] for consensuses of nonlinear multi-agent
system via event-triggered control, refs. [3-5] for leader-following consensuses for fractional
multi-agent systems, ref. [6] for consensuses under fixed topology, and ref. [7] for the output
feedback containment control problem for multi-agent systems with missing measurements).

Usually, continuous control is used to study the behavior of the agents in the model.
But practically, it is hard to achieve continuous communication among agents. This leads
to reasonable study of model situations wherein the agents exchange information only at
so-called update times. A good tool in this case is to use impulsive control for modeling
the situation. This type of model was studied in [8,9] for integer-order systems, in [10,11]
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for fractional-order systems, in [12] for randomly occurring update times, and in [13] for
models with generalized proportional Caputo fractional derivatives.

Fractional operators in which the order is a function of certain variables have attracted
attention due to their applied significance in various research areas. Samko and Ross [14]
first proposed the concept of variable-order diffintegrals as well as some basic properties.
The basic definitions of variable-order fractional diffintegrals and numerical approxima-
tions were given in [15]. Variable-fractional calculations provide an effective mathematical
tool for modeling complex dynamic problems (see, for example, [16-20]). In [21], the au-
thors showed that variable-order fractional derivatives can capture the dynamics of some
systems more accurately. The main practical advantage of the variable order in fractional
operators is that the order of derivative in neural networks can vary as a function of time
or the system’s state (see [22]). In [23], a brief overview of papers about some models of
neural networks with fractional derivatives of different orders is presented.

Note that there are many generalizations of classical fractional integrals and deriva-
tives. The base of the generalization of the classical definitions is the type of kernel
considered. In the case when the lkernel is of the type k(t,s) = #(t) — #(s), the fractional
diffintegrals with respect to another function are defined (see, for example, [24]). Some of
the advantages of fractional diffintegrals with respect other functions are that they keep the
main properties of classical fractional ones. Also, this type of derivative, as shown in [24]
for population models, can more accurately model processes using different kernels for
the fractional operator. This type of fractional derivative is applied to differential equa-
tions and has been studied by several authors (see, for example, ref. [24] for the existence
and uniqueness of the problem with the Caputo fractional derivative and ref. [25] for the
Hilfer-type fractional derivative).

In this paper, we consider multi-agent linear dynamic systems with the Caputo frac-
tional derivative with respect to another function and variable order. We study a multi-agent
system in which the agents interact and exchange information instantaneously and only
at initially given update times, i.e., the so-called impulsive control protocol. We consider
systems both without a leader and with a leader. In both cases, we set up the appropriate
impulsive model, define stability by Mittag-Leffler functions, and study the system.

Note that impulsive control is a powerful control method: in particular when an agent
exchanges information instantaneously at discrete times. It has been applied and studied
by several authors for various types of multi-agent systems: for example, in [26], the scaled
consensus is investigated by using impulsive controls; in [26], the impulsive approach is
used to study the semi-global consensus; in [27], the impulsive average-consensus with
time-delays is considered; in [28], the exponential consensus is investigated in the case for
which the impulses are generated by an event-triggered mechanism and are subjected to
actuation delays.

In [13], a multi-agent linear system via impulsive control is considered, and the
consensus is studied. The applied fractional derivative is less general than the fractional
derivative with respect to another function, which is applied in this paper. In the present
paper, we keep the idea about the impulsive protocol, but we generalize the model of [13]
in several ways. First, we consider variable order for the fractional derivative. This leads to
qualitative changes in the study. For the model without a leader, we consider two cases:
the case with a fractional derivative of variable order and the case of a fractional derivative
with piecewise constant orders, i.e., we study the situation when, at the initially given
impulsive points, the agents interact, and also, their behavior and dynamics are changed. In
the case of a system with a leader, we study only piecewise constant orders of the fractional
derivatives. This is required because of the more complex interactions between agents.
Second, to be more general, we apply a fractional derivative with a kernel of the type
k(t,s) = n(t) —5(s) with an increasing differentiable function (.) with a range (0,1). Also,
from our results, several partial cases, such as the dynamics described by the classical
Caputo fractional derivative, could be obtained, which is not possible from the ones in [13].
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In this way, in this paper, we study a model describing a more general situation compared
to that of [13].

The main contributions of the article to the field of multi-agent systems, particularly
in terms of consensus and formation control, can be summarized as follows:

- We provide two models for a multi-agent system without a leader in which the
interaction between agents occurs only at update times. The dynamics in the models
are described by a variable-order Caputo fractional derivative with respect to another
function.

- We provide a model for a multi-agent system with a leader in which the interaction
between any agent and the leader occurs only at update times. The dynamics are
described by a Caputo fractional derivative with respect to another function, for which
the order is changed at any update time.

- We define and study impulsive Mittag-Leffler stability via impulsive protocol and
leader-following consensus via impulsive protocol for the corresponding models.

- All sufficient conditions depend significantly on the impulsive control.

- We provide an example that shows the influence of the impulsive control on a system.

10ur paper is structured as follows:

- In Section 2, we give an overview of the Caputo fractional calculus with respect to
another function. We give the basic results that will be used in subsequent parts of the
paper. Also, we present the basic definitions and results for the variable-order Caputo
fractional derivative and discuss its application for modeling multi-agent systems.

- InSection 3, based on the main definitions from the previous section, we set up models
for two basic cases: multi-agent systems both without a leader and with a leader. In
the case without a leader, in the multi-agent system, we consider two different types
of models: one with variable time order of the fractional derivative and one with a
piecewise constant order. In the case of the presence of a leader in the system, we
consider only a piecewise constant variable order of the corresponding fractional
derivative.

