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Abstract: A fuzzy adaptive containment control issue is researched for a class of nonlinear p-
normal multiagent systems with sensor faults, disturbances and unknown time-varying
parameters. Unlike the structural features of existing results, the dynamic of each agent is a
power exponential function. The adding-a-power-integrator technique is employed to handle
the positive odd-integer powers intrinsic to p-normal dynamics. In order to simplify the
calculation steps, a novel compensation controller is proposed to resolve sensor faults by using
the Nussbaum gain technology. Based on approximation characteristics of fuzzy logic systems,
a nonlinear disturbance observer is designed to estimate unknown composite disturbances
consisted of external disturbances and approximation errors. In view of the Lyapunov function
method, all closed-loop signals are proved to be bounded. Finally, a simulation example is
given to verify the effectiveness of the proposed control protocol.

Keywords: adaptive containment control; disturbance observer; p-normal multiagent systems;

sensor faults

1. Introduction

The containment control of multiagent systems (MASs)
has attracted wide attention for its applications in practical
systems such as mobile robots, multiple ships and multiple
vehicles [ 1-8]. Since the necessary and sufficient conditions for
the containment control problem of MASs have been proposed
in [9], many containment control results have been gained in
[10-13]. In [14], the containment control problem of MASs
was researched via utilizing a distributed dynamic state
feedback control strategy. A novel distributed error term was
designed for containment control of MASs in [15]. It is worth
noting that the above control strategies only focus on the MASs
where the power of the control items is one, rather than

nonlinear p-normal MASs. Compared with the MASs of power

one, nonlinear p-normal MASs are more general and
complicated in [16—18]. Therefore, the containment control
problem of nonlinear p-normal MASs is quite challenging.
Sensor fault is a common phenomenon in practical
applications, which has a negative impact on system
performance if not adequately addressed. To solve the problem
of sensor faults, many efficacious fault-tolerant control
strategies were proposed in [19-21], but these approaches do
not account for the simultaneous presence of disturbances or
approximation errors. In [22], the problem of sensor faults was
solved by an adaptive neural network control technique. The
authors incorporated sensor faults into the neural network
during the derivation process. In order to reduce the
containment error, state observers were designed to estimate

sensor faults in [23], but the process is relatively complex. In
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addition, the above papers do not consider unknown composite
terms composed of external disturbances and approximation
errors, which would reduce the robustness of the system. For
nonlinear p-normal MASs, it is still a challenge to

simultaneously handle sensor faults and disturbances.

Unknown time-varying parameters and disturbances are
adverse factors to the control performance of MASs, which
often present when the actual system operates. To avert
unknown time-varying parameters and disturbances from
damaging system performance, a large number of effective
control methods have been developed in [24-26]. In [27], for
nonlinear MASs with disturbances, a disturbance observer was
designed to estimate the disturbances. Unknown time-varying
parameters were processed in [28] by establishing distributed
adaptive laws. Li et al. [29] proposed a smooth function to
overcome the difficulty of unknown time-varying parameters.
The above control schemes do not address the impact of
disturbances and unknown time-varying parameters under
nonlinear p-normal MASs, and the proposed control methods
cannot be directly applied to nonlinear p-normal MASs with
sensor faults. Compared to dealing with external disturbances,
sensor faults, or unknown time-varying parameters separately,
it is of great significance to simultaneously handle them and
achieve the adaptive containment control for time-varying p-
normal MAS:s.

Based on the above discussions, this paper designs a fuzzy
adaptive containment control scheme for the nonlinear p-

normal MASs with sensor faults, disturbances and unknown

time-varying parameters. The main contributions are as follows.

(1) A novel adaptive compensation controller integrating the
power integrator technique is proposed using the Nussbaum
gain technique to compensate for the impact of sensor faults in
nonlinear p-normal MASs. Compared to designing a state
observer to handle the disturbances in [23], the method
proposed in this paper is more concise due to the reduction of

design parameters in the derivation process.

(2) The use of fuzzy logic systems (FLSs) effectively
addresses the unknown time-varying parameters. The external
disturbances and approximation errors generated by FLSs are
resolved by designing a disturbance observer. Unlike the
observer in [27], the observer proposed in this paper is more
general due to the presence of power exponent terms in the

design process.
2. Preliminaries

2.1. Graph Theory

In this paper, the information exchange between N

followers and M leaders is indicated by a directed graph

G=(T,,T,) . The graph G  consists of a node set

Ty =(L....,N,N+1,...,.N+M) andasetofedges T, =T, xT,.

