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I'T2 fuzzy adaptive containment control for
fractional-order heterogeneous multi-agent
systems with input saturation

Zhile Xia* and Jinping Mou
Department of Mathematics, Taizhou University, Zhejiang Province, China

Abstract. In this paper, the containment control problem of second-order nonlinear heterogeneous multi-agent system is
studied. In order to deal with complex uncertainties such as unknown parts, uncertainties, and input constraints in the system,
we designed a distributed fuzzy adaptive controller. The interval type-II (IT2) fuzzy set is adopted to deal with the uncertainty
of membership functions. We construct a matrix equality and a matrix inequality to deal with the asymmetric Laplace matrix.
The controller designed is simple and the designed controller only uses the information of itself and its neighbors. Therefore,
it is very easy to be compensated in practice. Finally, a simulation example is introduced to verify the effectiveness of the
proposed methods.
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1. Introduction

The coordinated control of multi-agent systems
is becoming increasingly prevalent in various fields
such as life, industry, and aerospace. As a result,
many experts and scholars are showing great inter-
est in this area and have been conducting extensive
research [1-7]. Containment control, which involves
designing control protocols that urge the state or out-
put of followers into the convex hull spanned by
those of leaders, is a common problem in multi-agent
system coordination control. Although the contain-
ment control problem of integer-order multi-agent
systems has been widely studied [8—16], many phys-
ical systems exhibit fractional-order (non-integer)
dynamic behaviors due to their unique materials and
characteristics, such as microorganisms in under-
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water environments and unmanned aerial vehicles
operating in complex space environments. Compared
with integer-order differential equations [17-19],
fractional-order differential equations have non-local
and long-memory effects [20, 21], which makes them
of great value in studying nonlinear systems, chaotic
phenomena, and functional calculus. Therefore, it is
important to study the dynamics of multi-agent sys-
tems in the sense of fractional-order and to investigate
the containment control problem of fractional-order
nonlinear systems, which has practical significance
[22-26]. Ye et al. [22] have proposed two contain-
ment control protocols for networked fractional-order
systems with sampled position data. In [23], suffi-
cient conditions for asymptotic stability of a specific
case of multi-order fractional system were derived.
Moreover, [24] and [25] established necessary and
sufficient conditions to ensure the achievement of
containment control for fixed topology. Yang et al.
[26] have investigated the distributed cooperation
control of heterogeneous fractional-order multi-agent
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systems with time delays and obtained the consensus
condition for compounded delayed fractional-order
multi-agent systems.

In many real-world scenarios, it can be challeng-
ing to obtain an accurate mathematical model due to
the inherent complexity of the system. To address this
issue, researchers have investigated the control prob-
lem of multi-agent systems based on adaptive fuzzy
logic systems, as documented in several studies [27—
31]. However, these studies have primarily focused on
using traditional type-I fuzzy logic systems to study
controller problems related to multi-agent systems.
Few studies have explored the use of interval type-1I
(IT2) fuzzy adaptive systems for complex nonlin-
ear fractional-order multi-agent systems [32—35]. For
instance, in [32], the authors investigated coopera-
tive control for time-delay multi-agent systems and
proposed a new robust adaptive control technique.
Zhang et al. [33] presented sufficient criteria for
achieving containment control, while [34] discussed
a new methodology for building and evolving hier-
archical fuzzy systems. Additionally, [35] explored
a secure type-II fuzzy ontology-based multi-agent
framework. However, despite these efforts, to the best
of our knowledge, there is a lack of a systematic
study of containment control for complex nonlinear
fractional-order multi-agent systems characterized
by unknown nonlinear functions and external dis-
turbances. As such, there exists a need for further
research to explore the use of IT2 fuzzy adaptive
systems and develop effective containment control
strategies for these complex systems.

The dynamic behavior of multi-agent systems is
typically described using single integrator, double
integrator, and general linear systems. Among these,
the double integrator system considers both posi-
tion and velocity information of the agents and has
gained widespread use in the field of robot cooper-
ative control [15]. As a result, it is highly favored
in this area. For the containment control problem of
fractional-order multi-agent systems, reference [24]
studied general linear systems, but the multi-agents
studied were homogeneous. References [23, 25, 26]
studied the dynamic behavior of agents represented
by single-integrator systems. The system studied in
reference [22] was represented by a double-integrator
system, but the double-integrator system studied was
relatively simple and did not consider practical situa-
tions such as system uncertainty, unknown functions,
and controller saturation. Inspired by the above-
mentioned arguments, In this paper, we study the
design of distributed control protocol for a class of

complex fractional-order multi-agent systems with
saturated inputs, unknown nonlinear functions, and
external disturbances, so that all followers can con-
verge to the polyhedron formed by multiple pilots.
the main work and contributions of this article are
described as follows.