- InSection 4, we obtain our main results. In the case of a multi-agent system without a
leader we define impulsive Mittag—Leffler stability and obtain sufficient conditions.
In the case of the presence of a leader in the system, we study the leader-following
consensus. All theoretical results are illustrated with examples.

- Tosummarize, we finish the paper with a conclusion.

2. Preliminary Notes and Results

We recall the basic definitions of fractional operators with respect to another func-
tion 77, which are often called 7-fractional integrals and derivatives. Let the kernel be
7 € CY([c,d],R) with € R; ¢ < d < oo (ifd = coand /() > 0 forall t € [c,d].

2.1. ny-Fractional Diffintegrals of Constant Order

We start with the definitions of a constant fractional order of the fractional integral
and derivative y > 0 for Iscalar functions.

Definition 1 ([29]). Let v € C([c,d],R) and y > 0. Then a n-fractional integral of order y is

Clgv(t) =

F(lﬂ)/ct’?'(s)(ﬂ(f) —n(s)* Lu(s)ds, t€ (cd. @

Definition 2 ([29]). Let v : [c,d] — Rand p € (0,1). Then a y-Caputo fractional derivative of
order p is

Efu(e) = oly (g )V = F ey L 10 —n) s, te (el @)
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In the vector case v € C([c,d],R"), Definitions 1 and 2 can be generalized component-wise.
We give some results that are known from the literature that will be used in our further
study.

Lemma 1 (Theorems 1 and 2 [30]). For u € (0,1) and v € C'([c,d], R), we have

Eof (cBjv) (1) = v(t) 3)

and

Nl (ED,P;V) () = u(t) — uc). (4)

Lemma 2 (Lemma 1 [30]). For u € (0,1) and p > 0, we have

Y1) = n(6))! = £ s ()~ (@),

B0 =0 = 5o 00 = (),

Lemma 3 (Lemma 2 [30]). The scalar linear y-Caputo fractional initial value problem
cDyv(t) =2v(t), v(e)=uo, pe(01),
with §,uy € R, has a solution
v(t) = uoEu(E(n(t) —n(c))"),

where Ey, is the Mittag—Leffler function of one parameter.

Consider the following initial value problem (IVP) for a linear system of fractional
differential equations:

EDpU(t) = AU(t), U(c) =Uy, pe€(0,1), t€ [cd] (6)
where Uy € R", A is a constant matrix, and € (0,1).

Definition 3 ([31]). The Mittag—Leffler matrix function with one parameter y > 0 is

00 kk

kz(’)l" (ku+1)’

where A is a square matrix.
Lemma 4. The solution to the IVP (6) is
U(t) = Ex(A(n(t) —n(c))")Uo, t € [c,d].

Proof. The claim follows from Lemma 2 forp =y, 4+ 1,1 +2,.... Indeed, we have

0 k
ED%‘Ey(A(n(t) ) = X ey £ Dh ) (e
- < <<> <>>>
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2.2. y-Fractional Diffintegrals of Variable Order

There are several different definitions of variable-order (VO) fractional diffintegrals
(see, for example, [21,32]). Note that all of the defined VO fractional diffintegrals coincide
if the VO is replaced with a constant order. We provide only one of them, which is the one
used the most in the literature.

Now, we generalize the fractional integral with a constant order (see p. 461 [30]) to
one with a variable order.

Definition 4. Let the function v € L([c,d]). IThen the variable-order y-fractional integral of
type I is

B0 = s [ O ()" v(s) ds, e (el ®

T'(u(

We generalize Definition 1 [30] for a constant order of a Caputo fractional derivative
to a variable order.

Definition 5. Let y : [c,d] — (0,1). Then the variable-order y-Caputo fractional derivative of
type I of a function v € C'[c, d] is defined by
ety — 1 / “ (),
D ) = =% t) — ds t € (cd]. 9
c = V( ) F(l _‘u(t)) Je (71( ) 77(5)) 4 (S) 5 (C ] ( )

In the case of 77(t) = 1, Definitions 4 and 5 reduce to the variable-order fractional
integrals and fractional Caputo derivative defined and used in [14,33].

Remark 1. Similar to that mentioned in [14] about VO fractional integrals and VO Caputo

actional derivatives, the VO fractional operators ch(t) and 1 *) are not inverses of each other.
p a 1

In [14], the Marchaud fractional derivative (Sections 5 and 13 [34]) is Igeneralized to a
variable order.

Definition 6 ([14]). Let u : [c,d] — (0,1) and the function v € C'([c,d]). Then the variable-
order y-Caputo fractional derivative of type Il is

ity — ] 0 1) =)
S TO) ((n(t) TR A G e ds)’ et

Lemma 5. Let u,y € C([c,d],(0,1)) and v(t) > u(t), t € [c,d]. Then

T(y(H) +1)
Y(t)+1—u

CCDZt(t) (,7(,9) — ﬂ(c)v(f)> =T ) (n(t) —y(c)"W+O, te (c,d. (1)

Proof. From Equation (10), we have

D) (n(6) (o))
_ (;7(5)7;7@))7(’) (12)

t ()
((n()—n(c)”
— ()" [ ' (s)
/c (n(t) — y(s)) 0

__ 1 ((t) = (c)"™"
=TT | () gy O

~—

1Use the substitution #(s) = ¢(n(t) —n(c)) +#(c). Then

n'(s)ds = (17(t) —n(c))dg
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and

Substitute in Equation (12), and we obtain

D (n(5) = ey

1 ((’7(0 — 5(c)Y =)

L 1-¢r(y) (13)
0 (1—¢&)tnu® dg)