The adjacency matrix is represented as T, =|a,; | € R0
T, =diagld,,....d\,dy, - dy, )
N+M

where d, = z a;; , The Laplacian matrix is represented as
L

is the degree matrix,

TL :[Li’j}eR(NJ’M)X(NJ’M) :TD _TA . where Lw- :_al‘,j, if iij,

and L,= D, a,.The Laplacian matrix is

jev . j#i
T T
T ' ) { L] Lz }
0M><N OMxM

where T, eR™ and T, e R™  Each follower has at least
one route to obtain the information from one of leaders.
2.2. Problem Formulation

Consider the following nonlinear p-normal MASs:

X, =0 (% )x0 vyl (O, (X,).(1<g<n-1)
).Ci,n = ﬁ[,n (ftn )u[!,);” + l//[z,-n (t)Ei,n ('fi,n) + di,n (t) (2)

Vi =X
where X, :[xivl,xiaz,...,xi,q]r eR’ and X,=[x,%,...x,] eR"
are the state vectors. U;, represents the control input signal.
n, (¥, )€R and n,(X,)ER are the known virtual control
coefficient. The output signal of the system is ;. ¥/, (1) and
ZH0)

express unknown time-varying bounded parameters.

E,(x, and E,,(X,) denote known smooth functions.

d;, (1)

continuous function.

is the external disturbance, which is the unknown

It is assumed to be bounded along with

its first time derivative, which satisfies |d,-,,7(t)|Sa_',-,n and

4,0 |<d,. d

in

and Cz",, are positive constants.
Sensor faults are presented as:
¥/ (0)=8,0.0<8 <1 3)

where ¢, is the fault factor.

Remark 1. It is obvious that nonlinear p-normal MASs (1) are

more general than the MASs in [30-33] because the parameters
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p,. are designed as the positive odd integers. Further, how to

address the containment control problem of nonlinear p-normal
MASs (1) with sensor faults is worth exploring.

Define the following coordinate transformations:

N ) N+ M )
=2, (v -y)* 2 a3 -n) @
Jj= J=N+

2_7:_)([K _ai,ﬁfl’ S :2,3,...,71-

05

where «, is the virtual variable and j is output signal

5—1

of the leader.

Control objective: A containment control protocol is
proposed for nonlinear p-normal MASs with sensor faults,
disturbances and unknown time-varying parameters such that
the followers' outputs converge to a convex hull established by

multiple leaders.

Assumption 1 5 in (2) satisfies 0< ¢, < 5‘1 <1 in which

5‘1. denotes a known positive constant.

Definition 1 [34] There exist Nussbaum-type functions N (p)

conforming to
. 1o, .
lim sup—j N(p)dx =+
T o0

liminf - [7 N(p)dx = o0

o o Y0

where N(p)= 5 cos(p)
Remark 2. Projection-based adaptive estimation is also
commonly used to handle unknown constant gains with known

signs. In this paper, although the sign of the sensor fault factor
8, is known to be 0< ¢, <1, the virtual control coefficients
N, in system (1) are known smooth functions whose signs
may vary with changes in the state. Therefore, the sign of [
appearing in subsequent derivations is uncertain. If the
projection method is used to estimate &, (or 1/4,), the actual
control direction will reverse whenever 1,, crosses zero.
Since the projection estimator cannot adapt to such sign
changes, the system will lose stability. In contrast, the
Nussbaum technique does not require any prior sign
information and it can automatically adjust its output to
stabilize the system regardless of how the sign changes. This is
precisely why the Nussbaum method was selected in this paper.

Lemma 1. [35] Let p()>0 and Y() be the smooth

functions in [0,¢#]. For @>0, b >0 and % >0, one has

Viy<are™ j;[hL(?(l? ))3?(1? Y+ 1]eb7 dk

where (), Y@ and J'(:N ({((l? ))S?(l; )dk  are bounded.
Lemma 2. [36] Let f(x,) be a continuous function given on

a compact set Q . For any £>0, FLSs &"d(x,) are

described as

Supl f(x[)—érq)(xi)| <&

x;€Q

Lemma 3. [37] For A,

tracking differentiator is given by

and V,y €R  the second-order

G P = ‘7[4'}9
[ Vop [P |]
Vip ==0,,8180| G,y —ap +——
’ 20,
with sign(w) being defined as
1, >0,
sign(@)=4 0, o=0,
-1, 0<0

where 0, is adesign parameter. There exist lim G,, =«

0;p D®

and lim v, =¢q,, .

