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1. Introduction

With the advancements of multi-agent systems (MASs), agents need to collaborate efficiently in various
application scenarios to complete complex tasks. Through communication and cooperation among agents, MASs
can achieve distributed control and decision-making in intricate environments, such as drone swarms, robotic
groups, and intelligent transportation systems [1-3]. As computing power and communication technology develop
continuously, research in MASs has significantly progressed, particularly in the control methods for linear MASs.

These methods mainly focus on consensus control, swarm collaboration, and task allocation [4-6]. Nonetheless,
the assumption of linear systems restricts their ability to effectively address the nonlinear characteristics common in
many systems. In particular, when facing dynamic changes and complex environments, linear models frequently
fail to accurately describe system behavior, thereby limiting system performance. To overcome the limitations
of linear systems, nonlinear MASs have emerged as a research hotspot. Nonlinear systems can more accurately
express complex dynamic behaviors, and studies indicate that nonlinear control methods can complete consensus
and tracking tasks in more complex environments, providing enhanced robustness and adaptability [7]. Compared
to linear systems, nonlinear MASs are capable of addressing more complex issues, such as dynamic uncertainties
and external disturbances. Within the realm of nonlinear systems, high-power nonlinear systems present particularly
significant challenges. Their dynamic models typically incorporate complex nonlinear terms, complicating stability
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analysis and control design [8]. The control of high-power nonlinear systems should not only ensure system stability
but also guarantee efficient collaboration and consensus among agents. Though existing studies have investigated
control methods for high-power nonlinear systems, most assume that the system operates in an ideal environment,
failing to fully consider external disturbances and system uncertainties [9]. Nonetheless, in practical applications,
disturbances and uncertainties are inevitable, with factors such as environmental changes, sensor errors, and actuator
noise all impacting system performance. Consequently, achieving consensus and efficient control in uncertain and
disturbed environments has become a pressing challenge [10]. Moreover, existing studies have not thoroughly
addressed the issue of gain design, which is crucial for system performance, as appropriate gain selection can
significantly affect system response speed, stability, and robustness to disturbances [ 1]. In high-power nonlinear
MASSs, how to adjust the gain based on the system’s dynamic characteristics to ensure system stability and efficient
performance remains an urgent problem.

In the field of multi-agent systems, Finite-Time Control (FTC) is emerging as an important control method.
Unlike traditional asymptotic stability control [12], Fast FTC can drive the system state to the target state within a
specified finite time, providing significant advantages, particularly in the face of uncertainty and nonlinear challenges.
Traditional methods may struggle to guarantee stability and performance in high-power uncertain nonlinear systems
due to system complexity, while fast FTC offers an effective solution [13]. The key feature of FTC lies in designing
control laws that ensure the system state converges to the target value within the specified time, exhibiting strong
robustness, which makes it particularly outstanding in MASs. Studies have indicated that fast FTC can achieve
consensus objectives and maintain system stability within a finite time. For instance, Shang et al. proposed an adaptive
FTC method for uncertain nonlinear systems that achieves consensus tracking in finite time [14]; Zou et al. resolved the
finite-time consensus problem in MASs and introduced a new protocol to ensure consensus in finite time, even under
uncertainty [15]. In addition, Lei et al. developed an adaptive FTC method for highly uncertain nonlinear systems,
ensuring precise coordination among multi-agents in finite time [16]. Although FTC has demonstrated considerable
potential in MASs, designing effective control strategies in high-power uncertain nonlinear systems remains a
challenge. In recent years, researchers have integrated adaptive control with FTC to devise new methods to address
dynamic changes and uncertainties in the system. These methods automatically adjust control parameters to enhance
system stability and tracking performance within the specified time. Therefore, FTC provides an effective control
mechanism for high-power uncertain nonlinear MASs, ensuring system stability while achieving consensus tracking
tasks within a finite time.

