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Adaptive Containment Control for a Class of Uncertain Multi-agent Sys-
tems With Unknown Virtual Control Gain Functions
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, and Qi Li*

Abstract: In this paper, we consider a containment control problem for a class of uncertain multi-agent systems
(MAS:s). The systems contain unknown parameters and virtual control gain functions. By introducing lower bounds
of virtual control gain functions into the Lyapunov functions, a novel controller design scheme is proposed based on
an adaptive control design approach and bound estimation method. The designed controller is simpler in compar-
ison with other controllers. The simulation results show that three followers converge into the convex hull rapidly
following the sinusoidal leaders, and the effectiveness of the designed controller is verified.
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1. INTRODUCTION

Backstepping adaptive control [1-3] is one of the fron-
tier topics of adaptive control theory and application [4].
In recent years, this method has shown great potential in
improving the quality of transition process when dealing
with nonlinear systems. Backstepping can be used to de-
sign control schemes to meet the matching conditions of
triangular single input single output nonlinear systems.
Therefore, backstepping design method has attracted great
attention all over the world. In order to deal with un-
modeled dynamics in nonlinear systems, a backstepping
controller was proposed in [5], and the proposed control
scheme does not require any dynamic dominating signal
to guarantee the robustness property of Lagrange stabil-
ity. In [6], the designed observer and controller are time-
delay independent. Based on Lyapunov stability theory,
and the asymptotically stable of the closed-loop system
was achieved. In [7], a command filter and universal ap-
proximator was designed for uncertain nonlinear systems
to avoid differential explosion problem.

Uncertain systems widely exist in nature and practical
engineering applications. Objectively speaking, each ac-
tual system has different degrees of uncertainties. The in-
ternal uncertainties of the system usually refer to the struc-
ture and parameters of mathematical model, such as un-
modeled dynamics, unknown system parameters and un-
known control parameters, which can not be accurately
known to the designer in advance. As an external envi-
ronment, the impact of uncertainty on the system is of-

ten equivalent to unpredictable or random disturbances.
In [8], an adaptive backstepping control scheme was de-
signed for uncertain systems with unknown input time-
delay. By considering input saturation and external dis-
turbance, a novel adaptive control was realized in [9]. In
[10], an adaptive stabilization was implemented for uncer-
tain switched nonlinear systems. To deal with the problem
of quantized input signal, a novel adaptive backstepping
controller was designed in [11]. In [12], an adaptive fault-
tolerant control scheme was given for a class of uncer-
tain nonlinear systems by combining with command fil-
tered technique. From [8-12], the diversity and necessity
of studying uncertain systems were presented in details.
If the control direction of the closed-loop system is un-
known, it will undoubtedly bring great difficulties for con-
troller design. In fact, nonlinear systems with unknown
control direction have a wide range of applications, hence
the design of adaptive unknown control direction con-
troller is a crucial concern and many results have been
achieved. In [13], an adaptive controller was designed for
nonlinear time-delay systems based on neural networks,
and an adaptive fuzzy tracking control was realized for
nonlinear time-delay systems in [14]. In [15], an adaptive
robust control was proposed for uncertain dynamical sys-
tems. In [16], an adaptive asymptotic tracking was pre-
sented based on barrier Lyapunov function. In [17], an
adaptive finite-time control was designed for stochastic
nonlinear systems. From [13-17], it can be seen that Nuss-
baum gain technique, neural networks and fuzzy approxi-
mation are commonly used to deal with unknown control
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direction for nonlinear systems.

