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ABSTRACT In this work, for nonlinear multi-agent systems, we mainly study distributed double-integrator
finite-time and fixed-time containment control with undirected heterogeneous networks. At the first,
two controllers to realize finite-time containment and two controllers to achieve fixed-time containment
were designed. Second, we design appropriate finite-time and fixed-time containment protocols to ensure
followers can move to geometric region formed by leaders, and settling time can be estimated. We can obtain
that the calculation of convergence time of finite-time containment control is associated to the initial state.
And the settling time of the fixed-time containment control is related to the parameters. Finally, correctness
of the theory is verified by mathematical simulation experiments.

INDEX TERMS Finite-time containment, fixed-time containment, heterogeneous networks, sliding mode

control, second-order systems.

I. INTRODUCTION
Over the decade years, due to the wide application [1],
[2] of multi-agent systems [3], [4], research on distributed
cooperative control has attracted a lot of attention from
researchers. Depend on the number of leader, we can study
consensus from following aspects: leaderless consensus,
leader-following consensus and containment control. Con-
tainment control, as a special type of multi leader consen-
sus, has great application value in fields such as ground
monitoring, investigation, and environmental exploration.
Containment control has become one of the key contents
of multi leader collaborative control research. The aim of
containment control is all follower agents will reach convex
hull spanned by leaders.

It can be observed that, studies on multi-agent systems
were represented in the past by first-order models [5], [6],
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[7], and agents dynamics are linear model [8], [9], [10].
In [5], distributed containment control was studied with many
dynamic or stationary leaders and switching and fixed topol-
ogy. Proportional-derivative(PD) control containment was
considered with directed graph and time-delay in work [6].
In [7], authors studied first-order bipartite containment con-
trol with static leaders and switching communication graph.
In [8], containment control for linear dynamics systems was
mentioned with graph which is directed. In [9], authors talked
about formation-containment control with output problem
based on hybrid active controller and linear systems is
heterogeneous. Containment control of linear continuous-
time single-integrator and double-integrator system were
investigated in work [10].

Nonetheless, in engineering examples, multi-agent sys-
tems are mostly use nonlinear models [11], [12], [13]. This
is because the nonlinear models are more complex and more
realistic. Therefore, the rise of first-order systems to second-
order systems [14], [15], [16] will be beneficial to obtain a
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wide range of applications. In [11], nonlinear containment
was investigated for second-order system with and without
centralized event-triggered strategy. Containment control for
second-order nonlinear system with intermittent position
measurements at irregular intervals, which introduced a
filter to deal with problem of relative velocity measurement
and used relative positive measurement was investigated
in work [12]. In [13], it proved that containment for
nonlinear system with leaders and followers will expo-
nentially converge into convex hull spanned by dynamics
leaders. In [14], authors studied tracking consensus for
second-order systems affected by disturbance. In [15],
authors given controller of second-order dynamics systems
under nonlinear function for reaching asymptotic leader-
following consensus. Second-order systems containment was
investigated in [16] under directed graph with and without
communication delay.

When talking about containment control, convergence time
is the focus of discussion. However, the above controllers
only guarantee to achieve asymptotic convergence. So the
top priority of the research is to find a proper method to
obtain a faster convergence speed for better practical system
performance. Thus, finite-time containment control turns out
to be a popular research problem. Researchers have given
distributed controllers for linear and nonlinear system for
accomplishing finite-time containment [17], [18], [19], [20].
In [17], problem of fuzzy control of nonlinear dynamics
systems with time-delay and adaptive was discussed. Adap-
tive containment has been studied for uncertain manipulator
systems with novel distributed adaptive backstepping strategy
in [18]. In [19], authors studied finite-time containment
control for systems with disturbances and uncertainties. In
the study of multi-agent systems, we generally focus on
continuous-time control, which may waste communication
resources. Based on this, event-triggered intermittent con-
trol strategies can be studied. Therefore, in [20], authors
investigated the finite-time synchronization control problem
of complex networks with time-delay using event-triggered
control methods. It is thought-provoking that convergence
time of finite-time containment control is related to initial
value. Based on this, many scholars nowadays prefer to
study fixed-time controllers. The reason is that a fixed-time
controller controller will not depend on initial state compared
to finite-time controller laws. In [21], state observer and
input observer proposed by authors are used to observe state
and input. Distributed fixed-time controllers are proposed
to enable follower states to track the leader. In [22],
a suitable fixed-time consensus controller is proposed to solve
heterogeneous tracking consensus problem for nonlinear
systems. Several agents are studied in above papers, some of
which are first-order systems and some of which are second-
order systems. In [23], the distributed optimization problem
was posed, and this optimization problem includes global and
local optimization.
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Moreover, it should be noted that containment control
of second-order system is mostly with same position and
velocity topology graph. But in some practical situations,
different methods may be used to measure position and
velocity, for example, using different sensors. Therefore,
the position and velocity measurements will communicate
between the agents under the different network topologies
through the different communication devices. Even if the
same way strategy, and the same way of transmission,
information loss leads to a different topology of position
and velocity. To solve this problem, second-order systems
which communicating with topologies of different position
and velocity are studied in [24], [25], and [26], which are
called heterogeneous networks.