Prescribed Performance Control (PPC) is a method for designing controllers by establishing performance
requirements. Distinguished from traditional stability control, PPC emphasizes not only stability but also perfor-
mance indicators such as steady-state error, response speed, and control energy. PPC has demonstrated significant
application value in MASs and complex network control, especially in high-power uncertain nonlinear systems [17],
where the key challenge lies in meeting performance objectives while ensuring stability. Given the complex dynamic
behavior and uncertainties in MASs, designing control strategies becomes increasingly challenging. To address
this issue, researchers have developed various PPC-based control methods. For instance, an adaptive control
mechanism devised in [18] achieves consistency and performance requirements under system uncertainties and
disturbances. Sui et al. proposed a PPC method that incorporates nonlinear system characteristics, enhancing
stability and response speed by optimizing performance indicators [19]. Furthermore, combining PPC with FTC
further improves system performance. As a rapid convergence method, FTC is particularly suitable for MASs
requiring fast response. By integrating PPC, the system can achieve predefined performance objectives within a
finite time while reducing control inputs and minimizing energy consumption. The finite-time PPC method proposed
in [20] significantly improves dynamic response and stability under uncertainty. PPC provides a flexible and efficient
control solution for MASSs, ensuring stability and achieving performance objectives even under uncertainty and
nonlinear characteristics. When integrated with FTC, it enables precise control in a short time, making it particularly
suitable for high-precision and rapid response scenarios.

Inspired by the above discussion, this paper proposes a new adaptive consensus tracking control for high-power
nonlinear MASs based on the adaptive compensation technique. Compared to existing works, our work has the
following advantages:

(i) This paper proposes a control mechanism based on prescribed performance aimed at enhancing the tracking
accuracy and robustness of MASs under uncertainty and nonlinearity. By prescribing the system performance,
the controller can predefine the desired dynamic behavior, thus ensuring system stability and reliability. In
contrast to [17,18,20], this approach effectively addresses the uncertainty issue in performance estimation
inherent in traditional methods.

(i1) This paper introduces a fast FTC method to tackle the consensus tracking problem in high-power uncertain
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nonlinear MASs. By utilizing an adaptive controller, the system can achieve consensus within a finite time
while effectively managing uncertainty and nonlinearity. Compared to traditional asymptotic stability control
methods, including [21-23], FTC significantly enhances the system’s response speed and convergence, meets
stringent time performance requirements, and effectively reduces tracking errors, thereby improving overall
system performance.

(iii) This paper proposes an adaptive consensus control mechanism that adjusts the controller parameters in real-
time to address the challenges posed by dynamic environments and uncertainties in MASs. The mechanism
employs an adaptive algorithm to adjust the gain parameters online, ensuring that all agents achieve consensus
tracking within a finite time, even when system parameters are not fully known. Compared to approaches
discussed in [24-26], this method enhances system adaptability and ensures robustness and stability in
uncertain and nonlinear environments.

2. Preliminaries and Problem Establishment
2.1. Basic Graph Theory

The directed graph can be denoted as G = (U, Np,), where U = {uy, ..., u, } denotes the node setand N, C U xU
represents the edge set. e;; = (u;,u;) € Ny, represents the edge, indicating that the agent 4 can receive information from
agent j. In the directed graph, the adjacency matrix can be denoted as A = [a;;] € RF*F where if e i = (uj,u;) € N,
then a;; > 0. The case of self-loops is usually not considered. Let D = diag(dy, ..., di,) € R**¥ be the in-degree
matrix where d; = Zjvzl a;;. Then, the Laplacian matrix can be denoted as L = D — A in the directed graph G.
Additionally, a matrix B = diag(by, ..., by) € R**¥ is defined, where by, denotes the weight between the leader and
agent k.

When considering the leader, an augmented graph G is typically utilized to represent the communication
topology between the leader and the followers. G = (V, E) is an augmented graph based on the aforementioned
graph G, where V' and E denote the corresponding node set and edge set of G, respectively. V' contains the leader
and followers, and E indicates the information flow among the leader and the followers.