A multi-agent system (MAS) is a set of multiple agents,
and research of MAS involves the coordination and coop-
eration between agents. In recent years, multi-agent coop-
erative control has become a hot research field. Coopera-
tive control problems of multi-agent systems include con-
sistency control [18], containment control [19] and for-
mation control [20]. The latter two can be regarded as the
generalizations of consistency control. Containment con-
trol refers to a group of followers moving in the small-
est geometric space (convex hull) surrounded by the guid-
ance of multiple dynamic leaders. Containment control
has a large number of potential applications in multiple
agents jointly completing cooperative tasks such as haz-
ardous material handling, enemy area search, fire rescue
and cooperative transportation [21]. Therefore, contain-
ment control of MASs has been widely studied in recent
years [22-27]. Generally, the agent may carry different de-
vices during the cooperative control, which may cause the
MASs with unknown control directions. To ensure the sta-
bility of the MASs, we need to design an effective con-
troller to ensure that the follower enter and maintain in
the convex hull surrounded by the leaders. From the ex-
isting achievements, there are few achievements in this
area. Therefore, it is significant to study the problem of
containment control with unknown control direction. As
a result, we consider a containment control problem for a
class of uncertain multi-agent systems. The agent contains
unknown parameters and virtual control gain functions.
Different from the related design schemes, the following
contributions are summarized.

1) An adaptive controller with simpler structure is de-
signed, and it is first attempt to the application in
MASs. Compared with other related methods, the de-
signed controller is effective in structure and calcula-
tion. The proposed controller ensures that all the sig-
nals of the closed-loop MASs are uniformly and ulti-
mately bounded, and the followers will converge into
the convex hull surrounded by the leaders.

2) In order to solve the problem of virtual control di-
rection in MASs, different from [13-17], we propose
a simple controller design method based on backstep-
ping method. By introducing the bound of virtual con-
trol gain function into the Lyapunov function, the de-
sign procedure is based on adaptive control method
and bound estimation method. The controller does not
need to know the upper or lower bounds of unknown
virtual control gain function, and the applications of
upper or lower bounds are only used for stability anal-
ysis. The controller design is not restricted by the sign
of gain function.

2. STATEMENTS AND CONTROL OBJECTIVE
OF MULTI-AGENT SYSTEMS

Consider the nonlinear strict-feedback MASs with the
form

gy =8py (%py) Xpyi1 + 05 fp.y (Tp.y)

Xpn=8pn (Tpy) up + 65 oy (%p.y)
yﬂ :xﬁ,la

where Xg , = [xg,1, Xg 2, - - -» xﬁﬂ]T ER",B=1,2,..,N,
y=1,2, ..., ndenote the states of the Bth agent, ug € R
represents the control input of the Sth agent, yg € R de-
notes the output of the Bth agent, 6g € R' is an unknown
system parameter vector, gg, (%5y) €R, y=1,2, ..., n,
are unknown control gain functions, and f3 , (%3 ,) € R,
vy=1, 2, ..., n, denote known smooth nonlinear func-
tions. For the convenience of derivation, 8B,y (Xm,) and
fp.y(%p,) are abbreviated as gg, and f3 ,, respectively,
and ||-|| denotes the L, norm of the vector.

In order to connect the information between agents,
graph theory is adopted in this paper. Define informa-
tion exchange graph of the agents as G = (s, E,C) , where
s={81, ..y SN SN+1» - - -» SN+m | 18 @ set of agents, and the
followers are marked as B =1, 2, ..., N. In other words, in
set s, the first N agents are followers and the last M agents
are leaders. For j=1,.... N+ M, € = {(sﬁ,sj)} Csxs
denotes a edge set, where x represents the Cartesian prod-
uct, and C = [cp ;] € RW+M*(N+M) i called an adjacency
matrix. (sg,s;) € € represents the follower B can receive
the information from its neighbour agent j. If (sg,s;) ¢ €,
cg,j = 0, otherwise, cg ; = 1. Noticing that c¢; ; = 0 (no
self-edges) and ¢; ; = O (there is no neighbour for leaders)
fori=N+1, ..., N+ M. Define a Laplacian matrix as
L= [Lg,|] € RNHM*WN+M) = D — C, and D = diag(d,

co djy dyiy) is a degree matrix of agent j, and
dg = Zyle cp,j- Suppose that there is at least one neigh-
bour for each follower. Under this condition, the Laplacian
matrix of the graph can be partitioned as
Ly L
L= |:0M><N OM><M:| ’ @
where L; € RV*N represents the communication between
N followers and L, € RY*M denotes the communication
between N followers and M leaders.