1) An adaptive IT2 fuzzy containment control
method is firstly designed for the nonlin-
ear fractional-order multi-agent systems with
unknown nonlinear function, external interfer-
ence, and input saturation.

2) The containment control problem is solved
merely utilizing information of itself and its
neighbors under a directed topology.

3) The adaptive controller designed in this paper is
completely distributed, that is, each agent only
uses the information of itself and its neighbors.

4) The controller designed does not need to know
the specific information of the leaders. As long
as the states of the leaders are bounded, it can
solve the containment control problem.

The remainder of this article is organized
as follows. We briefly introduce the nonlinear
fractional-order multi-agent systems model and for-
mulate the problem in Section II and I11, respectively.
In Section IV, both the proposed IT2 fuzzy adaptive
method and effectiveness analysis are shown. In Sec-
tion V, simulation examples are given to prove the
effectiveness of this new method. Finally, Section VI
presents the conclusion.

1.1. Notations

This paper considers a multi-agent systems con-
sisting of M leaders and N followers. Its topology
is described by a directed graph G = (V, £, A). Here
V = {v1, v2, ..., vn+pm]} represents a node set, and
node v; stands for the ith agent. Without losing gen-
erality, we assume that the set F = {1,2,..., N}
composed of the first N nodes represents the fol-
lowers. The set P={N+1,N+2,...,N+ M}
composed of the last M nodes represents the leaders.
Edgeset £ €V x V, when ¢;; = (v}, v;) € £ means
agent v; can receive information of agent v, that is,
there is a directed path from agent v to agent v;. Adja-
cency matrix A = (a;;) € RVHMXNEM) - When
edge ¢;; € £, element a;; > 0, otherwise a;; = 0.

Denote by dist(x, C) the distance from x € R” to
the set C € R” in the sense of Euclidean norm, that
is dist(x, C) = infyec [|x — yl|2.
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2. Preliminaries

Let us first review the definition of fractional-order
calculus, IT2 fuzzy systems and several useful Lem-
mas.

2.1. Fractional-order calculus

Definition 1 [36, 37]. For an integrable function
f(®) : [0, 00) - R, the Riemann-Liouville fractional
integral of order « is defined as

1 fm
P Jo (1=

where 0 < o < 1. the Gamma function I'(a) =
I3 et ar
0 .

Definition 2 [36, 37]. The Caputo derivative of frac-
tional order « of a function f € Cl([tg, +00), R) is
defined by

I f(r) =

dr,0 <a < 1,

1 A
(1 —a) ), t—s)*

0 DY (1) =

s

where O<a<1. 0<tp<t. When 1=
0,7, DY f(¢) can be simplified as D f(¢).

Lemma 1 [20, 38]. If x(r) € C!([ty, +00), R) and
0 <o < 1, we have

I*(D*x(1)) = x(t) — x(0).

Lemma 2 [21]. If f(¢) is a continuous function, then
we have

I f(1) = 121 f(0) = 172 (f(0),

where 0 < o; <1,i =1, 2.

Lemma 3 [39]. Let x(¢) € R” be a differentiable
vector-time function. Then, for any time instant# > 0,
we have

DT (1) Px(t) < 2xT (1) P(D*x(1)),

where P € R"*" is a symmetric positive definite
matrix, The fractional order « satisfies the condition
0<a<l.

2.2. Interval Type-II fuzzy systems

Considering the interval type-II fuzzy logic sys-
tem, the ijis---i,th IF-THEN fuzzy rule can be
expressed as:

Rivi2in TR xy is MY, -+, X, is Min,

THEN y is [91'1,'2..4,'”, 191'1[24..1'"],
where x =[x, x2, ..., x,]7 and y are the inputs
and outputs of the fuzzy logic system respectively.

AN/I;-j is an IT2 fuzzy set of the antecedent part,
[0i1iy-ins Pijin--ip ] 18 @ weighting interval set of the
consequent part.