2.2. Problem Establishment

This paper considers nonlinear MASs, which typically consist of N (/N > 2) followers (labeled 1 to V) and a
leader (labeled r). The communication topology of the followers is described by a graph G. The dynamic model of
the i-th (Vi € {1,2, ..., N}) follower is given by

xlk‘(t) (t jzn) Lk+1+f1n(t x171)+dzka
xzn(t = Gin (t xzn) p1n+fzn(t xzn)+dzn7 (1)
yi(t) =z ( )s
where k = 1,...,n — 1, z;1,...,2;, € R" are the state variables of the i-th agent, y;({) € Rand u; € R

respectively represent the output and input of the i-th follower, and Z; , = (24,1, ..., ¥; %) is the system state vector.

The unknown nonlinear functions f; (Z; ) and g, (Z; ) are continuous. The function d; depicts a continuous

time-varying disturbance signal, satisfying |d;| < o, where o is an unknown constant. For brevity, let z; ,+1 = ;.
The dynamic of the leader agent is modeled by

i’r = fr(xrat)v

Yr = T,

@

where y,- € R represents the output of the leader, and f,.(z,, t) denotes a piecewise continuous function with respect
to time ¢ and satisfying the locally Lipschitz condition with respect to z,. for ¢ > 0.

Assumption 1. For any continuously differentiable reference signal y.,.(t) and its derivative ,.(t), there exists an
unknown positive constant M such that |y, (t)| + |9-(t)| < M.

Remark 1. Distinguished from the existing practical tracking results [27-29], which assume that the tracking
signal y,-(t) and its n-th power derivative are known and bounded, this paper only requires that the tracking signal
yr(t) and its first-order derivative are bounded. In addition, the existence of the unknown constant M challenges
conventional strategies.

Assumption 2. The communication graph is directed and includes a spanning tree rooted at the leader signal vy,,
ensuring that at least one follower can directly obtain and utilize all information of the leader signal.
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Assumption 3. There exists a known smooth positive function vy, j,(Z; ;) and an unknown positive constant c; > 0
such that

|fik(Zig)] < civir(Tig)- 3)

Assumption 4. The sign of g;(Z;,t) is unknown, i = 1,...,n — 1, but there exist unknown continuous positive
Sfunctions g; j,, and 9 such that the following conditions are satisfied:

9,(Zi) < 9:(Z)| < 9:(2:). “
The following presents several technical lemmas that are crucial in the design process.

Lemma 1 ( [30]). For a given constant € > 0 and any x € R, the following holds

2

X
O<LL’—7<E. 5
<ol - —— )

Lemma 2 ([31]). Based on Assumption 2, the symmetric positive definite matrix is defined as Q = (L+ B) + (L+ B)T.

Lemma 3 ( [32]). For any real-valued continuous function ®(x,y) with x € R™ and y € R", there exist
smooth functions ®1(x) > 0, Pa(y) > 0,P3(x) > 1, and P4(y) > 1 such that |®(z,y)| < ®1(z) + P2(y) and
[@(z,y)| < P3(x)Pu(y)-

Lemma 4 ([33]). Forany x,y € R and a given constant p > 1, make |z + y| < 21~ (|=P + yp|)%.

Lemma 5 ( [34]).

m

oty < () o)

m+n
n

m+n \ (m+mn)c(z,y) ©)
Ayl + (@, )l

where c(x,y) > 0.

Lemma 6 ( [35]). For a given constant p > 0 and any z;(i = 1,...,N), we have (|z1]+ ...+ |z,|)" <

c(|lz1|P + ...+ |z,|P), where c = 1 for p € (0,1), and ¢ = nP~* forp € [1,00).

Lemma 7 ([36]). Consider a nonlinear system z = ¢(z). Let V(z) be a smooth, positive definite function. If there
exist some scalars a > 0,b >0, p > 0and 0 < v < 1 such that V(z) < —aV7(z) — bV (2) + p, then for a scalar
T with 0 < 7 < b, there exists a constant T > 0 such that for all t > T, V (2(t)) < 2=, with T being defined by

_ 1 L4V (t)' Y
T = tO + P ) ln (g+(b;)7)1»y>.