Definition 1 [28]: For a convex set ® C R, there exists
arbitrary x;, x, C ® and p € [0, 1] such that the point ox| +
(I =p)xy is also in set @. For a set of points A = {x,
.. X}, convex hull Co(A) is a minimal convex set and

defined as Co(A) = { T\, 0% [ 3 € A 0,> 0, 1y 0, =
1}

In this paper, control objective is to design a feasible
adaptive controller for MAS (1) such that the outputs yg
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(B=1,2,...,N) of the followers converge to the convex
hull following the leaders y; ;, j=N+1,..., N+M,ie.,
inf,cy ’yﬁ —w| <€ Y =Co{yns1s - YNtm}, and € > 0
is a sufficiently small constant. In addition, all the sig-
nals of the closed-loop MAS are uniformly and ultimately
bounded.

To achieve the control objective, the following Assump-
tions are needed.

Assumption 1: The dynamic leaders y; ; € R, j =N +
1, ..., N+M are bounded and differentiable, and their nth-
order derivatives ygfj are continuous and bounded.

Assumption 2: The sign of ggy, Y=1,2, ..., nis
known. In addition, if gg, > 0, the lower bound gg , of
gp,y is unknown such that 0 < gg , < gg , and gg ,/8p .y >
1; if ggy < 0, the upper bound gg y of gg , is unknown
such that gg , < gg, < 0 and gg ,/gp, > 1. Without loss
of generality, gg , > 0 is used in this paper.

Assumption 3: Each follower agent has at least one di-
rected path communicated from the dynamic leader.

Lemma 1 [29]: Based on Assumption 3, L, is a nonsin-
gular M-matrix, which means it is invertible. In addition,
the sum of each row of 7121_1[:2 is equal to 1, and all the
entries of —L; 'L, are nonnegative.

Define ¥ = [yun+1s -+ Yan+nm)' and yr = [yri, ...,
yin|T = —L7'Lyy, where y;, € R withp=1,2, ..., N.
From Lemma 1, it is easy to know that inf,,cy [y, , —w| <
ewithp=1,2,...,Nforall¢ > 0. Then, containment con-
trol design can be transformed into tracking control design
for each follower such that |yg — ys.,| < & with p=1, 2,
..., N and € > 0 is a constant that can be sufficiently small.

3. MAIN RESULTS

Theorem 1: Consider the uncertain MASs (1), based on
Assumptions 1-3, for arbitrary initial conditions, the fol-
lowing state feedback control laws and adaptive law guar-
antee that the outputs yg (8 = 1,2, ..., N) of the followers
can track the desired signals y;;, j =N+1, ..., N+ M,
of the leaders, and all the signals of the closed-loop MASs
are uniformly and ultimately bounded. Additionally, con-
tainment errors between leaders and followers converge to
a tuned neighborhood of the origin.

1 _
op = —% (bﬁAlZﬁJaé,] +Clﬁ,1Zﬁ,1) ;

=2
Opy=— (bﬁyyzﬁ,yaﬁ.,ﬁaﬁ,ﬂﬁ#) ;
vy=2,3, ..., n, ug = g n,

3

fig= ];’ﬁ (lzpa] [Wpl|) — opits,

where dﬁ = ?’i{wCﬁ"j, agy > 0, bﬁ’y > 0, Y= 1, ..., n,

rg > 0 and opg > 0 are positive design parameters. 0 ,_1,
v =2, ..., n denotes the virtual control laws for the yth-

subsystem of the Sth agent. The transformation errors zg ,,
are given by

N N+M
J=1 J=N+1
S is @)
=dpyg— Y Cpyi— Y, BV
J=1 j=N+1
By =Xgy—Opy—1, Y= 2, ..., n