1 — 1 1z
:m(’?(t)—’?(c)v() H()<1+V(f)/0 (1—51+H(f)d€>'

w—1gv—1745 — L(w)I'(v)

Apply integration by parts, the inequality 7 (t) > u(t), and fol (1—5s) T To)

forv = (t), w =1— u(t) and obtain

u(e) [0 - - g g = [ (-1 da - g+

= a-a®)a -9+t | 1 -1 19)
B FA— p(O)T((0) . T~ p())TA+ (1)
= ORH ) - T T kO 1)

Substitute (14) to (13), and we obtain (11). [

Lemma 6. Let u € C([c,d],(0,1)) and & € R. Then,

DB (0r(1) = ()" = By (201 = n()"), te (c,d),  (15)
where E, ;) is the one-parametric Mittag—Leffler function of variable order, which is defined by
00 k

B0 @) = L Ty +1)°

telod). (16)

Proof. From Equation (16) and Lemma 5, we have

t = o (@0 =) )
EDZ()Eu(w(‘f(’?(”"7@)}'“)):,CZOCCD’?()( T(ku(t) + 1) )

(17)

Corollary 1. Let u € C([c,d],(0,1)) and ¢ € R. Then the IVP

SDFy(t) = gu(t), te (cd], v(a)=ug (18)
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has a unique solution v(t) = ugE, ) (g(n(t) — U(C))u(t))

Remark 2. Note we could not generalize the scalar case (18) to a vector case and obtain a solution
for the case of a system as is done in the case of constant order (see Lemma 4).

Remark 3. Let u € C([c,d],(0,1)) and v € R. Then

EDO0(6) = 1(6))" # e gy (1) = )T,

and Lemma 6 and Corollary 1 are not applicable to the derivative SDF(®),
Therefore, in the scalar case, Definition 6 about variable-order fractional derivatives is more
suitable than Definition 5.

Remark 4. According to Remark 1, it is difficult to obtain an equivalent integral presentation
of the solution of the corresponding differential equation with fractional derivatives defined in
Definition 5. To avoid this, we can apply a piecewise constant variable order in fractional differential
equations. Let pointsc = Ty < Ty < Tp, - < Tp < Tpy1 = d be given. Let the variable-order
u:[a,b] — (0,1) be given by

Mo, lf tE[To,Tl],
, if te (T, T,
upy= {1 e (19)

yp/ lf te (Tp/ Tp+l]/

where yy € (0,1) are constants.
Then, instead of the IVP for the variable-order fractional differential equation

Dy Yw(t) = F(tLw(t), te(cd, w(c)=wp
we can consider IVP for the system of constant-order fractional differential equations

EDFwi(t) = F(t,wi(t), t€ (T Teal, k=0,1,2,...,p,

(20)
wk(Tk) = wk,l(Tk), k= 0,1,2,. - Py
w_1(Ty) = wo, with a solution w(t) defined by
wo(t), if te€ [Ty, Th),
wi(t), if te (T, Tz,
() = .1() if te (T, T 21

wp(t), if € (Ty, Tyl

The main advantage of this approach is that we can use the results for fractional derivatives with
constant orders.

In this paper, we use the Euclidean norm ||x|| of x € R".

n

o1 € R""", we use the spectral norm

Bl = | -
||B]2 g%é‘z,

For a matrix B = {b;;
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where &; are the eigenvalues of BB, and B! is the transpose of a matrix B. Then, we have

n

n
IBll2 < Y bz, |IBx|| < |[Bl[2]|x]]-
i=1j=1

3. Statement of the Problem

Let the sequence of points {&y }x—g12,. besuchthatty = o < & < Gxr1,k=1,2,3,...,
with limy_,, §x = o0 and where ty > 0 is the initial time.
We denote

0)= i , —-0)= 1l , k=1,23,....
VE+0) = lim (), v(E-0)= lim v()

Consider a multi-agent system of N agents with a scalar variable x;,i = 1,2,...,N
and initial value x?.

3.1. Multi-Agent System without a Leader

Consider the case for which the agents exchange information among themselves only
at update times {Cx }x—q12,... The controller updates of each agent occur instantaneously at
times &, and the control input is called an impulsive control protocol.

Consider the set of the numbers of all agents that influence agent i at update time ¢j:

Zi(gk) = {l = 1,2,...,]\1:17'é i and xl(t)

is available to agent iattimet =g}, i=1,2,...,N, k=1,2,...

Thus, the impulsive control protocol of agent i at time §y, k = 1,2,3, ..., based on the
information it receives from its neighboring agents, can be written

wi@) = Y, apx(x(@) —x(8%), k=123, (22)

j€Xi(8k)

where the weights a; ; € R are elements of the matrix

0 Mok M3k -+  ALNk
Ak = |21k 0 a3k -+ A2Nk---
ANk N2k ANZk - 0

In the case without a leader, since the dynamic of any agent between two update times
is described by a scalar equation, we can use the variable order of a fractional derivative
given in Definition 6 and a piecewise constant order (see Remark 4).

3.1.1. Model of Fractional Derivative with Variable Order

We apply the y-fractional derivative of variable-order y : [tp,c0) — (0,1) given by
Definition 6 and Equation (10).

Since between two update times ¢ and i1, any agent i has information only about
its own state, then the dynamics of agent i are described by

(gkpg(t)xi)(t) = bix;(t), for t € (Ck, Crr1l, (23)

whereb; € R,i=1,2,...,N.

At each time C, agent i updates its state variable according to the impulsive control
protocol defined by (22).