In order to obtain the final output of the sys-
tem, many scholars have devoted themselves to the
research of model reduction, such as, in [40-43]. In
this paper, the improved Biglarbegian-Melek-Mendel
(BMM) direct defuzzification method [49, 50] is
adopted, and the final output of the system is:

2 Oniniy Wiyt (xj)

y=n
> Hj:]ﬁM’:j (xj)
> Digigeneiy T 1", (x/)
(I—mn = (1)
where ﬁMi.f' (x;) and ﬁMi.j (xj) represent the upper

membershijp function (UI\;IF) and the lower member-
ship function(LMF), respectively. Regulation factor
n meets the following condition 0 < n < 1.

Define fuzzy basis function

B i ()
Li(x) = —Z oy :M )’
" i_,-(xj)
Ri(x) = m @)

Then the fuzzy logic system can be expressed as
y =6TL(x) + 9T R(x), (3)

where 6 = 3[61, 62, ..., 6i,iri, 17, L(x) = [L1(x),
Lo(x), ..., Lijyiyiy CO1T, 0 = (1 =), 02y ... .,
Dirigein Ty R(X) = [R1(x), R2(X), ..., Rijiyeriy (1T

Remark 1. When applying the theory of IT2 fuzzy
systems to solve practical problems, an important step
is model reduction and defuzzification. The classic
algorithm used for this task is the Karnik-Mendel
(KM) algorithm [45]. However, in practical appli-
cations, the KM algorithm has several limitations,
such as requiring iteration and not being convenient
for stability analysis of controllers. Biglarbegian et
al. [49, 50] proposed the BMM direct defuzzification
method , which is more suitable for controller design
and stability analysis. In this paper, the tuning factor
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is included with the unknown parameters, eliminating
the special restrictions on the tuning factor.

Remark 2. Many research results show that fuzzy
systems are universal approximators [44, 45].

2.3. Other Lemmas

Lemma 4 [46]. For any v > 0 and any o, the follow-
ing inequality holds

0 < |w| — wtanh (9) <o,
V

where o is a constant and meets condition o =
e~©@*D namely o = 0.2785.

Lemma 5 [47]. (Barbalat) ¢ : R — R is a uni-

formly continuous function on the interval [0, co).
t

If tlim o(s)ds exists and is bounded, then
—00

lim @(f) = 0.
— o0

3. Problem description

Consider the second-order uncertain fractional-
order nonlinear multi-agent systems composed of N
followers and M leaders. The system model of fol-
loweri(i € F ={1,2,..., N}) is described as

{ Dx1(t) = x2i(2),
D¥x0i(t) = filxi(0)) + sat(u; (1)) + pi(t),

where x1;(t), x2;(f) € R and sat(u;(¢)) € R repre-
sent the position status, speed status and saturation
control input of follower i, respectively; x; =
[x17, 221175 fi(xi()) : R — R are uncertain nonlin-
ear dynamics. p;(f) : [0, c0) — R is a bounded input
disturbance, that is, there is a normal number p;, such
that | p;(¢)| < p;, where p; an unknown constant. Sat-
uration function

“

u;, uj <u; <0,
sat(u;) = § uj, u; < u; <uj, (5)
u;, u; >u; >0,
where u; and u; are the known lower and upper
bounds of u;(t)(i =1,2,..., N).
The system model of leader k(k € P ={N +
1,N+2,..., N+ M})is described as

{ Dw1i(t) = (1),

" (6)
Dwyi(t) = drlwy, 1),

where w1y, wax € R indicate the position and speed
status of the leader k, respectively; wy = [wi, ]’
dr(wg, 1) : R2 x [0, +00) is an unknown time-
varying nonlinear function for any follower i.

Assumption 1. For each follower, there exists at least
one directed path from the leader to the follower. For
each leader, there is no directed path to the leader
from any other agent.

Lemma 6. Under Assumption 1, the Laplace matrix
L has the following structure:

L Lo
L= . @)
Opxn Omxm
where Li=D+B—AeRN<N D=
diagldy, d>, ...,dy), B=diaglbi, b, ..., by},
A = (aij))Nxn, b = ZZLA\;IH Qim, Lo =
—(@iN+Nxm € RVM, di = Y1 ai,

Lj=12,...,N, k=1,2,...,M. The set
Ni = {vjle;j € £} denotes a collection of neighbors
agent v;. Moreover, matrix £; is a nonsingular
M-matrix, each entry of _L1_1L2 is nonnegative,
and each row of _L1_1L2 has a sum equal to 1.

Remark 3. Define

Ei,v+1 SN2 - ELNem

Eontt SN2 oo o NM
—Li'Ls = : : : : (8)

ENN+1 EN N2 - ENNEM

Based on Lemma 6, one has

N+M

S oE=10<g <li=12....NO
k=N+1

Assumption 2. There is a closed convex set 2 C R?,
so that for any wy € €2, there is ¢y (wy, 1) < My(k €
P), where My is an unknown constant.