Suppose that iz is the upper bound of the unknown vec-
tors Vg y and which is defined by

ly=1,...,n}, )

pp = max {||vg

where

6 1 X 1]
Uﬁ,lzl £ fzcﬁ,j(gj.lxj,z—(')ffj,l)’g ;

gﬂ,l ' gﬁ,lj;]
(6)
and
T T T T r 17
Vpy = [”ﬁml’ VB2 UBy3r Vpya Uﬁ.,y,S] (D
vy=2,3, ..., n,
with
- T T
vp s — S8t %
B,y,1 — | < PN )
| 8Br-1 8By
~lspa 8p2 gﬁ,y1:|T
Vgy2= | < s < 5 oos —x |
L8B.y &By 8By
- . T
1 I:lp
Vgy3= |~ =
86y 8By
811 8ly-1 8id . T
» _ gﬁ_ycﬁ’l’ Y 2, CB1y - g;.ycﬁ,], ,‘|
B,y.4 g/ly—lc ) g/vi.lc ENy—1
Ay Bov o 2, CBNy oy g mOB,
T
N O
ByS = | CBAs++-y < —CBjs---y < CBN
8By 8By 8By ’

with j=1,2,...,Nand j # .
fig is the estimate of g, then the estimation error is
degined as fig = ug — fig. The vectors W in (3) are de-
signed as follows:
N-+M r
Wﬁ,l = [dﬁfg17_17_ Z Cﬁj)’d]‘| ) (8)
j=N+1

and

T
_ T T T T T
Wy = [Wﬁ,y.h Wﬁ,y,zv Wﬁ,y.37 Wﬁ.y,4v Wﬁ,y.s} C))

Y=2,3,...,n,
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with

T
805[37 1
Wﬁ.y,l = |ﬁﬁy lafﬁy Z fﬁ,k )

axl;,
aaﬁ 1 aaﬁ 1
W, — | — 2 - ! X ) ’
B.v.2 [ 8Xﬁ’1 ; axﬁz B3
dagy- T
_ x|
90X y-1
- T
NeMYZl o 9 oo
_ By—1 (k+1) B.y-1
Wopa= |- L Y5 W i T on ’
| j=N+1k=0 9y Hp
do do, T
—CB1 a)/iy X1,2,---5,—CB 1 3)(?:1 Lys«-««s
W, —cp 2% 9041
B.y4 = | ~CB,j Bxl tXj2s - Cﬁzaxj Xjsyr--=s |
ey 2Bty —c G Lx
BN "gxy, XN25- BN Gxy g *NY
_ T
—Z Cp.1 (;xf Srks-
W - 9
B,v.5 y—1 05, .
L ep B ks~ L cpn
where j=1,2,...,Nand j # 3.

Proof: The controller design process is consisting of the
following n steps based on Lyapunov second method and
backstepping method.

Step 1: For the 1st subsystem of the Sth agent, select
the Lyapunov function candidate Vg ; as follows:

1
Vg1=—25,4+—[i3. 10
P D P 2t o

The time derivative of Vj ; is obtained by

L s (11

v 1
1= 3
b 88,1

From (1), (4), (11) and fig = ug — /ftﬁ, the following
results hold.

. 1
Vo1 = gZB,ldﬁ (8/3$1x372+ egfﬁ.,l)
Nt

1

T
S 2 —07f,
8B,1 7 )
1 NiM 1 .
cp,jyaj— —Hpll
8B.1 =Nt P g P

N+M
A\ dpO5 foa— Y cpya,

J=N+1

—0/ fi1)

8p.1

1.
—Euﬁuﬁ +28,105  Wp.1- (12)

From (5), we have z 1 v, Wp 1 < |26.1] Hvﬁ, H |[Wg.1]| <
’Z.B,lyﬂﬁ HW/;_1||. By applying fig = ug — fig and (12), it
gives

. 8B.1 8B,1
Vs < Pldgzgizpa+ o dgzg 0,
88,1 88,1

1.
_EUB“B+|Zﬁ:1|“ﬁ [Wg.1]| (13)

L .
oot (mleoa [ 9h1 =) 09

where &g | = fig Hwﬁ,l H According to (3), the following
inequality holds.

<dpzp 101+ |2p.1] Op.