Combining the impulsive control protocol defined by (22) and the dynamics of each
agent between two update times defined by (23), we obtain the following model of a
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variable-order 77-Caputo fractional model of multi-agent linear dynamic systems via impul-
sive control protocol (CFM):

CD}xi(t) =bixi(t), i=12,...,N, te(Eu il k=012...,

(G 4+0) = Y ajr(xi(G) —x(8), k=1,23,..., (24)
jEXi(8k)

xi(ty) =%, i=12,...,N.

3.1.2. Model of Fractional Derivative with Piecewise Constant Order

We apply the y-fractional derivative of variable order given in Definition 5.
Let the order of the fractional derivative be a piecewise constant function defined by

po, if t € [Go, 81,
u(t) =L, if t€ (81,8, (25)

where y; € (0,1), k=0,1,2,... are constants.

We assume the dynamics of each agent between two update times defined by the
fractional derivative gk Df; Fxi(t).

Combine the impulsive control protocol (22) and the dynamics of each agent be-
tween two update times defined by (23) by replacing the derivative ng,;; ® x;(t) with the

derivative ng,};k x;(t), and we obtain the following model:

ng,};kxi(t) =bix;(t), i=12,...,N, te€ (&, &), k=012,...,

(8 +0) = Y (%G —xi(C), k=1,23,..., (26)
j€Xi(Cx)

xi(to) =2, i=1,2,...,N.

3.2. Multi-Agent System with a Leader

Consider a multi-agent system with fixed topology and a leader with state variable
X0 ( t) .
Consider the case of an impulsive control protocol, i.e., any agent and the leader
interact instantaneously only at the update times ¢ described by

xi(gk + 0) = xi(gk) + ui(gk), i=12,...,N, k=1,2,..., (27)
where the impulsive protocol is

ui (&) = wige(xi(Ge) —x0(k)), k=1,23,.... (28)

Between two update times ¢ and §x,1, the leader has no interactions with other
agents, and the dynamics of any agent 7 are based only on interactions between itself and
other agents. In this case, we apply a piecewise constant order of the Caputo fractional
derivative (see Remarks 2 and 3). Let the variable-order y : [tg,00) — (0,1) of the Caputo
fractional derivative be defined by (25). Then, the dynamics of the agents and the leader
between two update times is described by

M=

Il
_

€DpFxi(t) = Y 4j(xi(t) — xj(1), t € (& Errals

j (29)

EDN () =0, te (il k=012...,
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where the constants ¢; ; > 0 present the weights. Note ¢; ; = 0 iff agent j does not influence
agent i.
Combining (27), (28), and (29), we obtain the following model:

Dykxz Zfzj xz —Xj t))/ te (gk/§k+1]/

(& Dy x0)(H) =0, t€ (Cklinl, k=012,

xi(Ck+0) = xz(Ck) + pij(xi(Gk) — x0(8x)), i= 1,2,---,N,
x0(&+0) =x0(&), k=1,23,...,

xi(tg) = x?, i=1,2,...,N, xo(ty) = x8.

(30)

Remark 5. From the equation of the leader in system (30), it follows inductively that xo(t) = x}
fort > t.

Denote z;(t) = x;(t) — xo(t) = x;(t) — x8,i = 1,2,..., N, and consider the equivalent
to problem (30):

2 Dl zi(1) ze,, ()~ 7(0), t€ G lenl k=012,
. (31)
i(5k+0):(1+ﬂi,k)zi('§k)r 121/2/~--/N/ k:1/2/3--~/
zi(tg) = x? — x8, i=12,...,N,
or in the matrix form:
sy Z(t) = LZ(t), te (88, k=012,...,
Z(&+0)=DPZ(&), k=1,23,..., (32)

Z(to) = Zo,

where Po = (1+ p1j, 1+ pioper-- -, 14+ pnk),

Z]'Z\iz Ei,j _61,2 —61,3 e _gl,N
762,1 E]'I\illj?gz 52,]‘ *62,3 . ffz,N
L= -3 —lzp Ll o by |
_EN,l _EN,l —EN,:), e Z]Aiql EN,]'

and Zo = (x¥ — 28,29 — xJ, ..., 28 — 29).
Note the components of the vector Py are deeply connected with the impulsive control
protocol; they present the amount of the instantaneous interactions between the corre-

sponding agent and the leader at the update time.

4. Main Results for the Models of Multi-Agent Systems with Impulsive
Control Protocol

4.1. Multi-Agent System without a Leader

As mentioned in Section 3.1, we consider two different models. For both of them, we
define and study impulsive Mittag—Leffler stability.

4.1.1. Model of Fractional Derivative with Variable Order
We study model (24) with a variable-order y : [tp,00) — (0,1).
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Definition 7. The CFM (24) is impulsively Mittag—Leffler stable if there exist positive numbers ¢
and My < oo, k =0,1,2,..., such that, for any initial value x0 e RN, the solution x(t) of the
corresponding problem (24) satisfies the inequality

k-1

(O] < Me{ I Euce (=0r(@1) = @)Y FEy (=20 () = (@) ) 1K,
-

€ (&, &l k=0,1,2,....

Theorem 1. Ifb; <0, i =1,2,...,N, and there exists K € (0, 1] such that

(33)

Lll',]‘,k‘ <K

N
)
j=1

then CFM (24) is impulsively Mittag—Leffler stable.