0;p >0

Lemma 4. [38] For xeR, e R and positive odd integer

a >1, one has
| )2‘7—5/‘7|£c7| )Ac—f/|(fcail _}f}ﬁ—l)
The disturbance observer is designed as

6- = +qin

in in

&)
;. i i~ Pitl
r;',n = _gi,nr;',n _gi,n(ﬁéinq)i,n-k i,nuli’,n + QI,n) + Zl;,n

where &, >0 and ¢, =¢, X,

n7vin e

3. Main Results

A containment control protocol for nonlinear p-normal
MASs with power integrators will be proposed. Define
p,=max{p,; and the ideal

pi+l

6, =|oTr e with m=1,2,....n.

i, i,m

FLS parameters norm

Step 1 : From (3), the derivative of Z;; is given as

N N

. = T e ) P T e
Zin = é‘xz i (*}%xi,zl +‘//i.1(t)—'l,1) S, 2 ai,j( ,,1)‘7,',21 +'//,,1(t)~j.l)
=

=

N+M N+M
= Piy T [ .
+5; 2, ai./‘(ni.lxi.Z +l//i,l(t):‘i,l)7 2, ;6.5
J=N+1 Jj=N+1

N+M

= é‘lﬁt (ﬁi.lxi].,’ZJ + ‘//Zl (I)Em ) - Z ai,jé‘iyr,j

j=N+1

N
=, T (e
_é‘izai,/‘ (n/,lx/',Z‘ + y//,l(t)'—‘j,l)
=
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where B =24, 4, ,and 9, is the fault factor. ~(N(p))m 9, (11)
J=1 J=N+1 ? ’

Choose the Lyapunov function below

Pi=pi+2 N2
Zi1 01',1

Vi,l =

P~ Pt 2 2Ci,1

where ¢;; >0

means the estimation of 6,,,.

The derivative of (5) is described as

N+M

V;,l z " o |:5ﬂ( 1x{j§| +‘//:1(1)Ei,1)_ Z ljgl-)}“/

Jj=N+1

1 ~ A
-5 Za,j( jlxp" +l//;1(l)5j,1):| —0—49“0‘.)]

il

= ”‘*' [5ﬂ.n,|( ‘—all +al] )+‘/7i,1(lf,1)]
—Sﬂ,n Zp" ——19 9
il
N+M —. )
where Vi) =- Z 1,51% ; +5ﬁ'//1 {(OF,, +3ﬂt'n,.1zil,f"
Jj=N+1

M
= b T e
=, Zl a; (n/.lx,',zl +y,(OF, )
=

For given the arbitrary accuracy ¢, >0,

such that

Vio(x,)= (D Vv

il

Viilse,

where v defines the approximation error.

It is obtained that

PPyt —

Zi Vi, 1(1; )
Pi—pi+l
< Zi) (Oi,l (Di,l +5i,1)
pitl pitl
< Di— D+l 2Py D — P+l pitlg PPt o, ||p.-1l,;|+1
< AR Pitig )
p+l p,+1 '
Pl pi+l _pitl
r T SAR Piy Pa
X(CDI',ICDI'J) (Ppath o lgi,l I 17
p;t pit
pitl pitl pitl __pitl

<z ,1.1’1""”'“9‘1((I)T.lcp,l)zw,—p,..ﬂ) H g 2,
1, 1, 1, 1, 1,

where A, >0 1S a constant.

Substituting (8) into (6), one has
V:,l S Zi!jl’ipi’lﬂé‘iﬁi*}% (.Xfé'] - ai‘,’l” + czi‘f]lhI ) 3ﬂ1 11 p’“

pil ptl

pitl
1 X
+2l ARG, (@] @, )2 4 1|+ g7
_pitl 1
Pia )
1 - Hi,lei,l

Ci1

The virtual controller is selected as

is a design parameter. 6,,=6,,-0,, .

(6)

im

(7

there are FLSs

®)

)

(10)

N(B,)) = Pcos(p,,)

A il il 1

Piy = ‘9111 zpl p
where &, will be designed later and 7, >0
parameter.

To handle Zp‘ Pt 5ﬂ

Piy
;&> one gets

salyzl " —ri(fw(p, )+ o+ Gzl

Then, the inequality (9) is rewritten as

pitl _pitl

V; P py1+]5ﬂ$}§( I’,]) 3ﬂ1 llzl’,x +Z‘,',1pm
== 1 A A é, 9, 1 gt
PR —(GN (B +1) g ===+ B 0

il il
pi+l
pitl

1
+zP AN Hvl(d)flq)”)z(p,—p,,wl) +1

where &, is designed as

1

1 pitl pitl Z
_ pi=pii+l ) T 2p—p i1
8, ==z, BT Ky A 0. (‘D,-,lq),-,l) pmprh) +1

i,

K,>0 isa design parameter and H i

1
1 pitl pitl i1
Hoy=|=—]| K, #4470, (&, @, J2emns 4
" ﬂxn, 1

The adaptive law is depicted as

pitl pi+l

5 — pitlg pi=pigtl T 20pi—piitl) %
91',1 =G1Z;y ﬂ’i,l ((Di,lq)i,l) Pimpu a)i,lei,l

where @., >0 is a design parameter.