— (Bpazh10F 1 +apazh ) +1zpa| G

1 1
2 =2 =
= —bg, (Zﬁ,laﬁ,l - bﬁil ’ZBJ ’ o1+ 4b§_1>

- 5
— —a
4bg 1 P1%p

1 \* 1
=—b a —— —ap,7
P (Zﬁl A1 2b/31) Jr41713.,1 “p1%p.
1 2
< — — . 15
= 4bg, 813 ()

Substituting (15) into (14) yields that

1 8B,1
Vs < —d o
B1 S aﬁ1231+4bﬁ + 5 —dpzp.10p,

8B,1
1. N
e\ 21| Wil =B ) - (16)
Step Y (y =2, ..., n— 1): For the yth subsystem of the

Bth agent, select the Lyapunov function candidate Vg , as
follows:

Voy=Vgy1+ sz. (17)

1
Zg[; Y
The time derivative of Vg , is derived as

V Vgyo1+ ! '

By = VBy-17T 5 2B¥3By
8By

1
—Vﬁ71+g 2.y (py—Opy1) - (18)
p
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From (1) and (3), it gives that

1
S4B, YeﬁfﬁY
ﬁy

(gﬁkaB,kH + BﬁTfﬁ,k>

1 0657},,1
~— 4B,
25y ﬁVZ ax P

N —
L4 (9(1[3 ,1
; gzakxj,kJrl

j=lk=
N+M y-—1

1 Q0 41 (1)
By Y, YCpJ W Vdj
By j=N+1k=0 Dy

- < %B, 7,\,11 . (19)
N4 "9 P
Then, the following result holds.

. . 1
VBy =Vey-11+ 5—26.48p./%B.y+1
8By

eT a
B o)

7=1 P
8Bk OO0B y—1
—Z XB k+1
Zigﬁy Ixgr P
N 7-1 pa)
8 k., OB y—1
— 1B, YZZ cpj By Xjk+1
j=lk= 18137
Nl 9T 805
ﬁy 1
— 2B, ?’ZZ fik
j=lk= 188 7
1 NiM }’icﬁ »aaﬁ7y71y§1k+l)
, J J
8By j=N+1k=0 (9y‘(1]3- !

z (20)
8By

From xg ;1 = 25 y+1 + 0g y and (16), (20) can be further
derived as follows:

y< - Zaﬁkzﬁk+24bﬁk

1 - N
e (Sl 0l

8B,y-1 1
gﬁ,yfl v v

_|_

1
+ 28,988,709,
26y B.ysB, v By

9 &
A

gﬁkaaﬁy 1
~ 2, Z

XB k+1
~2py Oxpi
N y-—1 a
8 k. 05,—1
—ZB, ?’ZZ N j ﬁ Xjk+1

j=lk= 13137

N gT y—1
—Z f k
BVJZ,Ig Z BJ 8x Js
! Nimzl 9y 1 kt1)
- B, d,‘
gﬁ,y J=NF k= ! Eik /
by o,
T 1)
8B,y Hp
From (7), it follows from (21) that
. Vi 5 Vi 1
Vey< =) apizpat )
k=1 P i=14bp k
1. [ R
+ B | L |zl Wil =2
B k=1
1
+ < 2B.y8B.y2B.y+1
8B,
T
+Zﬁ_'va’yWﬁ7y
7—1 —1 1
2
< —;aﬁ kZﬁ7k+ ;4bﬁyk
1 _ r-1 .
+—fg | L |zp el Wil =g
B k=1
L]
< 2B,y8B,yZB.y+1
8B,y
1 _
+ 28,4869+ |25.4] 5. (22)
8B,y

with 0t = g || W,y -
According to g in (3) and (15), then the following
inequality holds.

8B.

1
v 2
25 S Byt |Zﬁ }’| Qgy < 4b —ag.yigy (23)

Substituting (23) into (22) gives that

y<— Zaﬁkzﬁk+24bﬁ "

1
+ < 2B.y8B.y2B.y+1
8B,y

1. [ N
+—fig (Zrﬁ |2 4] [ W] —“/3> - @
B k=1

Step n: For the nth subsystem of the Bth agent, choose
the Lyapunov function candidate Vg , as follows:

Ve =Vgp1+ (25)

1 2
—Z5
Zgﬁn B

Then, the time derivative of Vg , is obtained by

<~ 4B, nzﬁ n

Wn

1
Vn=Vgn1+-
B = Vg, 3
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. 1
=V +——
B, 2

,n

2B.n (gﬁ,nuﬁ""egfﬁ,n_aﬁ,nfl) .
(26)