The objective of this paper is to design controllers
for the follower agents to achieve containment control
subject to input constraints: For i € F, for any initial
state x;(0),

1. x;(¢) converges to the convex hull formed by the
leaders, that is,

tlim dist(x;(z), Co(wi(t), k € P)) =0. (10)
— 00
2. u;(t) stays within the desired range u; < u;(t) <

u;, where u; < 0 and u; > 0O are the predeter-
mined constants.
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4. Main results

The communication between agents in multi-agent
systems is local, so only the error between neigh-
boring agents can be used to design the distributed
controller u;(i € F). For agent i, the consensus error
signal between neighboring nodes is described as

N N+M
el = g ajj(x1; — x1;) + E aik(x1; — o),
=1 k=N+1
(11
N N+M
ey = E a;jj(xgi — x25) + E aik(x2i — w2p).
j=1 k=N-+1

Then the vector form of consensus tracking error:
{ e1 = Lix1 + Lron,

(12)
er = Lix + Lows.

By taking the derivative of both sides of equation
(12), we can get:

D% = ey,
(13)
Dy = L1(f(x) + sat(u) + p(t) + L7 Log(w, 1)),

where  f(x) = [f1(x1), fa(x2). ... fnGxw)]”,

x =[xy, x2,...,xx517, sat(u) =
[sat(uy), sat(uz), cee sat(uy)]7,
d(w, 1) = [@N+1(@N+1, D), pn42(wN+2, 1),
o dnrm(onen DT, ) = [p1(D), p2(D), ...,
pn(O]IT.

Approximation of unknown smooth function f;(x;)
(i=1,2,..., N) with fuzzy logic system of type-II
(D-(3)

[ = 6T Lix) + 07T Rix) + (0. (14)

where the ideal parameters 67 and 9 are given by
(67, 971 = argmin | sup | fi(x) — 77 LiCxi)—
0;,9; Xi

97 Rix)| ] (15)

The fuzzy logic system has been proved to have
universal approximation function. Therefore, itis rea-
sonable to assume that the approximation is bounded,
namely

lei(D)] < &, (16)

where g; is an unknown positive constant.
To deal with the saturation function, we make the
following assumption [48].

[Aw)| = My;,i=1,2,..., N, a7

where A(u;) = sat(u;) — u;, and M, is an unknown
constant.

Theorem 1. For fractional-order multi-agent system
(4)-(6), if there are positive numbers k, A, T, positive
definite symmetric matrix P, the following conditions
are satisfied:

PLi+LTP=1, (18)

2kP — vl —kK*P+ 1
* —2kI

< —AL 19)

Then the following controller can be designed so
that all the followers can converge to the polyhedron
formed by multiple leaders.

uj = =8 — OF Li(x;) — BT Ri(xi) —

. Vi,
M,-mnh<M”>,i=1,2,...,N, (20)

v; (1)

where §; = key; + e;. The corresponding parameter
adaptation rates are designed as

DY = Proj®;, §;Li(x)), i = 1,2, ..., N,
D*B; = Proj(d;, §iRi(x)), i =1,2,.... N,

21
D% =62, i=1,2,..., N,

DM, =181, i=1,2,...,N,

where 0;, 3;, %; are the estimated value of 6f,9} andt,
respectively. A7Ii is the estimated value of the lumped
uncertain parameter, which will be explained later.
v;i(t) > 0 satisfies f0+°° v;(t) < oo. The projection
operator is defined as follows

_ Vg)(Vg)"

BRI e TR
Proj@1:22) § it gz1) > 0 and 2 Vg(z1) > 0, 22)
= 75, if not,
with
ooy = Ml — 2 23)
£.2%y

where 7,7 is a specifies boundary, and ¢, is a specifies
boundary tolerance.

Proof. Let § = ke; + e, based on the definition of
A(u;) in (17), we have

DY = kes + L1(f(x) +u + AQw) + p(t) +
L7 Log(w, 1)). (24)



4366 Z. Xia and J. Mou / IT2 fuzzy adaptive containment control for fractional-order heterogeneous multi-agent systems

where u= [ul,uz,...,uN]T, A(u) =
[AG1), Awa), ..., Aun)]”.
For system (24), construct the following Lyapunov

candidate function

V=V +W,

Vi=68"Ps+ele,
N (25)

1 2T7. L 5T%. L =2 | 772
V2=2;(9i9i+19iz‘},-+ri+Mi>.

whereé,- = éi — 97{,1}1' = IA% —
M i — M;.