According to Young's inequality, one obtains

Dig 4, <
iYil ="
Cii

Substituting (14)-(16) into (12), yields

[OX
7,1 2
Pt
2c

il

., ~
2 7,1 0[2| +
c s

il

5 Div PPt e p Pi, Pi,
Vi,l < -k, 121 l +Zi,1 1 d:gini,l (xi,zI - I )
Bl (SN, )+1) A, ~3F 20"
+ﬁ1}‘§lr_( NP )+ )px ﬁz i1Zi)
il
p+l p+|
., ~
_ il 0[21+ 92+8P,1 +ﬂ, Piy
2Ci1 ' 2Cil

By applying Lemma 4, the following inequality holds

is a design

(12)

(13)

(14)

is represented as

(15)

(16)

(17)

(18)
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Pi=pii+l Piy _ o Pid
8.2, (xiZ &, )

<5| Z I’m*l‘ ‘xl"l _ailfl/,l

<5| p p‘ﬁl‘ pi,ll Xip % |(Zi,2 +ai,l) " +a1p11_1

Pyl

<5l 28l p,| z,2" (N (B, ) MBI

Pl
+3] Z'p" Pi1| Zi,2|(N(:5i,1)) #a H ifjl"lil (19)
+5| P —pi |+]| pi’12P1,1*2| Z:,ZJ‘
pi+l Pl it
Z: 5 _ .
<2 O.pi(N(D,) = I_Iipli'1 1 +2 P ipiﬂ
b +1 ' ’ ’ Di +1
—p. +1 . 2l
+ px pz,l Z;UI,H + pz,l Zlfu;l (5]7, ] 21’.‘.1‘2) iy
P +1 ' 1 '
pi+l Pu”! 0
Z _ .
+ 2 5 p, 2" (N () T H
D; +1

1 1 i—Piatl
S?)Zip]'+ -|-TZI.1)2 PR

i,

il

where

pitl Pl

pi+l
FI,IZEIﬁK z, |:(5px]2p )”'*[517,1(1\’(/011))’71'[’7 ]

Pl pitl
+[5,17.,|2p"2(N(/31.1)) o Hf{"l] }

are bounded. Specifically,

(20)

Remark 3. All components in F,,

B, Pu, Pin, P, O are finite constants, 0, is a

: : Pip » .
continuous and bounded function, z;5’is an error variable that

will be proved bounded, the Nussbaum function N(9,,) is

" is a known bounded function.

bounded as proved later, H’
In summary, F;, is bounded.

Substituting (18) into (17) has

. 541 15
V;IS_ il p[+l+zpl o +Fi1__€’12+ 1
s B B ZC i, 20 I
il il (21)

pi+l pitl

B (NGB, ) )B4,
"

Step 2: From (3), the derivative of z;, is given as

Zipg =X T O,

(22)
=0,,x +y B, —V,, — T
i,27%,3 22 il il
where V, | is the state of the tracking differentiator and
T, =, -V, (23)

. oo g
a;, :a_l( f)zl +V/zl) _1 1(2/)
%) % (24)
i1 at 1
+—L iy,
6xj,l ( l///‘l) il &

Remark 4. The boundedness of the estimation error 7,

(s=2,3...n) for bounded inputs is a standard property of second-
order tracking differentiators. A rigorous proof can be found in
[39], where a second-order tracking differentiator is shown to
have finite-time convergence and thus bounded estimation error.