In this work, finite-time and fixed-time containment are
studied for second-order system with nonlinear function
under heterogeneous networks. Regarding the design of
finite-time and fixed-time control protocols, it depends
mainly on states of neighboring agents and relative state
errors. By means of graph theory, Lyapunov theory and other
related control knowledge, the corresponding controllers are
designed to realize finite-time and fixed-time containment
control of second-order dynamics systems. Our control
objective is to enable followers to enter the convex hull
formed by leaders in finite-time or fixed time. Finite-time
containment control [27] refers to the follower entering the
convex hull formed by the leader within a finite time. Fixed-
time containment control [28] refers to the follower entering
the convex hull formed by the leader within a fixed time.
The convergence time of finite-time containment control
depends on the initial state of the system, while fixed-time
containment control does not depend on the initial state of the
system. Design controllers in this work by using nonsingular
terminal sliding mode control way, and role of sliding mode
is to suppress disturbance.

Main contributions of this work:

(1) Compared to position and velocity using the same
topologies, we study heterogeneous topologies about position
and velocity. In real life, it is necessary to study hetero-
geneous networks because of the different measurement
methods, or the same measurement methods but different
sensors. To the best of our knowledge, there are few studies
on finite-time and fixed-time of heterogeneous networks, so it
is necessary to study containment control in finite-time and
fixed-time under heterogeneous networks.

(2) In this paper, we establish sufficient conditions for con-
trol protocols designed under fixed topology with finite-time
and fixed-time by using nonsingular terminal sliding mode
control methods. The results show that the settling time of
convex hull formed by leaders reached by follower can be
calculated explicitly under the proposed control protocol.

The remaining articles are organized as follows. Intro-
ducing graph theory and useful lemmas in Section II
In section III, problem to be studied is described. Finite-time
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containment control with and terminal sliding mode non-
singular terminal sliding mode was proposed in Section I'V.
Section V proposed fixed-time containment control with and
terminal sliding mode nonsingular terminal sliding mode.
Section VI verifies the correctness of theory by giving some
examples. At the end, conclusion is drawn in Section VII.

Il. PRELIMINARIES AND PROBLEM FORMULATION

A. NOTATIONS

RP represents set of p dimensional vectors, RP*9 represents
p X q dimensional matrix. Define I, to be pm dimensional
identity matrix. || e| denotes norm of vector. Given a vector

0= [Q1, Q- QP]T, diag (Q) denotes a p x p diagonal
matrix where Q1, Q2, - - - , Qp are diagonal elements. Define
sign (Q) = [sign(Q1).sgin(Q2) .- -~ , sign (Qn)]", where

sign (o) is signum function. Ay (M) and Amax (M) represent
minimum and maximum eigenvalues of a real symmetric
matrix M. The max and min represent maximum and
minimum value of a real symmetric matrix M.

B. GRAPH THEORY

An undirected graph G, = {Vj, Ep, Ap} is to describe
information interaction of agents. Set of nodes is defined
as Vp = {vi,va,--- ,vyyn}, set of edges is defined as
Ep, € V, x V. Denotes adjacent matrix of Gy is Ap =
[aij] € RMTNIXMFN) where a;; > 0 if (v, vj) € Ep and
a;j = 0 otherwise. L = [l;] € RMTN)*(MFN) j5 T aplacian
matrix which related to adjacency matrix, where [; =
SN by = —ay.j # iij = {1,2,-- M +N}.
The topologies of position and velocity can be described by
¢ ={v.ev.ar=[ap]}and ¢ = [v. B0 a0 = [a]],
respectively. And Laplacian matrices of position and velocity
can be expressed by

L. — Lwl Lw2
v Ormxn Oprxm

L. — le Ls2
y Oprxn Opxcm

where L, = [1;’] € RMAN)xM+N) 4~ — [ag]

RM+N)x(M+N) [~ [ls] e RM+NXMAN) 4 —
. L, : A

and

[afj] e RMANXMFN) and —L 'Liolyst = lyxi,

_Ls_llLslexl = lnxi1-

Suppose it is a system with N followers and M leaders.
An agent is called leader if agent has no neighbor, and
a follower if agent has at least one neighbor. We assume
that followers indexed by 1, --- , N and leaders indexed by
N+1,--- N + M. Follower setis F = {1,---,N} and
leader setisL ={N +1,--- ,N + M}.