First, for V1, derivation on both sides, according to
Lemma 3 and condition (18), we can get

.. _
VL, =17 —1,M; =

DUVy < 2k8T Pey + 28T PLy (f(x) 4+ u + AGw)+
p0) + Ly Lalw. 1)) +2ef e
= 2k8T Pes + 8T(PLy + LT P) (F(x) + u+
AW+ p(0) + L7 L2, 1) +2¢] e,
= 2k8T P(5 — key) + 8T (f(x) +u + Au)

+o(t) + L7 Lagle, 1)) + 2¢] (5 — key),

N
=525+ 8 (i + 0T Liw + 0T Riw)
i=1

+O; +ui), (26)

where 87 =[87,el] and O; = &(t) + pi(t) —

Zk:N—H Eirdr(wr, 1) + A(u;). According to the

boundedness of &;(t), pi(t), ¢pr(wg, t) and A(u;), it
is known that exists M; > 0 so that

8;0; < 16i|1M;. (27)

Substitute controller (20) into (26) and consider
inequality (27), we can get

DV, <87TQ8

N
Sl
i=1
A M8
-~ 10
+ Z: 5 <sgn(8,)M, — M; tanh ( e >) .
P

8 — 07T Li(x) — 97T Ri(v))

(28

For V>, taking its fractional-order differential, we
can get

N
D*Vy < Y (87 DG; + 97 DD,
i=1
+2T D% + MI DM ) . (29)

Combine (29) (30) and consider the adaptive rate
(21), we have

D*Vy +D*V,

N
<35TQ5 + Z 5 (—
i=1
+ Z —sgn(3)M;)
N M5
- -~ i0i
+ z]: 8 (sgn(é,)M, — M, tanh ( ) ))
e

N
+ Z (67D8; + 5T D@D; + 1T D%,
i=1

N
+>  MIDOM,
i=1

%8 — 0 Li(x) — D] Ri(x))

N
=578+ (8] (projdi, & Li(x) — iLi(x))

i=1

+ > (97 proi(dr, 8 Ri(x) — 8;Ri(x)

i=1

M;s;
+Z<M§|—M§tanh<l())> (30)

i=1

Combined with the definition of projection operator
(22)-(23), and condition (19),

DUV + D*Vy < —(@"8+ el e + Y _ ou).

i=1
(31

Based on Lemmal, integrating on both sides of
equation (31), we can get

T
1= epy + A/ (878 + eley)ar
0

N T
<> /0 ovi(ndr.  (32)
i=1
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According to Definition 1, the following inequality
holds

Il*OlIO(DOtV — Il*O(V
T 4O
F(l—a) (t—s)"‘ =

(33)

Thus

T 1 N T
/ (8T8 + eTey)dr < Xz / ovi(tdr. (34)
0 = /0

Moreover
T
lim ovi(dt < oo0,i=1,2,..., N, (35)
T— o0 0
Therefore,
T
lim / (678 + eTerVdr (36)
T— o0 0
is bounded.
According to Lemma 5, there
lim (878 + el e)) =0 (37
11— 00
)
lim §; =0, lim e¢;; =0,i =1,2,..., N.(38)
11— 00 —00

Based on the definition of §;, there are

lim e;; =0, hm ei=0,i=1,2,...,N(39)

t— 00

ie.,
lim e = 0, lim ey = 0. (40)
t— 00 t—00

According to (12), it is known that all the followers
of the system converge to the inside of the polyhedron
formed by the leaders.

5. Simulation

This section gives five followers and two leaders
to verify the effectiveness of the containment control
algorithm designed in this paper. The network topol-
ogy diagram is shown in the Fig. 1. Among them,
indexes 1,2,3,4,5 refer to followers, and indexes 6,7
refer to leaders.