20 (g0 — Op 1)

= VB,nfl

From the results in Step 7, it follows that

1 1
Vo=V, 1+§Zﬁngﬁnuﬁ+ 7 Zﬁneﬁfﬁn

1 o 1805‘;7,,_1

Y,

- S \8BiXBk +9Tf,)
PR P o, (B, g+ + 0 fp

1 N+M n—1 aaﬁﬂ (k)
_%Zﬁ’njzzvﬂk 0 P dy <k) Y

1 80557”_1 N
B g By @7

Then, the following inequality holds.

n—1
8B
Vi< —Y agizg,+ +ZBn\
Z B. Z4bﬁ 2

Zﬁ.nfl

n—1

8B.n 1 _ = ~
gt Wi -
2, ot e <k§rﬁ|2ﬁ,k|H 5.4l Nﬂ)

1 d aﬁ,nfl ~

— < Bn—m, M
gﬁ,n Props TP

1dag,
(fﬁn Z af klf[i>

'Hgm dag
- :anz > a
i—18Bn OXBk

1 N+M n—1 80657,1 L (kD)

- Z Z CB.j (k) d,j ) (28)

gﬁ,n J=N+1k=0

Then, it follows from (28) that

n—1 n—1
. 1
2
Ven < _Zaﬁ«,kzﬁ,k + 27419,; .
gB
vﬁ nWﬁ"

1 _ 1
Lh (;rﬁ ST

< - Zaﬁkzﬁk+24b P

8B.n _
+ < n + n n
25 zp.ttp + |25.0] Op,

1 ~ n—1 R
i (Bl 5.l ).
B k=1

where ap, = fig ||Wﬁ’nH . According to (23), substituting
ug in (3) into (29) yields that

Vﬁﬂ = Zaﬁ kzﬁk+ Z4bﬁk
1 2
+%—aﬁanﬁ7n
R .
R <k_21rﬁ 26| [|Wp.el Ms)
n n 1
=—Yapizpi+ Y
];1 Bk Bk ];14ka

1 n—1 i
+ L, (zrﬁ e W —nﬁ) R
s k=1

Then, it gives the following result from substituting the
adaptive law in (3) into (30).

n n G
Vo < — 2 =P i
bn S = Xapiput Lo+ Fely
2 2
n n 1 G,BIJ'ﬁ G,Bl"’ﬁ
< =Y apizpit - +
P k;‘”ﬂﬁ.,k 2rg 21
2 2
n O-ﬁl'L n 1 GB"L
2 B B
= LBk + +
,; Pk 2pg ,;41)&,( 2rg
< Vgt G, (31)

where ¥g = min{2agy, o, k =1, ..., n} and ¢g =
Yio1bpi + Gﬁ,u_;/ (2rg) with l.yﬁyk = 1/' (4bg 1) . Choose
the following Lyapunov function candidate for all fol-
lowers: V = ):kN:I Vi, from the results of (31), we
have V < =YV Vi, + Yoo G it gives that V <
Yo Vin(0)e % + YN ¢ /0. Accordingly, all the
signals of the closed-loop MASs are uniformly and
ultimately bounded. Additionally, it is implied that
/2|1 < T Vin () e ™ +X 6/ with
71 = [Zl.l’ Ceey ZNJ}T, it gives that HZ|||2 < ZkN:] kaﬁn (0)
e % 4+ YN 2¢ /0. Therefore, the error surface vector
||z1|| converges into the bound of Y&, \/2¢; /% with the
increase of time. By increasing ¥, ZkN: 1 v/ 261/ % can be
tuned to an arbitrarily small value. Then, define a vector
Yo = [1s - yn]7, from z; = Liyo + Ly, it can be seen
that the output yg of the followers converge into the con-
vex hull following the leaders yq ;, i.e.,
with f =1,2,..., Nand p=1, 2, ..., N. The proof of
Theorem 1 is completed. 0