C. SOME USEFUL LEMMAS AND DEFINITIONS
Definition I [29]: Let C, be a set in a real vector
space R C RP. The set is convex if, for any x, and
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yp in Cp, point (1 —ap)xp + apyn, € Cp for any
ap € [0,1]. Convex hull for a set of points y, :=
{x1p, -+, xmp}, denoted by Co (xp), that is, Co(xp) =
{21 Bipxip [xip € Xp, Bip = 0, 224 Bip = 1}

Definition 2 [30]: For (2) and (3), containment will be
get if and only if there is a control laws u; and 7, > 0,

such that followers’ positions and velocities enter convex hull
Co (XpL) and Co (VpL), respectively. And

N+ N+M
Co(XbL)z{ZN+ 0:x; |6; > 0, Z ; ]

N+ N+M
CO(VbL):{ZN+ 0;vi 6; > 0, Z ; ]

Definition 3 [31]: Nonlinear dynamics system is
2=h(),h0)=0,z(0) =z, ey

where z € R is state, i : R? — RYis continuous. Equilibrium
point of (1) is finite-time stable, if for all zo € RY, there is a
settling time 7}, (z9), such that z (z;) = 0 is get for all ¢, >

Ty (z0)-
Lemma 1 [31]: If there is a positive define continuous
function such that

V, () < =3V (p),

where A, > 0,0 < «, < 1. Then, system (1) is finite-time
stable, and convergence time Ty (po) is set as

1—«

Vo " (po)
Ty (po) < —2——%.
e )‘p(l_“p)

Lemma 2 [32]: If there is a continuous function which is
positive define such that

Vi (x) < —ap VP (x) — BV (x),

where ap, B, > 0,0 < pp < 1,q, > 1. Then origin is
fixed-time stable equilibrium of system (1) and convergence
time T}, (xp) is defined as

1 1
S B —an

lll. PROBLEM FORMULATION
Followers are represented by the model

Xi = v
1')i = U +ﬁ (.X[, Vi, t) 5
ieF:{ls"'aN}’ (2)
where x; € R" is position,y; € R" is velocity, u; € R" is
control input of ith follower. f; (x;, v;, t) is intrinsic nonlinear

dynamics function.
Leaders are represented by the model

[XJ—VJ
v = (x5, vy 1)
jeL={N+1,--- ,N+M}, (3)
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where x; € R" is position, v; € R" is velocity, u; € R" is
control input of jth leader. f; (x;, v, 7) is intrinsic nonlinear
dynamics.

M
, @y, satisfying 2
sz =1 and zzrjs > 0, there are two constants o7, 05 >] 0,

such that forms,ns,m;f,n; eR,j=1,2,---,M,

Assumption I [33]: Given w7, - -

M
f(m* n’ 1) — Z @i (m;, n;, t)
j=1

M M
< o s_z Sms s S_E Sps
<pj|m w;m, + 0y |7 @i .
=1 j=1

Assumption 2: For every follower, at least a leader is
connected to follower.
For markup purposes, define

X (1) = {1, -}
Vi) =i, v},

Ur (1) = {ur, -+ un}’,

X () = fangr, o xvam)
Fr)={fi.-- )",

Vi) = {ongr, o oovam)’

Fi () ={fvt1, - foam}’

Define error functions
N+M

e = Z ay (xi (1) = x; (1))
Ky ic{l,2,---.N}, (4

evi= Y ay(vi(t) = v (1),

j=1

and ey = {ey1, -, exN}T, ey ={ev, -, evN}T-
‘We can describe (4) in abbreviated form

ex = (L1 ® Im) Xy (1) + (L2 ® In) X; (1)
ey = (Ls1 ® Iy) Vf B+ L2 ®1y) Vi (1)

and let
e =X 0 + (Lt Lz ® 1) X )

=V, 0+ (L' Lo @ 1) Vi) 5)

where 1, = {nx1, Nx2, -+ an}T’ = {nv1, M2, -+ nvN}T~
Take derivative of (5)

Ny =Ny
iy = Vi (1) + (Ls_llLsz ® Im) Vi (1)
=Ur0+F O+ (Li'le @ L) Fi©0  ©)

Definition —L;'Lo = (&7, &, - ,éﬁ)T, where & =
(i1, &, -+, &um) and &; > 0. According to Assumption 1,
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we have

HFf + (L;IILsZ ®In) Fi ”

" T
Sfr (e, vi, ) — Ziélﬂ} (%, vy, t)j| ,
/:

’

y T
NGy, v, ) — Z}SN;'J? (x5, vj» t)j|
=

M M
o1 ||x1 — 22 Euxi|| + o2 |vi — 20 &
j=1 j=1
=<
M M
o1 ||xn — D Enjxj || + o2 ||vv — D Enjv)
j=1 j=1
= |pr1 (Xf + (Ls_llLsz ® In) Xz) H
+ Hm (Vf + (Ls_llLsz ® In) Vz) H
= p1 1wl + o2 Il @)
where 1, = X + (Ls_llLsz ®In) X; and ny, =

(w1, Mw2s - - nva}T~

IV. FINITE-TIME CONTAINMENT CONTROL

Generally speaking, leaders are assumed to be dynamic in
system. In fact, static leaders can be regards as special form
of dynamic leaders which make velocity is equal to zero.