According to Fig. 1, we can get the Laplace matrix
(7), where

1-10 00 0 0
02 0 —-10 -1 0
L1=]0-11 0 0|,L,=]0 04D
00 —12 0 0 —1
00 0 —11] 0 0

The dynamic systems of five followers and two
leaders are described as follow

DO 11 (1) = x12(0), D01 (1) = x20(1),
DO%x31(1) = x32(1), D*Pxa1 (1) = xa2(1),
DOPCxs1(1) = x52(0),
D% x15(1) = —0.25 sin(x1 (1)) — 0.7x12(1)
+ sat(uy),
DO xy (1) = —0.25 sin(x21 (1)) — 0.1x22(¢)
+ 0.5 + sat(uy),
DO x5, (1) = —0.25 sin(x31 () — 0.6x32(1)
+ 0.3 cos(t) + sat(u3),
DO x5 (r) = —0.25 sin(x41) — 0.1x42(0)
+ 0.2 sin(¢) + sat(ugq),
D% x5, (1) = —0.25 sin(xs1 (1)) — 0.2x52(1)
— 0.5 sin(2¢) + sat(us),
DY%Bwg1 (1) = wea (1), D" w1 (1) = wna(t),
DO wa(r) = —0.25 sin(wg)) — 0.1wga(t) + 0.5,

D005 (1) = =3 sin(w71(1)) — 0.2072(f) + 0.1,

Due to the unknown dynamics of the navigator
and the presence of uncertainties and input saturation
phenomena in the considered system, the methods
proposed in literature [22-26] are not applicable.
However, by using the method proposed in this
article, we were able to achieve containment con-
trol. Design controller (20)-(23), where parameter
boundary Z; = 10, ¢, = 1.1, and control constraint
—40 < u;(r) <30G =1, 2,...,5). The fuzzy mem-
bership function is taken as the following form

(xi1 + 0.3)2)

g (i) = exp (— 7102

_ . (xi1 + 0.3)?
)= (= s )
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B (xj1 +0.1)2
gMizl(Xil)—eXP 510 )
T = exp [~ LT O
M) =P\ T s )

(xi1 —0.1)2
P (i) = exp | ———— 05— )
_ (xi1 — 0.1)?
) =ep (=T s )
Gat) = ex (xi1 — 0.3)2
) = _ i —0.3)7
EM;‘] il p 2102 5
_ (xi1 — 0.3)?
) = exp | =55 )

(xi2 + 0. 3)
S 2.102

uﬂ+osﬁ)

MMI (xi2) = exp

Fy, (xj) = exp 2.152

() = exp [~ 2O
B i2) = €xp 2100
(xi2 +0. 1)2)

Mz (x;) =exp 152

/LM3 (xj) =exp

-
-
-
-
uMsaﬁ>—ema< 2f%ﬂ>,
S
(-
(-
(-

(xi2 = 0.1)

H’M4 (sz) - exp 2 . 102 3
) =e (xi2 — 0.1)

= €X

;LM4 Xj p 7. 152 5
(xip — 0.4)?

MMS (sz) - exp 2 . 102 )
(xi2 — 0.4)

Mpys (xj)—exp - 2.152 s
(xi2 — 0.6)

MMIG (-xiz) =exp\|— 2 102 )
(2 — 0.6)>

I‘LMG (xj)_exp 7. 152 ’

wherei =1,2,...,5.

| o g

Fig. 1. Network communication topology diagram.

s e O]
| o0 |
ey
. 4r e41(t) 1
T2 &5, (1)
N
= 2
(o]
4l
-6 F
-8
-10
o 1 2 3 4 5 6 7 8 9 10

Time/s

Fig. 2. Consensus tracking error ej.

There are constants k=1,A=1,7=4 and
matrix

0.6439 0.1439 0.1733 0.1073 0.1113
0.1439 0.3243 0.2027 0.1486 0.1153
P= [0.1733 0.2027 0.7027 0.2838 0.1995
0.1073 0.1486 0.2838 0.3919 0.1971
0.1113 0.1153 0.1995 0.1971 0.6971

which makes conditions (18) and (19) hold.

The simulation results are shown in Figs. 2—4. As
shown in Fig. 2, it can be seen that the position track-
ing error of the follower converges to zero, indicating
that the position of the follower will eventually con-
verge to the polyhedron formed by the position of
leaders. As shown in Fig. 3, it can be seen that the
velocity tracking error of the follower converges to
zero, indicating that the velocity of the follower will
eventually converge to the polyhedron formed by the
velocity of the leader. Figure 4 shows the condition
where the input of the system satisfies bounded con-
straints.
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Fig. 4. Saturation control input sat(u).

6. Conclusion

In this paper, a distributed IT2 adaptive fuzzy con-

troller is designed to solve the containment control
problem of nonlinear fractional-order multi-agent
systems. The problems studied take into account
unknown functions, uncertainties and input con-
straint. The results obtained have a wider range of
applications. The simulation results also show that
the proposed methods are effective. The next step
will consider the situation that the communication
topology is time-varying.
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