2.3. Finite-Time Prescribed Performance

Definition 1. A smooth function p(t) satisfies the following condition:
1. p(t) > 0;
2. p(t) <0;
3. limy e, p(t) = pt,., and py is a positive constant;
4. whent > t,, p(t) = pq, with t, being a set time.

Then, p(t) is a finite-time performance function [37], and inspired by [38], it can be defined as follows:

;- %
p(t) — (pO th) + Ptr, 0 S t < tr (7)
Ptr, t Z tr
where /, J, p;,, and pf; are positive parameters. Additionally, po + p;, = p(0) is the initial value, and ¢, = % is

the set time.
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3. Design Adaptive Controller

In this section, an adaptive consensus tracking controller for high-power nonlinear MASs (1) is devised using
backstepping, and coordinate transformations are introduced as follows

mia(t) = x;1(t) — yr(t),

_ wmy,1(t)
Zi,l(t) = tin(m%pé) ) N A (8)
zig(t) =5 () — ey T @ik (8), 9, 0),
where m(t) denotes the tracking error with y,.(t) being the reference signal, ¢ = 1,2,.... N, k = 2,--- ,n — 1;
ol PRET s referred to as the virtual controller, which is defined with respect to ¥, Zj x—1, ; x—1 and 6;.

Taking the time derivative of Z; 1 (¢), we have

m(1mia(t)p(t) — mia(t)p(t))

Zia(t) = pr——r = Ajmni (1) + Hi, )
202(t)cos? (")
where
T ;1P
Ai= ——mroo Hi =~ Fmity 10
2p0052(—2”;’1) 2p%cos? (L) (10)

Motivated by [39,40], the consensus tracking error for agent ¢ can be expressed as

N
ei =Y aij(yi — ;) + bi(yi — v, 1D

j=1
wherei =1,2,...,N,e = [e,e,...,en] T ¢ RN, and b; represents the weight between the i-th agent and the

leader agent. Define m = [m1,ma, ..., my]|’, and then we have e = (L + B)m.
Define a function as
Tik 9 1
Wi,k — / (Spi,l'upi,k—l_apzi'i~pi,k—l) Pi1-Pik—1 ds’ (12)
Q-1 '

where k = 2, ...,n.
The properties of W, are described as follows.

Proposition 1 ( [34]). W}, is continuously differentiable and satisfies

9__ 1

oOW; i1 Pi k— .

ik o PRLPLR=L 9k 4 1.

dﬂ’,‘«i.’k i,k ’ ) ’ (13)

Pi1-Pj k—
OWi ok _ o ao‘i,7k1 .
i | ik Owj i ’
f . 1 Ti,k i1 Di ko—

where wi1 = yr,wi2 = 0, wior; = 25(j = 1,....k = 1) and w; )y = —(2 — ————) [["F (sPitPir—t —

1

) ) - ——— . ) )
abit-Pik-1)" Pii-Pin-1ds. Furthermore, there is a known constant W > 0 such that Wy, > U (@ o — 0 o ) 2PirtoPisk =1,

Step I: In this step, choose the Lyapunov function V; as

1 17~
Vi=—2"2 4+ =670, (14)
2 2
where 21 = [211,221,...,2n.1]7, and the error vector is 0 =6 — 0 with § = [él,ég, . ,éN} denoting the
estimation of the unknown 6 = [0y, 65, ...,0y] and 0; = max{c;, M }.