A. FINITE-TIME CONTAINMENT WITH TERMINAL SLIDING
MODE
Sliding mode control can eliminate disturbances, therefore,
we introduce terminal sliding mode. Compared with the
linear sliding mode, the traditional terminal sliding mode
control improves the speed of convergence to the equilibrium
state due to the introduction of the nonlinear part, and
the farther away from the equilibrium state the faster the
convergence speed.

At first, we introduce terminal sliding mode. So sliding
mode can be expressed

sil:nvi+,31|77xi|al7i€{1127"‘7N}a (8)

with0 < a; < 1, and B; > 0.
Sliding mode (8) can be expressed in a simple form

St =nv + Brlnel™,

with S1 = {s11, 821, -+, sv1}7
Take derivative (8) get

. . 1
Sit = i + Braanwl® ™ nyi.
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According to terminal sliding mode error, following
containment controller is proposed as

N+M
wi = D a| (—ka |nuil sign (sir)
j=1
— ki1 [navil sign (si1) — ka1 ()™~ i
N
—sign (si1) + Y ajuj ©)
j=1

with k11 > 0, ko1 > 0, k41 > 0.
Controller (9) can be rewritten in a simple form

Upi = (L_ﬁl ®Im) (—1’<4177v(77x)°”71
—diag (ki1 [nw| + ka1 [nv| + 1) sign (S1))

with Upy = {urn, w1, -+, un1}’

Theorem 1: Consider the Assumption 1 to 2 hold and the
communication graph is undirected. There is a controller (9)
and terminal sliding mode (8), which make system (2) and (3)
can achieve second-order multi-agent containment in finite
time, if following inequalities are satisfied

1
ki1 > p1imax (P) (10)
1
ka1 = paimax (P),
1
ka1 > BroiAmax (P) . (1D

where P = LSTlle.
Proof: Design following Lyapunov function

Vi=5{ La®@DS. (12)
Differentiating (12), one can gets

Vi=ST (La ®DS)
=T wa @D (in+ Broalnd™ ' n,)
= ST (Lg ® L) (Ur (1) + Fr (1))
+ ST (Lo ® 1) F1 (1)
+8{ Brar(e) ™ (L ® 1) . (13)

Substituting (9) into (13), one has

Vi=ST La®D$
= ST (Lyt ® L) Fr (1) + ST (Lo ® 1) Fy (1)
+ 81 Bra1(n)™ ! (La @ Dy
—ST ka1 ()™ 'y
—S1 (diag (ki1 x| + ka1 Inyl + 1) sign (S1)) . (14)
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Combine (4), (7), with (10), one can proved that
ST (Lot ® In) F () + S| (L2 ® ) F (1)
=T (Lt ® L) (Ff (1) + (L;IILQ ® Im) F (z))
= |sT| 1@ @l
x| (Fr o+ (L3'Le @ 1) F )|
< ISt ILst & L) I (o1 Il +p2 111
<15 (L8La) o1 Il 111+ p2 ISt . (1)
Otherwise, by (11),

ST B (n) ™" (Lo ® 1) 1y
—ST kg1 ()™ 1y,

1
=< )Vr%mx (LSTlle) ,BlalslT(rlx)al_lnv
— ka1 ST ()™ "'y < 0. (16)
Combine (15) and (16), (14) can lead to
. 1
Vi < —STsign (S1) = —v2V;2.

By Lemma 1, it can get conclusion that system will reach

sliding mode s;; = 0 surface

1= ﬁVI% ).
When ¢ > 1, terminal sliding mode be expressed as
sit = Nvi + P1sign)*™ =0,i € F.
That is,
Mvi = Nxi = —Pisigex)™'.

We choose proper Lyapunov function as

1

T
V2 - Enx Nx.

By Definition 2, one gets
Vo =0l = —n! Bisig(n)™

aj+l

o+l
= _ﬁl(nx)al+1 < —p1272 V2 :

One can obtains
l—ml
Va7 (1)
D=
pi1272 (%0”)

In same way, one can gets

lim 7, = 0.

t—1
So, it can get converge time is
T, =t + 2.
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B. FINITE-TIME CONTAINMENT CONTROL
We can see when nn, = 0,n, # 0,9, — 0, control
protocol (9) will be zero.

In this subsection, a nonsingular terminal sliding mode
control is applied to deal with this issue. Furthermore,
we investigate finite-time containment control under a
undirected interaction topology.