Let the Lyapunov function as

Pi—Pipt2 02

i2 4 2 (25)

4 6.0
V, —V,1+Z - ](nlles +‘//Lz(l)~ Vi~ S
' cx,Z
5 p;—pir+l [ ~ p; D, — 26
<V 42 G (0 —aly +aly) 7, 20
i} 0.0
T, Wi (X)) -F f,l) -
0,2
— T —_—
where /,, (Zi,z) =V (t)‘:‘i,2 +F il
7a(12) =000, +V, |V, <6, @D
where V,, is the approximation error.
According to the Young's inequality, it follows that
Z:pz ety Vi (Zin) s Zp " ZH( :,Tzq)l,z + gi,z)
P+l P+l (28)
<z AL, (@], @, ) ere )+
pit _pitl
+eht + 4,7
where 2, >0 isa constant.
Then, the inequality (25) is calculated as
pitl pitl
K SK l/r2+| P=piz +1(91 ( )Z(p,fp,_zﬂ) +1 |
/ (29)
Lﬂ
+Z’2M+] ( ap +afy ) zy “‘ﬂ +“'; *
pitl ~
7pr2# +IF:|+/‘L/2 - 9,2 PP”‘[;.I
i2
In light of Young's inequality, one gets
22(17,—17‘,2“) 2
gty B2 - Tu (30)
’ ’ 2 2

The virtual controller is selected as
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I7i.z pitl pi+l sl O o s—1 L (el
i2 0; Pz +1 _ _ 1,5~ Di i,5— +
a:i :_1’1_ /1, ’ +0 ((D ®; )2(1]' nat K, + 1 Ol”,l—z Ox ( ’kil—H//’k) Z ay(k) Vi
2 31) = 1 e ; = Y S (38)
= I7, Pia+l < a. S oa; A
V Z i,5-1 Pik i,5-1
+_+ —Zl-p;z + P ( /k+1+l///k)+ —"ei,k
*’% ) ’ k=1 jeN;, OX;; m 00,
2 i,2 ’
. . Let the Lyapunov function as
where x,, >0 isa given constant.
Z!’,“Pz,x"'z éz
The adaptive law is depicted as vV, =—2= =4V, (39)
' p _pi s + 2 2Ci s |
. pi+l Pl E K
0[ .= C, 2Zp,+1/117, —piptl ((DT CI) )2(1;fp,.z+l) -, 2] (32)
The time derivative of V,  is
where @, >0 is a design parameter
. . I/l s V: s—1 + Zf.’v_PMH (nl s lplvjrl +Wz ;(t)‘—‘ ' -1 z-i .vfl)
According to Young's inequality, one obtains ’ ’ : " * ’
o, -—60.6
1 2 1 2 N2 1,2 2 i,s7i,s
Qg p < L2 D2y (33)
Ci’z i,27i,2 20 i, 2 2Cl-’2 i,2 S ; (40)
- . . . y i I.S+1~ is 1.5 is LS 2)
On the basis of Lemma 4, the remaining item <V+z g (xfm —al +af )_ P
oy p,2+1( P ap") is processed as +z2 g (-2t =2
ij{p"m (xfgz —a ) <z p,z+1( X - a&z) where v, (7,,)=v,,()E,,(X,,) . According to Lemma 2
Pin-l Pia-l pi=pipHl
< (xmz +ay )pl_‘2|zl_’2| 2 _al_,2| one gets
Pi=Pia+l 2~ 34 =
Spi,2|Zi,2| i,3|(2pl‘2 ! +1)af‘22 - ( ) l//lv(ztv) IS‘(Z! r)+vtv7 v <gi,s (41)
pi—pigtl Pi2 ~p;,-1 Simil : li 27). i b
+p, |Zi 2| : 2P imilar to inequality (27), it can obtain
Popt <z (oo, (1) + € )
]7, Di; 3+1 Dis Zx.s ‘//x s(lx s) 1,8 7 is Z!T‘s is
S (hIZZ 12213 )+Z I i+l P+l 42
<0 (400, (012,00, g o n 42
where ' R
pi+l _pitl +1
PPt . +1)+g”" + 4.0
P (2(pr-pfm+l)J (o Zuml)im
op+l P+l where 7 stands for a positive constant
pl?p"m*»l p;+1
= _ P (2P P tD . N
i = [ : (P;,m(zp""’ " ya 1)p“”’ The virtual controller can be selected as
p;+1 p;+1
+1 z0 oo
_ ; - ) ,\+| "
Puna ===, = P+ D) =~ (26, (O], (1, )0, (1, )T 1)
Pim Mis (43)
_ | —
Viea fo " Pis *’%—1 Py sl P
) . t T2 _fhi,sflzi,.s - hz s1Zis
Substituting (29)-(33) into (28), one yields ] 2 g, s
2
. . . T o
Vi, SV, =i, zl +0,,200 " l(h, Lzl +h, ,"‘33)+’7’1 where K, indicates a positive parameter
. (35) ,
pi+l pitl
2+ o, @, The adaptive law is depicted b
Zﬂ‘ i, Fz‘l_ 2 92 9 +8P12 +ﬂ Pin p p Yy
2c. i Zcivz . pi+l pitl
5 _ Pl g D= pig+] 2p-pigtl) _ 4
Step s (s=3,...,n—1) : From (3) and Lemma 2, the O =CisZls i ( (7@&)@1*(%’\)) et —a, 0, (44)
derivative of z,  is given as where @ >0 isa design parameter
—a According to Young's inequality, one gets
i,s—1
36 @ ~ A . . .
_ _; ( ) 1,8 9 Ye_ ) <_ i,s > + (X 9 (45)
17 Tism ¢, 2¢,, " 2¢, "
Similar to the calculation (33) in Step 2, one obtains