4. SIMULATION

In order to show the performance of the designed con-
trol scheme, the following MAS is given:
xg1 = (1+0.1sin (xp))xp+sin(xg,),
X2 =2upg +0.2sin (xg;) +2sin (xp) , (32)
YB = XB.15 ﬁ =1, 27 31
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Fig. 1. Directed communication graph.

where x5 and xp, represents the state variables, yg den-
toes the system output, and ug is taken as the actual
control law. The dynamic leaders 1 and 2 are y;; =
cos(t) + 1 and y,; = cos(t) — 0.7, respectively. Define
fg, = 0.5sin (xl;#l) and fg, = 0.1sin (xﬁjl) + sin (Xﬁ.z)-
Then, the unknown parameter of the MAS is 9[3 =2. Ac-
cording to the directed communication graph in Fig. 1, the
relative adjacency matrix and the Laplacian matrix are de-
termined as follows:

01110
00111

c=10000 1], (33)
00000
00000
3 -1 -1 -1 0
03 —1 —1 —1

L=]0 0 1 0 —1]. (34)
00 0 0 O
00 0 0 0

From Theorem 1, the virtual control law o can be
selected as

1 )
=g (bﬁ,,zﬁ,lag_,l +aﬁ,lzﬂﬁ1) , (35)

where ag; and bg; are appropriately selected positive
parameters, 2,1 = 3x1,1 —X2,1 —X3,1 — Yd,1, 22,1 = 3X2,1 —
X301 — Ya1 — Va2, 331 = 2x31 —Xx1,1 —Ya2 and Qg =
g ||W57] H The actual control law ug and adaptive law [1
are given as follows:

up = — (bﬁ,gZﬁ,zaé,z +aﬁ72Zﬁ,2) ; (36)
. 2
iy = 2rs (lzpl [Wall) = opp. 7

where ag 5, bg», rg, and op are positive designed param-
eters, zg» = xg o — g and O » = flg HWﬁ»?H'

The specific parameters are determined as follows:
ag,) =20, ap,=20,bg =1,bg, =1, rg =0.0001 and
og = 1. The initial conditions of MAS are x;; (0) = 4,

40 —e—Followerl

j —&—Follower2
—e—Follower3 | |
- = —-Leaderl
- - —Leader2

2~ -~ -

Tracking performance

Time/s
Fig. 2. Tracking performance of MAS.
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Fig. 3. Containment errors of MAS.
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Fig. 4. Control inputs of MAS.

X2.1 (0) = 3, X3,1 (0) = —2, X1,2 (O) =X22 (0) = X32 (0) = 0,
and {1, (0) = 1 (0) = {13 (0) = 0.

The simulation results are displayed in Figs. 2-5. The
tracking performances of the followers are given in Fig.
2, it shows the position curves of three followers and two
leaders outputs. The results imply that the followers Fi, F,
and F; converge to the convex hull following the leaders
L and L,. The containment errors zg | are shown in Fig.
3, and the it shows the containment errors can converge
to a tuned neighborhood of the origin. The control inputs
for leaders and followers are displayed in Fig. 4. Fig. 5
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0.025 s
)

=4
o
o

0.015

o
2

Adaptive parameters [ig

Time/s

Fig. 5. Adaptive parameters flg.

shows the curves of adaptive parameter fig for leaders and
followers. Therefore, it illustrates that the stability of the
MAS is achieved through the proposed adaptive backstep-
ping containment controller, and the effectiveness of the
designed controller is verified.

5. CONCLUSION

In this paper, a novel adaptive control scheme has been
given for a class of MASs with parametric uncertainty, and
the problem of containment control with unknown control
direction has been solved. The proposed control scheme is
based on backstepping method, adaptive control method
and bound estimation method. The designed controller is
effective in structure and calculation. It is proved that all
the signals of the closed-loop MASs are uniformly and
ultimately bounded. Additionally, containment errors will
converge to a tuned neighborhood of the origin. The sim-
ulation results illustrate the effectiveness of the designed
control scheme. For the future works, the combinations of
fault-tolerant control and event-triggered mechanism are
effective to make the MASs safe and save communication
resources between agents.
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