We introduce nonsingular terminal sliding mode. So slid-
ing mode can be expressed

si2 = Nxi + Pasigyi)®, i € {1,2,--- N}, 7

with 82 > 0,1 < ap < 2.
(17) can be described in a simple form

Sy = nx + Basig(ny)*?,

with $y = {s12, 522, -+ . w2}’ .
Deriving the derivative for the sliding mode (17) yields

$i2 = it + anfdiag (1)) évi

Based on nonsingular terminal sliding mode, controller is
able to be expressed as

N+M
wp = D, aj| (—sign(sn)
j=1
+ a; uj
ﬁ2a2(77v1)a2 Bacta ()21 Z v

—ki12 |nwil sign (Siz) - k22 [nvil sign (sp2)), (18)

with k12, k2o > 0.
Controller (18) can be simply described as

L I
Upr = (L' © 1) (—diag (—"V( 1.8 ) )
Braz (1)
—diag(1 + ki2 x| + k22 |nv])sign (S2))

with Uz = {u12, u22, - -+, MNZ}T-

Theorem 2: Based on Assumptions 1 and 2, as well as
topology graph is undirected, the existence of controllers (18)
and nonsingular terminal sliding modes (17) enables the

second-order system (2) and (3) to achieve finite-time
containment control if following inequalities are satisfied

(1
k12 > p1hmax (lele) s

e,
koo > p2Amax (lele)
Proof: Design following Lyapunov function

V3=51 (La ®1)Ss.
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Differentiating V1, we can obtain
V3=ST (La®D S
= ST anpadiag (1)) Loy & 1) Fy ()

+ Sfarpadiag (1)) (L2 ® L) Fi (1)

+58; (L ®1)n,
. _ . (Lxl ®Im)

+ ST o, Brdia -1 (—dla (77\)—)
Faapadiag ((n)") ( —diag (205

—diag(l + ki2 |nw| + k22 [ny|)sign (S2)) ,

Similar to Theorem 1, we have
Vs < —aapadiag (n,)"7") S sign (52)

When 5, #0,r =1,---, N, define

R = min {azﬁzdiag ((rm)‘“_l) :

crpadiag () =7")].

. 1
and R > 0, one can gets V3 < —RSszign (S2) = —\/ERV;.
When n,, = 0,r = 1,2,---, N, from the equation (6)
and (18) a new equation can be obtained

i = Upa 0+ Fr ) + (L' Lo ® 1) Fi ()
= (L3 ® In) (~diag(1 + k12 I )sign (52))
+Fr 0+ (L' Lo @ 1) F1 (1)

It can gets when s > 0,7, < 1l and sp < 0,7, >
1 according to Assumption 1-2.

Consider situation first s;, > 0. There will be
diag ($2 (1)) = diag (n, (1)) < diag (—11,), and S5 (13) = 0,
13 is setting time of finite-time containment control, in other
words, when ¢ > t3, sliding mode s;; will converge to
0 and remain on the sliding mode surface. For the other case,
the same analysis is used. Thus, by Definition 2, it can get
conclusion that sliding mode surface s = 0 can reached in

. . 2V2 (0
finite time, and convergence time is 3 = V2 13 ¢ ).
When ¢ > 13, sliding mode be described as

Si2 = Nxi + IBZSig(nvi)az =0. (19)

Derivative of (19) is

$i = i + Proa () iy = 0.

That is
Txi
Baoa (i)~
One selects the proper Lyapunov function as
1 7

V Env 77v

f?vi:_

VOLUME 12, 2024



J. Feng et al.: Distributed Finite-Time and Fixed-Time Containment Control

IEEE Access

One can acquires

. . Nx
Va=nliy=—n ———
' " Braa ()2 !
—a 3—w
UM
Bran  pn

By Definition 2, one gets

ar—1

_ BraaVy 2 (13)

252 (“22—1) '

In same way, one will obtains

I4

lim n, = 0.

t—14
So, it can get converge time is
T, = t3 + 214.
V. FIXED-TIME CONTAINMENT CONTROL
A. FIXED-TIME CONTAINMENT WITH TERMINAL SLIDING

MODE
Terminal sliding mode is expressed as

si3 = Nvi + B3Inxil™ + Balnxl™, (20)

withie {1,2,--- ,N},0 <a3 < 1,4 > 1,and B3, B4 > 0.
Sliding mode (20) can be expressed in a simple form

S3=ny+ ,33|77x|a3 +ﬁ4|77x|a47

with S3 = {s13, 523, -+ , sw3}7.
Take derivative of (20) has following form

§i3 = i + B33 nul® i + Bacalnul ™ .