Proof. Lett € (o, G1]. According to Corollary 1 with a = §o,b = &1, up = x?, and ¢ = b;,
the solution to (24) is

xi(8)] = 139 By (i () = 1(20))" V)t € (20,21 (34)

Lett € (&1, 8. Again, according to Corollary 1 witha = &1, b = &, up = x;(& +0), and
¢ = b;, the solution to (24) is given by

xi(8)] = xi(&@ +0) By (i (1)) —n@)""), te @&l i=12,..,N. (@)

10n account of the second equation of (24) and (34) at the update time &1, we have

N N
%G1 +0)| = |xi(&1) Yaija— Y aijaxi(&1))
j=1 JELi#
N
< [¥01Eyuey) (Bi(n(& NM) i +2|a1,1\|x [Euzy) (i 1(21) = 1(20))")
j=1 j=1 (36)
N
< 15l Eyey (B @ )( Y % +2|ﬂw>1>
=1 j=1
< HxOHKE;t(él)( ( }L € )

Using (36) in (35) implies

xi(8)] < [13°11KEy g, (8in(@1) = 1)) ) By (Biln(®) —n(@)*™)  @37)
forany t € (&1,{p]andalli=1,2,...,N.
By induction with respect to intervals, we obtain
(1) < [[x°] K (H Euieyon) (B:(1(&1) —n(@))”@f*l)))% (bstn(5) — @) ®),

€ (Cs Cry1)

fork=0,1,2,...,and alli=1,2...,N, where b = max{b;, i =1,2,...,N} <O0.
Therefore, the system (26) is impulsively Mittag-Leffler stable with My = K¥ < 1 and
¢=-b>0 0O
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Example 1. Consider the partial case of model (26) with N =3, ty=¢o=0,8kp1 =Cx+1=

k+1, k=0,12,..., pu(t)="45% €C([0,),(0,1)), n(t) =, ie,

EDEWx) (1) = —086x1 (1),  (EDEx0) (1) = —0.78x3(8),

(%'Dg(t)xs)(t) = —0.1x3(t),
1k 0) = = 00131 (k) = xa(k)) + 0.04(x1 (k) = xa(K)), )

x2(k+0) =—0.01(x1(k) — x2(k)) + 0.22(x2(k) — x3(k)),
x3(k+0) =0.09(x3(k) — x1(k)) — 0.08(x3(k) — x2(k)),
xi(0) = x;9, i=1,2,3.

The weighted connectivity matrix is

A= 001 0 -022].

—0.09 0.08 0

0 0.01 —0.04]

Then

3 3
Z ai,jk + Z |tl1,]',k| = 0.03 4+ 0.05 = 0.08,
~ =

3 3
Y ap k| + Y lagjxl = 0214023 =044, (39)
- =

3 3
Y azik| + ) lazjx|l = 0.01+0.17 = 0.18,
i=1 j=1

ie, K =044 < 1and M = 0.44F.
Then b = —0.86,¢ = 0.86 > 0.
According to Theorem 1, model (38) is impulsively Mittag—Leffler stable, i.e.,

||x()||<044k{HE]+11 (—0.86(e/ ™! —¢)) J'+2)}Eﬂ(—0.86(8t—ek)%)\\on, (40)
t+1

— +2
]_ ]

fort € (k,k+1], k =0,1,2,.... The graphs of the solutions with initial values x;yp =1, i =
1,2,3, and the bound (40) are given in Figures 1 and 2.

Figure 1. Graph of the solutions of model (38) and the bound (40) on [1,2].
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Figure 2. Graph of the solutions of model (38) and the bound (40) on [2, 3].

4.1.2. Model of Fractional Derivative with Piecewise Constant Order

In this case, we study model (26) with a piecewise constant order y defined by (25).
We now define Mittag-Leffler-type stability in this case:

Definition 8. The CFM (26) is impulsively Mittag—Leffler stable if there exist numbers ¢,

M, > 0, k = 0,1,2,..., such that for any initial value W e RN, the solution x(t) of the
corresponding problem (26) satisfies the inequality

k—1
(011 < Me{ T By (-20(E00) = @) }Ens (206~ @)1,
L

t € (G Crr1), k=0,1,2,...

(41)

Theorem 2. Let the piecewise constant-order y be defined by (25), b; < 0, i =1,2,...,N, and
there exists K € (0,1] such that

N
Z aijk
=1

N
+ Z ‘ai,j,k| < K.
=1

Then CFM (26) is impulsively Mittag—Leffler stable.

Proof. Let t € (&o,&1]. According to Lemma 3 with a = ¢, up = x?, and ¢ = b;, the
solution to (26) is given by

|xi ()] = |27 | Eyo (bi(n(t) —1(E0))"°), t € (Go, &1l (42)

Let t € ({1, &2]. Again, according to Lemma 3 with a = 7, up = x;({1 +0), and ¢ = b;, the
solution to (26) is given by

|xi(£)] = [x; (81 + O)[Ep, (Bi(n(t) — (&1))"), te (C1,8], i=12,...,N. (43)



Fractal Fract. 2024, 8, 259 14 of 19

On account of the second equation of (26) and (42) at the update time ¢1, we have

N
|xi(61 +0)[ = |xi(G1) Zaul Z aij1%j (¢1) ’
j=1 j=Li#
N
< |x0‘E}lo( ( (':1 ) Zaul +Z|a1]1||x |E]40( ( (Cl) (50))y0)
j=1 j=1 (44)
N
< ||x0HEH0( ( (61 HO)( Zaul +Z|az]1|>
j=1
< {1 IKEpg (bi(7(Z1 0)").