= xi,s
— Dis
nl le s+1 + l//l s

i s5—

(t)Ei,s -
(37

where
- Vi -1
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—p 41 ) oo p,n+l( Pin , *T
5 PPt (x.p”“ P ) Vo=V, +z %nu + @, 4o
i,s i,s+1 i,s
(55)
i~ Pis+l i i — — l” L
S Zfs P (xl.[;’” —(Zfs’ ) i,nf ln 1) 9, +O— 111
< Pz . + (X z Pi—Pis+l —a Usi Y. . i btai
S\ X5 p[’s is is+l is (46) sing Young's inequality, one obtains
—p. +1 i p -1 pi+l
< p z Pi P,,x* (2 is +1) is
= Fis“is s+1 pi- 1)1n+l T pitl g D= D; m+1 ( )2(17‘ Pint)
! l Zl}’l Q) <Zt Sn iln lVl @ ® (56)
Pi=Di g+ Pig A Pis~] pi+l
+pi sZi s Zi s+1 2 7H
+4,"
Pz Di, :+1+1( l’z s+ Pi, s+1) Px+1 |
l s+1 hl s<i,s+1 hl sZt s+1 + Z
where A >0 is a constant.

Substituting (40)-(45) into (39) gives
Using the disturbance observer (4) designed above, one gets

Pl *Pi,,w-l*l( Pi 541 Di 41 )
h + hl S‘Zl s+l

V _VlYl lv+1 zvzs‘+1 .
. ~ . _O-i,no-i,n = _O-i,n ( in + qz n )
—x Pinl _ 1,8 92 + 1,8 92 (47)
i,s70,s i,s i,s
2cls 2cls ( + ln Il1+§ll1 I}'I)
+1 +1 _ = pm+1
,; ,; Tizy—l - _O-i,n I:_gi,n ’;,n - gz n, n é:z nqz n :I (57)
+ gl 51 s + l i, 5 3 -
2 _O-i,ngi,n ( tncD +V + dl n (t))
Step n: From (3), Z,  is given as =—G,, [5,- G+ E D, + 2 P1n+l:|
_ ~2 ~ “T ~ Pi=Pintl
= Pin - d — - i,nai n _O-i,nfzn zn(D znzi,n
l,l’l - nl nul n + [// n—in + in Vi,n—l - z-i,n—l (48)
Defining || @, [[</, ,one obtains
where ' '
. — ~ 1 ~ ln ~ 112 p2
Tt = G~V (49) &, <1 6, P+ 22 P, (58)
n—1 aa .. .
_ in1 ( _p Qv (k41) where ¢, and @, are positive design constants.
1 _z (xzkilﬂ//zk)'*' (k) Vi . b
Ox, 1 Oy (50) . o .
z z L i da,, ., ; Adopting Young's inequality, one gets
+ i ( j/fl""/"k)"‘ =0, 1 1
k=1 jeN, OX; Hke P 00, " 6,,0,, <=0, +—gl.2 (59)
/ ’ 2 2
Choose the Lyapunov function below .
The controller ¥, is presented as
Pi=Piat2 N2 ~
z! i in 0 o
V;n = Vin—l + = + = +— (51)
, ' pi _pi,n +2 2ci,n 2 1 P, pi—pi 1 A
Uin = ~_(_Kinzi 0w " Zin _Hinq)in
R RPN ’ o (60)
By taking the derivative of J, , one can obtain i
Pin 7 Pin
_ @n lhz n— IZI no i,nflhl n— th n ):|1’
(e l,ﬂ+l in '—
I/i,rt = I/i,nfl +Zif)n ! ( in tpn + l//ln'z'l n +di,n
~ (52) 0 :
_ 6, x o where k;, >0 isa parameter.
- Vi,nfl - T,-),,,l )_ _’Hi,n + O-i,no-i,n
b The adaptive law is depicted as
Let ¥,,(x.,)=w.Z., isexpressed by FLSs as 0., =-o nél. e, 2 (61)
v, (x.,)= T(D ViVl e, (53) where @, >0 isa constant. It is attainable to obtain
Let o o o
= i,nei,n S - i?n - - 01,271 (62)
in < gi (54) ci,n 2ci,n 2ci,n