Containment controller is proposed as

N+M
up = D aj| (—kiz il sign (si3)
j=1
m p
— ko3 |nvil sign (si3) — (S,% + S,%) sign (si3)
N

+ D @l — ka3 (n)*™

j=1
k33 ()™ i) @

with k13 > 0, k23 > 0,k33 > 0, kg3 > 0,p > g, m < n.
Controller (21) can be rewritten in a simple form

m L
Ups = (L;l‘ ® Im) (— (53" + S3") sign (S3)
— kaadiag (i) ()™~

— kazdiag (i) (1)
—diag (k13 |nw| + k23 |1nv|) sign (S3))

with Ups = {u13, up3, - -, un3}’.
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Theorem 3: Consider the Assumption 1 to 2 hold and the
communication graph is undirected. There is a controller (21)
and terminal sliding mode (20), which make system (2)
and (3) can achieve second-order multi-agent containment in
fixed time, if following inequalities are satisfied

ki3 = pidas (P)
kaz > pZ)Lr%nax P,
k33 > a4,34)¥é1ax (P)
kaz > a3,33)\1%nax (P)

where P = LSTlle.
Proof: Design following Lyapunov function

Vs =57 (Lg ®1) S3. (22)
Differentiating (22), it can get
Vs =81 (La ®1)S;
= ST @a @ (it + Bacalnl™ ")
+ 87 (Lot ® ) Pactalne|™ i
=T Ly ®1) (L;lLsz ® 1,,,) Fi (1)
+87 (L ® 1) (Ur (1) + F (1))
+87 (Lyt ® 1) B3aez ||~ iy
+ 8T (Lot ® 1) Bacralne| ™ 'y
= ST (Lyt ® L) Fr (1) + ST (Lo ® 1) Fy (1)
+87 (Lyt ® 1) B3z (ne) ™~ diag (i)
+87 (Lyt ® 1) Pactalne|* ™ diag (i)

+ 51 (—kaadiag () ()™

m 4
— kszdiag (i) (1)~ (S; + Sf) sign (1)
—diag (ki3 1| + ko3 [1,]) sign (53))

Similar to Theorem 1, on can leads to

m L
Vs < —S157 sign (S3) — 53 S5 sign (S3)
m+n E—Fl r+q

m
= V2" v 2

By Lemma 2, it can get conclusion that system will reach
sliding mode s;3 = 0 surface

1 1
m + P
Jart! (1 — min) N (1 B m)

2q

I5 =

When ¢ > ts, terminal sliding mode be expressed as

sis = i + B3Nl + Balnul™ = 0,i € F.
That is,

i = Nxi = —B310xil™ — Balnul™.
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One chooses proper Lyapunov function as

1 T
Ve = M T

One can obtains
V6 = TI; ﬁx
=7 (—B3lnl™ — Balnul™)
= —B3(n)= ! = Ba(n)*H!

a3+l a3+l ay+1 ag+l

B2 VT B2 Vg ?

IA

By Definition 2, one gets
1

g2 (1- )
1

B2 (1- —“4;1)'

In same way, one can owns

I6

+

lim n, = 0.

t—1tg
So, it can get converge time is

T3 = t5 + 2t6.

B. FIXED-TIME CONTAINMENT CONTROL
Define nonsingular terminal sliding mode as

sia = Nxi + Bslmil™ + Beslnvil“e, (23)

withO <as < 1,6 > 1, 85,86 >0andie {1,2,---,N}.
Sliding mode (23) can be expressed in a simple form

Sy =nx + ,35|77v|015 +,36|77v|a6,

: T
with §4 = {514, 524, - - , sn4)" .

Find the derivative of the (23) and obtain
$ia = i + Bsats il ™ i + Bocte 1 muil ™ iy

Thus, controller is designed to

—1
N+M

2 @
=1
— kaa |nyil sign (si4)

Uiy = (—k14 |nxvil sign (sia)

N

m P
" q . K}
_ (sl.z + sl.4) sign (si4) + E ajiuja

j=1

€yi
|Dl5—1 |a6—1) (24)

Bsas|ny; + Bos|nyi

with k14 > 0, koa > 0,k3s > 0,kqa > 0,p > g, m < n.

27046

The controller (24) can be abbreviated as

P

Ups = (L' @ 1) (— (54" +5 ) sign (Ss)

—diag (k14 |nx| + koa |ny]) sign (S4)

. €y
—diag
(ﬂsasdiag (Inv|*5™") + Bsasdiag (|77v|°‘61)))

with Urg = {14, uz4, -+, un4)’.