Using (44) in (43) implies

6 (8)] < 1[2°[KEpq (bi(17(81) = 17(80))") Epy (Bi(n () = (E1))"), £ € (Z1,82),i=1,2,...,N. (45)

Apply induction and obtain

|xz<>|<||x0||Kk<HEy]( i(1(E1) - n(&,-))?‘f))ﬁyk(bi(n(t)—rz@k))”k)

€ (&1, k=0,1,2,..., i=12...,N,

(46)

where b = max{b;, i=1,2,...,N} <O0.
Therefore, CFM (26) is impulsively Mittag-Leffler stable with M; = K* < 1 and
¢=-b>0 0O

Example 2. Consider the partial case of model (26) with N = 3 to =8¢ =0, Cri1 =
G+1=k+1, wm=07%1¢c(0,1), k=0,1,2,...,5(t) =, ie,

(ED)Fx1)(t) = —0.86x1(t), (£D}*x2)(t) = —0.78x2(t),
(CDHk X3 (t) —0. 1X3(t),

x1)
)
x1(k+0) =—0.01(x1 (k) — x2(k)) + 0.04(x1 (k) — x3(k)),
) =
)
Xio

(47)
x2(k+0) = —0.01(x1 (k) — x2(k)) + 0.22(x2(k) — x3(k)),
X3(k+0 009(X3( ) *X1(k)) *0.08(3(3(]{) *Xz(k)),
x;(0) = i=1,2,3.
The weighted connectivity matrix is
0 0.01 —0.04
A= 001 0 -022].
—0.09 0.08 0
Then inequalities (39) hold, i.e., K = 0.44 < 1 and M = 0.44%.
Then b = —0.86, = 0.86 > 0.
According to Theorem 2, the model (47) is impulsively Mittag-Leffler stable, i.e.,
el 17 i1 _ 0.7t ky0.764 1y 110
[x(t)]] < 044 TT Eyzros (~086(e7"1 — )07 LBy ua (~086(e! — )07 ), )
j=0

€ (kk+1], k=0,1,2,....

The graphs of the solutions of model (47) with initial values x;o = 1, i = 1,2,3, and the
bound (48) are given in Figures 3 and 4.
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Figure 3. Graph of the solutions of model (47) and the bound (48) on [1,2].
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Figure 4. Graph of the solutions of model (47) and the bound (48) on [2, 3].

Remark 6. Note that if a multi-agent model without a leader is impulsive Mittag—Leffler stable,
then the norm of the state of any agent approaches zero over time.

Remark 7. In the partial case y = yu, k =1,2,...,N and u(t) = u, the results of Theorems 1
and 2 coincide, and the result gives sufficient conditions for the model with a constant fractional

derivative.

4.2. Multi-Agent System with a Leader
We obtain the explicit solution of the linear impulsive system (32).

Lemma 7. Let the piecewise constant-order y be defined by (25). The solution of system (32) is
given by

Z() = Ey (L0n(t) — (&)™) (hj Py (L (@) —n@0)" ")) 2o,
1

te (ék/gk-l-l}/ k:0,1,2,....

(49)

Proof. Lett € [ty,&1]. By Lemma 4 witha = tp,b = &1, A = L, Uy = Zy, we obtain

Z(t) = Eyo (L(n(t) = 1(£0))") Zo.

Therefore,
Z(&1+0) = PLZ(&1) = PLEy, (L(n(Z1) — 1(t0))") Zo-
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Let t € (&1, &2]. Applying Lemma 4 witha = &,b =&, A= L, Uy = Z(& + 0) gives

Z(t) =Ey, (L(n(t) = n(50))") Z(G1 +0)

. (50)
=Epuy (L(n(£) = 1(50))"" ) PrEy (L(7(81) — 1(t0))™) Zo, t € (81, 2).
By induction, applying Lemma 4 witha = &, A =L, Uy = Z(&x +0), we get
Z(t) = Ey (L(n(t) = 7(Se))"™) PeEpyy (L7 (8) = 1(8k-1)) ) - (51)
X PLEy, (L(7(Z1) = 1(60))")Uo, t € (Ek G-

O

Definition 9. CFM (30) achieves leader-following consensus if lim o0 |x;(t) — xo(t)| = 0 for all
i=1,2,...,N.

Theorem 3. Let the piecewise constant-order y be defined by (25) and the number p € (0,1) be
such that the inequalities

1PetEp (LOp (@) — @)™ <o <1, k=0,1,2,...,

hold, where P = ((1+ py ), (14 pog), -, (L +png)), k=1,2,....
Then CFM (30) achieves the leader-following consensus.

Proof. Denote the solution of (30) or its equivalent (32) by Z. According to Lemma 7, we
obtain

1zl
k—1 i

< 1 (L0r(8) = 1@V Mo (TP B, (2 (10G—p) = 1Gaim)) ™)) 120l (52)
j=0

< OM|Ep (L (8) = (&)™) |2 11 Zoll, £ € (& Gl k=0,1,2,....

Using that, for t — oo, we have k — co and pk — 0. Then from (52), it follows that model
(30) achieves the leader-following consensus. [

Example 3. Let the piecewise constant order be given by

0.3, if te (2k,2k+1], k=0,1,2,...,
u(t)—{ frel ] =3)

if te(2k+1,2k+2], k=0,1,2,....

Consider the partial case of model (30) with N = 3,5o =tg =0, 11 =G +1=k+ 1,k =
0,1,2,...,n(t) =t

(EDE 1) (1) = 0.09(x1 (1) — x2(1)),

(£D)Vx2) (1) = 01 (xa(t) = x1(£)) + 0.1 (xa(t) — x5(8)),

(£D) Y x3) (1) = 0.5(xa(t) — x2(£)) +0.3(x3(t) — 21 (1)),

EDx)(t) =0, te (@&l k=012..., "y
x1(k+0) = 21 (K) — 0.7(x1 (K) — x0(k)), 54
x2(k+0) = x2(k) — 1.3(x2(k) — xo(k)),

X3(k—|—0)—X3(k) 0.9 (X3(k)—xO(k)),

Xo(k+0) = XO(k),

x(0) =2, i=0,1,23
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In this case P, = (0.3,—0.3,0.1), and

009 —-009 ©0
L=|-01 02 -01].
03 =05 02

Then we get forallk =0,1,2,...