B lying (55)-(61), th tion (54) i itt
where ¢, = 0. Substituting (52) and (53) into (51) gives y applying (35)-(61), the equation (54) is rewritten as
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Vi,n < Vi,n-1 ke, +1(hl 2 T . 1Zp ) positive constants —7%7 and b, such that
~ N ~ .
+ Zzpn P +l + Gz nGI n Gi,no-i,n V S _ﬁV + b + Z hiN(ﬁi,l )Ibi,l (70)
i=1
Tizn 1 wz n 912)1 CO, nerzn 7[;7[-7“
" 2 2¢, i 2¢, A - BhLS
in in Where hi = #N(pi,l )pi,l .
5 —p; .+l 2 7’;-’1
S I/i,n—l _K‘i,nzfln+1 _Z‘Z,n i (hi,n—IZ " + h = IZz N )+ 2
el (63) Performing the same integration as from (65) to (67) on (69)
a)i n N2 1 n N2 5%" ~ 2 z‘?m 1 :
_’61 n 6 i, np’ +— - 51' nai n — ylelds
2¢c,, 2C:,n 2 e 2 i N
| e V)<V O™ += (1= )+e | S NGB pe dk (TD)
CO Pir il 0 4 > E
z Zi, k - 612( E ; Z ik i=1
k=t Tk k= After rearrangement, one obtains
n-1 pitl 2 N
37 1 7l 7 A A Gk
+Z& Z + B, r—(ﬁ,N(pll) +1) p,y YR N (B pye dk = ~C (72)
k=2 il i=1
1) ., b . ! A LA .
= G 2 o, t > Si where C =V(0)+5 . Hence each integral IO N(p,)p;,dk is
= +b,+W bounded from below.
where Next, we prove that £,, is bounded by contradiction.
. { } Assume that 0, is unbounded, then there exists a sequence
ni:mln ll\’;n__’ 1k
t, > such that |/5,~,1(tk)| — o . By the property of a
_pitl pit 2
z; 1
Z Buige 4 Z A+ Z g 271 + ng Nussbaum function (Definition 1),
k 1 zk k= k=2
i1 (1)
o NGB k=" N (s >0 (T3)
lBlnll (§N(pzl)+l)pz (64)

4. Stability Analysis
Theorem 1. Considering nonlinear p-normal MASs (1) under
Assumption 1, the adaptive laws (15), (31), (43), (60) and the
controller (59) are designed, so that the control objective is
achieved and all signals of MASs (1) are bounded.
Proof of Theorem 1. The Lyapunov function V is defined as
N
V= 7, (65)
i=1
Based on (62), one has
V<-nV+b+W (66)

N N
N}’ b:Zb[ and W :ZW,J.
i=l i=1

From (65), it can be obtained
d(V(t)e™)
dt

where 7 =min{n,,i=1,...,

<e"W +e"b (67)
Thus, one has
PO <V +2(1-em )+ e [V erak  (©9)
n 0
According to (63), W

W —Zﬁ% SEINGA, )P +Z ”'A (69

i=1 v i,l

can be decomposed as

N

By Young's inequality, zﬂ

i=1 }"

i,

,0[,1 can be absorbed into

-7V and the constant b. Consequently, there exist new

which contradicts the lower bound in (72). Accordingly, every
2., is bounded, and consequently _[; N(p,, )ﬁ,,ldk is bounded

as well. Therefore, with Y (?) = p,,(?), inequality (67) meets
the requirements of Lemma 1.

All signals in the above inequality are bounded under
Lemma 1. Without a doubt, V,; is bounded due to Assumption
1.So ¥, =X, isalsobounded. From the definition of 6’A,-,m ,one
concludes that ém is bounded. Obviously, all signals of MASs
(1) are bounded.

Under the conditions of Theorem 1, the containment error
z;,  satisfies the following uniform ultimate boundedness

(UUB) estimate:

—\1I/r
limsup |z, ()| s[ﬂj (74)
t—o0 77

where ;= p,~p,+2, b=b+sup,[W (¢)| is a finite constant

because W is bounded.