Theorem 4: Under Assumption 1 to 2 hold, consider
second-order system (2) and (3) with proposed controller (24)
and nonsingular terminal sliding mode (23). Then, connec-
tivity among agents can be preserved and the containment
control will reach in finite time, if following inequalities are
satisfied

12
kig > ,Ol)wr{ax (LSTlle) ,

1/2
kas = ool (LiLa1)
Proof: Design following Lyapunov function

Vi =S Ly ®1) S (25)

Differentiating V7, we can get (26), as shown at the bottom
of the next page.
Similar to Theorem 2, we have

m L
Vs < —ST (54" + 8 ) sign (S4)
(Bsausdiag (1, 15~") + Boaodiag (1n17))
When 5, #0,r =1,2,--- N, define M =
min { Bsasdiag (Ima11*~") + Bsasdiag (In11*~")

-+, psasdiag (Inwv|*™") + Bsasdiag (InI* ™) .

and M > 0, we can get

m P
Vi < —MS; (54" + 58 ) sign (S4)
myq|  mtn Py b4
< _Mﬁ)l+ V72n _M\/_q—"_ V72‘i .
When ny,, = 0,m = 1,2,---, N, similar to Theorem 1,

when ¢ > 13, all sliding mode s;4 = 0 could be obtained. And
settling time is #; = !

[ 14 .
TR e e

When ¢ > t7, nonsingular terminal sliding mode be

expressed as
sia = Nxi + Bsmil™ + Bolnuil™ = 0,i € F. (27)
Derivative of (27) is
Mai = —ats B |yl * ™ i — 6Bl *© Vi
That is,
i

1 1
—as P51l ¥ — ag Pelnil*
Nvi

—asBs |l — e Belmyil !

f?vi =
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One chooses Lyapunov function as
1
Vg = 5’73 Ny
It can obtain

VS = U{ilv
T

. ( Ny )
"\ —asBs|nu|4™! — agBelny|@!
3—as 3—ag
_ _nv . Ny

asfs  aeBe
3—as 3-os 3—ag 3-a6

277 Vg ? 277 Vg ?
asps 66
By Definition 2, one gets

asBs a6Be
2 (1) 2 (1)

In same way, one gets

13 =

lim n, = 0.

t—1y4

So, it can obtain converge time is
Ty = t7 + 2t3.

Remark 1: For controller (9), “sign(.)” is used, which can
cause chattering behavior. This is a common problem in
dynamical systems with non-Lipschitz right-hand side. The
sat function is usually used as a Lipschitz approximation
of the sign function and is used to eliminate chattering. sat
function can be designed as

-1 s;i<—a
5

sat (s;) = = Isil <a
a

1 Si>a

(a) Position topology.

(b) Velocity topology.

FIGURE 1. The position and velocity topology graph.

Remark 2: Theorem 1 is to solve finite-time containment
control using terminal sliding mode method, and Theorem 2
is to solve finite-time containment control using nonsingular
terminal sliding mode method. Terminal sliding mode may
cause singularity in the system, therefore Theorem 2 uses
nonsingular terminal sliding mode to solve finite-time con-
tainment control problems. Theorem 3 is to solve fixed-time
containment control using terminal sliding mode method, and
Theorem 4 is to solve fixed-time containment control using
nonsingular terminal sliding mode method. The comparison
between Theorem 3 and Theorem 1, as well as the comparison
between Theorem 4 and Theorem 2, are aimed at highlighting
the advantages of fixed-time containment control. Terminal
sliding mode may cause singularity in the system, therefore
Theorem 4 uses nonsingular terminal sliding mode to solve

fixed-time containment control problems.
]

VI. SIMULATIONS
In this section, assume nine agents with 6 followers and

3 leaders. Communication topology graph of position and
velocity be designed as Figure 1. We implement finite-time
and fixed-time containment controllers in four cases.

Vi=Si L ®1)S4

= 5§ @ & 1) (iis + Bsasdiag (1,1 ) i +Psasdiag (In,1%0~") i)

=Sl La®Dny

+ 5] (La ® 1) (Bsausdiag (1n)*™) + Boasdiag (10,17 )) (Urs 0 + F ) + (L Lo @ 1) F1 ()

= ST (Bsasdiag (1n,1 ") + Bocediag (1n1%™") ) (Lt @ ) (Ups () + Fr () + (L2 ® L) Fi (1)

+8T (La®Dn,

= ST (Bsausdiag (1n,1*5™") + Bocediag (1,1 ")) (Lot @ L) Fy (1) + (L2 @ L) Fi (1)

+ 5] (Bsasdiag (In.1*5~") + Bsasdiag (1n,1*"))
(—diag( . — . —

Bsasdiag (Iny|*5~") + Beasdiag (1ny|*~")
+ 84 (L1 ® L) 0y

VOLUME 12, 2024

m P
) — diag (kis |l + kaa Iny1) sign (S4) — (S; + 5/ ) sign (84))

(26)
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(b) Velocity change.

FIGURE 2. The position and velocity change of eight agents.

t
(b) Velocity error.

FIGURE 3. The position and velocity error of eight agents.