[Py (L(7(Sks1) — 171(8))™) | = || PeEy (L) ]
< max{0.467346,0.317722} < 0.47 = q < 1.

According to Theorem 3, CFM (54) achieves a leader-following consensus, i.e.,
lim |x;(t) — xo(t)| = lim |x;(t) — x)| =
lim [xi(£) — xo(t)] = Jim |xi() — 3§ =0,
fori=1,2,3.

Consider the case without impulsive control protocol, i.e., there is leader that interacts with the
agents instantaneously at update times, i.e., consider the model

CDIOx (1) = 0.9(x1 (1) — xa(t)),
£} xa(t) = 01(xa(t) — 1 (1)) + 0.1 (x2t) — (1)), 5)
EDI x3(1) = 0.5(x3(t) — x2()) + 0.3(x3(t) = x1()), t€ (& Ea) k=0,1,2,3,...,
x(0)=2?, i=123.

As a partial case of Lemma 7 with P = (1,2,...,1), the explicit solution to (55) is

— Pr—j-1
Z(t) = Ep (L(n(t) — (&)™) (H;(:é Ene (L (W(gkfj) - U(Ckfj71)> : ))Zo, where
Z = (x1(t),x2(t), ..., xn(t))). In this case, ||Ey, (L(7(Ck) — 7(Zk51))"*) ||2 > 1 and we cannot
apply Theorem 3 to conclude the consensus. Thus, the impulsive interaction of the leader can cause
consensus in the multi-agent system.

Remark 8. Note that in the partial case (t) = tand uy = u, k = 1,2,...,Nor u(t) = u,
the studied models are reduced to the models with Caputo fractional derivatives, and the results of
Theorems 1-3 give results for the classical fractional models.

5. Conclusions

Multi-agent systems are studied wherein the dynamics of the agents are modeled by
fractional derivatives of Caputo type with variable order. To be more specific, we apply
the Caputo fractional derivative with respect to another function. The main characteristic
of the studied multi-agent systems is the impulsive control protocol, i.e., the information
exchange between agents occurs instantaneously only at fixed update times. This leads
to an impulsive model with a variable-order Caputo fractional derivative with respect to
another function. We consider the case without a leader as well as the case with a leader.
In the case without leader, we define impulsive Mittag-Leffler stability and study it. In
the case with a leader in the system, we obtain sufficient conditions for leader-following
consensus via impulsive control based on the leader’s influence. The theoretical results
are illustrated with some examples. Note the obtained results for the considered fractional
impulsive differential equations could be additionally applied to study different types
of models.

Author Contributions: R.P.A., S.H. and D.O.; methodology, R.P.A., S.H. and D.O.; formal analysis,
R.PA. SH. and D.O,; investigation, RP.A., S.H. and D.O.; writing—original draft preparation, R.P.A.,
S.H. and D.O.; writing—review and editing, RP.A., S.H. and D.O. All authors have read and agreed
to the published version of the manuscript.



Fractal Fract. 2024, 8, 259 18 of 19

Funding: S.H. is partially supported by the Bulgarian National Science Fund under project KP-06-
PN62/1.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Song, C,; Cao, J. Consensus of fractional-order linear systems. In Proceedings of the 2013 9-th Asian Control Conference (ASCC),
Istanbul, Turkey, 23-26 June 2013; pp. 1-4.

2. Wang, F; Yang, Y. On leaderless consensus of fractional-order nonlinear multi-agent systems via event-triggered control. Nonlinear
Anal. Model. Control 2019, 24, 353-367.

3. Almeida, R.; Girejko, E.; Hristova, S.; Malinowska, A.B. Leader-following consensus for fractional mul-ti-agent systems. Adv.
Differ. Equ. 12019, 2019, 301.

4.  Ren, G; Yu, Y,; Zhang, S. Leader-following consensus of fractional nonlinear multiagent systems. Math. Probl. Eng. 2015, 8,
919757.

5. Schmeidel, E. The existence of consensus of a leader-following problem with Caputo fractional derivative. Opusc. Math. 2019, 39,
77-89.

6. Yu,Z,;Jiang, H.; Hu, C. Leader-following consensus of fractional-order multi-agent systems under fixed topology. Neurocomputing
2015, 149, 613-620.

7. Parivallal, A.; Yun, S,; Jung, Y.M. Hybrid-Triggered Output Feedback Containment Control for Multi-Agent Systems with Missing
Measurements. IEEE Trans. Signal Inf. Process. Netw. 2024, 10, 108-118.

8.  Almeida, |, Silvestre, C.; Pascoal, A.M. Continuous-time consensus with discrete-time communications. Syst. Control Lett. 2012,
61, 788-796.

9. Jiang, H.; Yu, J.; Zhou, C. Consensus of multi-agent linear dynamic systems via impulsive control protocols. Int. . Syst. Sci. 2011,
42,967-976.

10. Wang, E; Yang, Y. Leader-following exponential consensus of fractional order nonlinear multi-agents system with hybrid
time-varying delay: A heterogeneous impulsive method. Physica A 2017, 482, 158-172.

11. Yu, Z; Jiang, H.; Hu, C.; Yu, J. Necessary and sufficient condi tions for consensus of fractional-order multiagent systems via
sampled-data control. IEEE Trans. Cybern. 2017, 47, 1892-1901.