From the proof of Theorem 1 we have V <—pV/ +b+W .1t

has been proven that W is bounded, there exists a constant

b>0 such that JV <-pV+b . Solving this differential

inequality yields

V() <V(0)e™ +2(1— e™) (75)
n
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p Y,»=0.5sin(0.9991)-0.24 | The design parameters are set as:
zl

Because the Lyapunov function V contains the term r;ll , We ¢ =5 c,=1. k=01, K, =x, =1, K,=8, @, =1,

zr
have —2<V(¢), hence ®,=02 r,=10 where i=12,3.
7
b— 1/r
limsup |2, (1) g(rf_j (76) 0 e
>0 n

. 1 .
Since 7, =mln{K,-,k,§,~,,,—E,w,,k , SO increasing K;; or

@, will increase 77 and thus reduce the steady-state error

.

. ik

bound. Moreover, because b, contains terms such as PR
ik

pi+l pi+l

lfkp,.k , and g/ ,increasing ¢, and 4, while decreasing
1, L,

€, will reduce b, , thereby reducing the steady-state error

bound and improving the steady-state performance.

5. Simulation Results

A numerical example is performed to verify the validity of
developed control protocol. As shown in Fig. 1, one considers

nonlinear p-normal MASs which are consisted of three
followers (1, 2, 3) and two leaders ( L,L, ). The leader

adjacency matrix, the adjacency matrix T, , and the Laplacian
matrix T, are respectively as
T, =diag(4,2,2,0,0),

(4 -1 -1 -1 —1]

01 1 11
001 10 0o 2 -1 -1 0
TA=10001’TL:_1 0 2 0 -1
0000 0 O 0 O o0 o
00000 (10 0 0 0 O]

Consider the following nonlinear p-normal MASs as

S T —_
X, =0,X,+y(DEF,,

xi,2 = ﬁi,z”i3 +‘//Zz(t)5f,z + di,z(t) (76)
Y, =x,,(i=12,3)

where 1, =0.2+0.01sin’(x,,) .11, = 0.3+0.01sin’(x,,) »

n;, =0.2+0.01sin(x; ) ) n,, =0.2+0.1sin(x; ,) ,

v, (t)=0.01cos(0.1¢ + 1) cos(0.1£ +0.1) > ¥,,(¢)=0.1cos(0.1z+0.1) >

—_ —(x;;-3) —_ .
E,,=0.1x, +0.1cos(x, )e ™ , E,=10x,sin(x,,) and

A

d,,=15+1.5x,x,, cos(), for i=1,2,3.

Two leaders are chosen as V,; = 0.55in(0.999¢)—0.05 and

Figure 1. Directed communication graph.

The simulation results are presented in Figs. 2-6. Under the
proposed containment control method, it is clearly observed

that three followers are driven into a convex hull crossed by
two leaders in Fig. 2. The curves of Z;; and 92,1 are described

in Figs. 3 and 4 separately. The outlines of the controller ¥;
are represented in Fig. 5. Fig. 6 depicts the disturbance observer
errors. In Fig. 7, it is clearly seen that three followers cannot be
driven into the convex hull crossed by two leaders before 6.5
seconds without designing the disturbance observer. According
to the simulation results, it is consistent with the conclusion in

Theorem 1.

Yot and y;

Figure 2. State trajectories of leaders V,;, ),» and followers

yl: y2’y3'
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Figure 3. Curves of adaptive laws.
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Zi1
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Figure 4. Trajectories of containment errors.
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Figure 5. Control signals #,, #, and u,.

15 T

10

Gi3

10 \ s . s s
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Figure 6. Disturbance observer errors 0,5, O,; and O;;.

Yo and y;

] 5 10 15 20 25 30
Time(Sec)

Figure 7. State trajectories of leaders J,;, V.» and followers
Vi, V., ;3 without disturbance observer.

Remark 5. The disturbance observer is established to cope with
the disturbances in nonlinear p-normal MASs. According to the
intermediate information of nonlinear p-normal MASs, the
disturbance can be effectively estimated and addressed by the
designed control strategy. Compared with Fig. 7, due to the

design of the observer and obtaining the observer gain value

& =1, the followers in Fig. 2 converge to a convex hull

established by the leaders.
6. Conclusions

This paper has presented the adaptive containment control
protocol for nonlinear p-normal MASs with sensor faults,
disturbances and unknown time-varying parameters. The
problem of power exponential terms being positive odd in
nonlinear p-normal MASs has been solved by using an
approach called adding a power integrator technique.

Furthermore, sensor faults have been resolved via using
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Nussbaum gain technology. The FLSs have been utilized to
handle the negative impacts of nonlinear functions and
unknown time-varying parameters. A nonlinear disturbance
observer has been constructed to estimate unknown composite

disturbances. The adaptive optimal control problem for

nonlinear p-normal MASs is a meaningful topic for future work.
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