Example 1: We consider second-order system with six
followers and three leaders. Label 7,8,9 are leaders and
1,2,3,4,5,6 are followers. In Theorem 1, the initial value of
followers’ position is x (0) = {4,0.3,2, -5, -2,3},i =
1, - - - 6. The initial value of velocity of followers is v (0) =
{-1,-1,5,-0.05,—-1.8,1},i = 1,---6. And leaders’
position initial value was set x (0) = {-1,1,1},i =
7, 8,9, and leaders’ velocity initial value was set v (0) =
{2,2,3},i =17,8,9. Controller parameters can be designed
as k11 = 30, ko1 = 3, k41 = 3, and sliding mode parameters
can be designed g1 = 7, o1 = 0.5.

We can get Figure 2 to Figure 3. Figure 2 depicts position
and velocity change of six followers and two leaders. Figure 3

27048

(b) Velocity change.

FIGURE 4. The position and velocity change of eight agents.

(b) Velocity error.

FIGURE 5. The position and velocity error of eight agents.

presents position error and velocity error for leaders.From
the Figure 2 to Figure 3, we can see that the position and
velocity of the followers will enter the convex hull formed
by the position and velocity of the leaders, and the position
and velocity error between the followers and the leaders will
converge to 0. Therefore, our proposed controller is effective.

Example 2: We consider same system in Example 1 by (2)
and (3). We use the same initial values as Example 1.
We design controller parameters as kj» = 20, koo = 1, and
sliding mode parameters 8, = 0.4, o = 1.5 and get Figure 4
to Figure 5. Figure 4 shows position and velocity change of
all agents. Figure 5 presents position error and velocity error.

VOLUME 12, 2024



J. Feng et al.: Distributed Finite-Time and Fixed-Time Containment Control

IEEE Access

(b) Velocity change.

FIGURE 6. The position and velocity change of eight agents.
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FIGURE 7. The position and velocity error of eight agents.

Figure 4 expresses the followers can enter into the convex hull
spanned by leaders, and from Figure 5 can see that the error
can converge to 0 in finite-time. Therefore, the controller
proposed by Theorem 2 is correct and suitable.

Example 3: We also consider same system in Example
1 by (2) and (3). We use the same initial values as Example
1. We design controller parameters as k13 = 3,k =
5,k33 = 3,ks3 = 5, and sliding mode parameters 83 =
20,3 = 0.9, 84 = 09,4 = 1.5. One can gets Figure 6
to Figure 7. Figure 6 depicts position and velocity change
of six followers and two leaders. Figure 6 presents position
error and velocity error for leaders and followers. From the
Figure 6, we can see that the red dashed line represents the

VOLUME 12, 2024

(b) Velocity change.

FIGURE 8. The position and velocity change of eight agents.
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t

(a) Position error.

0 2 4 6 8 10
t

(b) Velocity error.

FIGURE 9. The position and velocity error of eight agents.

leader’s position trajectory, while the magenta dashed line
represents the leader’s velocity trajectory. The position of the
followers can enter the convex hull formed by the red dashed
line, and the velocity of the followers can enter the convex
hull formed by the magenta dashed line. From the Figure 7,
the position and velocity error between the followers and the
leaders will converge to 0. Therefore, the controller proposed
in Theorem 3 is effective.

Example 4: We consider same system in Example 1 by (2)
and (3). We use the same initial values as Example 1.
We design controller parameters as k14 = 2, koa = 3, k3qa =
3,kss = 4, and sliding mode parameters 85 = 0.1, a5 =
09,86 = 09,6 = 1. We can get Figure 8 to Figure 9.
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Figure 8 shows position and velocity change of all agents.
Figure 9 presents position error and velocity error. From the
Figure 8, we can see that followers can enter the convex
hull formed by the position and velocity of leaders. From the
Figure 9, the position and velocity error between the followers
and the leaders will converge to 0. Therefore, the controller
proposed in Theorem 4 is effective.

VII. CONCLUSION

In the paper, two different controllers were proposed to
solve the finite-time and fixed-time containment control
problems for multi-agent systems with nonlinear dynamic
function under heterogeneous networks. Controllers were
designed according to sliding mode control to deal with
containment problem. By using relevant control theories
such as Lyapunov theory and graph theory, four containment
controls are verified and the effects of containment are
achieved. We also calculate the convergence time of the
converged final containment state. Finally, using simulations,
the validity of both theories is verified.

The prospect of this work is to consider that sliding
mode control can eliminate the effects of disturbances. In a
heterogeneous topology, finite-time and fixed-time contain-
ment control were achieved by designing corresponding con-
trollers. Due to various reasons, the communication topology
of position and velocity between multi-agent systems can
adopt different topologies, making heterogeneous topologies
more meaningful for research. The limitation is that the
controller may experience nesting, increasing computational
complexity. Therefore, we hope that the proposed controller
can reduce computational complexity to achieve the goal.
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