12.  Almeida, R.; Girejko, E.; Hristova, S.; Malinowska, A.B. On leader-following consensus in multi-agent systems with discrete
updates at random times. Entropy 2020, 22, 650.

13. Bohner, M.; Hristova, S.; Malinowska, A.B.; Morgado, M.L.; Almeida, R. A generalized proportional Caputo fractional model of
multi-agent linear dynamic systems via impulsive control protocol. Commun. Nonlinear Sci. Numer. Simul. 2022, 115, 106756.

14. Samko, S.G.; Ross, B. Integration and differentiation to a variable fractional order. Integral Transform. Spec. Funct. 1993, 1, 277-300.

15. Tavares, D.; Almeida, R.; Torres, D.EM. Caputo derivatives of fractional variable order: Numerical approximations. Commun.
Nonlinear Sci. Numer. Simul. 2016, 35, 69-87.

16. Coimbra, C.EM. Mechanics with variable-order differential operators. Ann. Phys. 2003, 12, 692-703.

17.  Sun, H.G.; Chen, W.; Chen, Y.Q. Variable-order fractional differential operators in anomalous diffusion modeling. Physica A 2009,
388, 4586—4592.

18.  Sun, H.G.; Chen, W.; Wei, H.; Chen, Y.Q. A comparative study of constant order and variable-order fractional models in
characterizing memory property of systems. Eur. Phys. ]. Spec. 2011, 193, 185-192.

19. Alsaade, EW.; Al-zahrani, M.S.; Yao, Q.; Jahanshahi, H.A. Model-free finite-time control technique for synchronization of
variable-order fractional Hopfield-like neural network. Fractal Fract. 2023, 7, 349.

20. IDin, A,;Li, Y,; Yusuf, A; Liu, J.; Aly, A.A. Impact of information intervention on stochastic hepatitis B model and its variable-order
fractional network. Eur. Phys. ]. Spec. Top. 2022,1231, 1859-1873. https://doi.org/10.1140/epjs/s11734-022-00453-5.

21. Sun, H.G.; Chang, A.; Zhang, Y.; Chen, W. A review of variable order fractional differential equations: Mathematical foundations,
physical models, numerical methods and applications. Fract. Calc. Appl. Anal. 2019, 22, 27-59.

22. Sabir, Z.; Raja, M.A.Z.; Nguyen, T.G.; Fathurrochman, I.; Sadat, R.; Ali, M.R. Applications of neural networks for the novel
designed of nonlinear fractional seventh order singular system. Eur. Phys. ]. Spéc. Top. 2022, 231, 1831-1845.

23.  Yousefpour, A.; Jahanshahi, H.; Castillo, O. Application of variable-order fractional calculus in neural net-works: Where do we
stand? Eur. Phys. |. Spec. Top. 2022, 231, 1753-1756.

24. Almeida, R;; Malinowska, A.; Monteiro, M.T. Fractional differential equations with a Caputo derivative with respect to a kernel
function and their applications. Math. Meth. Appl. Sci. 2018, 41, 336-352.

25.  Kucche, K.D.; Mali, A.D.; Sousa, J.V. Theory of nonlinear ¥-Hilfer fractional differential equations. arXiv 2018, arXiv:1808.01608.


https://doi.org/10.1140/epjs/ s11734-022-00453-5

Fractal Fract. 2024, 8, 259 19 of 19

26.

27.

28.

29.
30.

31.

32.

33.
34.

Donganont, M.; Liu, X. Scaled consensus problems of multi agent systems via impulsive protocols. Appl. Math. Modell. 2023, 116,
532-546.

Wei, L.; Chen, W.-H.; Luo, S.; Huang, G. Impulsive average-consensus of multi-agent systems with time-delays. J. Frankl. Inst.
2022, 359, 1544-1568.

Zhang, J.; Peng, S. Exponential Consensus of Multi-Agent Systems under Event-Triggered Impulsive Control with Actuation
Delays. Entropy 2023, 25, 877.

Almeida, R. Functional Differential Equations Involving the ¥-Caputo Fractional Derivative. Fractal Fract. 2020, 4, 29.

Almeida, R. A Caputo fractional derivative of a function with respect to another function. Commun. Nonlinear Sci. Numer. Simul.
2017, 44, 460-481.

Miller, K.S.; Bertram, R. An Introduction to the Fractional Calculus and Fractional Differential Equations; ]John Wiley & Sons, Inc.: New
York, NY, USA, 1993.

Zhang, S.; Wang, J.; Hu, L. On definition of solution of initial value problem for fractional differential equation of variable order.
AIMS Math. 2021, 6, 6845-6867.

Samko, S.G. Fractional integration and differentiation of variable order. Anal. Math. 1995, 21, 213-236.

Samko, 5.G.; Kilbas, A.A.; Marichev, O.1. Fractional Integrals and Derivatives (Theory and Applications); Gordon & Breach Sci. Publ.:
New York, NY, USA, 1992.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction
	Preliminary Notes and Results
	 -Fractional Diffintegrals of Constant Order 
	-Fractional Diffintegrals of Variable Order

	Statement of the Problem
	Multi-Agent System without a Leader
	Model of Fractional Derivative with Variable Order
	Model of Fractional Derivative with Piecewise Constant Order

	Multi-Agent System with a Leader

	Main Results for the Models of Multi-Agent Systems with Impulsive Control Protocol
	Multi-Agent System without a Leader
	Model of Fractional Derivative with Variable Order
	Model of Fractional Derivative with Piecewise Constant Order

	Multi-Agent System with a Leader

	Conclusions
	References