Differentiating V; and alone Equation (8) yields

Then, the time derivative of V; along the trajectories of Equation (8) is given by
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2 2 2
=1
k»712-2 (16)
+ <12M> + A’Lgl 1%4,1%32 + Azgz 1% 1045111
+A;ziadin — Az G + Hizi g — 0:0; |,
where k; 1 and ¢; ; are positive design parameters, and this holds true for subsequent cases.
By Assumptions 1 and 3 and Equation (12), we have
kiazli\” ,
T’ +Aiziafin +Aiziadin + Hizin — Az 10
6A2 ’Yz 1 + 6Az2
¢36zz VARl (/362,42 + 62
. 242
n 6k; 1 n 667 A; (17)
\/36@,%2,1 +e2, \/36z3152 A2 ye?
6H? 50
+ i zig,l + 1<1,1
\/3622 H2 + 2 6
50;€;
= 92’%,1221 4 2l )
6
where ;1 > 0 1is an arbitrary constant, and ; ; is a smooth positive function.
Substituting Equation (17) into Equation (16) yields
1
12 1 : (& 123'21 560;e; 1
Vl <Z ’L 7, . ,22, +Zi710_[i71 + 161,
(18)
+A¢9i,1zi,1aﬁi1’1 + éi@i,lzz‘ZJ + Aiginzinzio — éiéi:| )
where &; 1 (21,0, y,) = S22 Ll 0ipin1zin.
Now, the first virtual controller af 4! can be chosen as
) A . 6a? Zi1
af7lil(xi,la9i;y’r’ap(t)vp(t)) = 7Ke - Lz ) (19)
Gi, 14/ 362707, +¢7,
where K is a positive design parameter, and it leads to
_ 6a?
Aiginzina)' = —AigiaKeziy — - 712’1 5 %1
\/3627 1051 €7y (20)
0ici1 _
< % —zint;n — AigiiKez; 1.
Finally, combining Equations (16) and (17) yields
1
12’ 1 2 C; 1Z—21
W < Z Fizi - = 5 = — Agi1Kezin
2D
+Algllzllz12+9(ﬁll )+299 +9821:|
where 61'71 = 30@12’2»271 — 2él
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According to Lemma 2 and Young’s Inequality, we can obtain

N
Z —Aigi1Kezi 1 = nglelTe = nglef(L + B)m
i=1
Ag. K 1
< %Amm@)( ||zl||2 = fm2>
(22)
- 4
2
_ A9, KAnin(Q)l11]
—_ 2 b
where A = [Ay, Ag, ..., Ax]T, and A, () denotes the minimum eigenvalue of a symmetric positive definite
matrix Q).
Substituting Equation (20) into Equation (21) leads to
12 : Ci 1% 22
~Vl<z (Z ll) - 1211+A1gzlzzlzz2
(23)
+0;(Bi1 — éi) +0ici1 + 291‘91} ,
where Ci1 = AglK)\mzn(Q) + Ci1-
Step 2: In this step, the Lyapunov function V5 is chosen as follows
N
Vao=Vi+ Y Wia(Tiz i1, ur0i, p(t), p(t)). (24)
i=1

By differentiating V5 with respect to time, applying Proposition 1, and substituting Equation (21) into Equation
(24), it can be deduced that

. . 2—-1_ 2— L
Pi,1 Pi,2 s Pi,2
Vo <Wi + E [911221',2 (371',3 - az 2 ) + 9i,2%; 9 0‘1‘,2
i=1

1

2- 1 2- 1 kiozZ,\°  cioZ?
Pi,1 Pi,1 1,2%4,2 1,2%4,2
toip " fiatzig dint <2 A

25
8(1“’1 N ;D111 8041)11 ( )
2,1 [ 7,1
+w; R TR a; i
©,2 3%,1 3,1 Jzz:l ©,J aij J,1 ) ! Yr
oal i aaffll 5 aaff; p
00, ' Op dp ’
i, ) iy 1—=—
where 0 = — (2= 710) [217 (s — al't) s,
According to Equation (12) and Lemma 5, we can obtain
2_7’1’11 2_Pi11
Zig U fiztzia U dig
2pi1
L 2icia (201 . (si,z)*ﬁ i1
>~ 7 7 2pi,1 7,2 7 (26)
Wir =1 (ziayEE) T
- 2pin %’2( 7 ) %2
29 €2
7Z +9’L(10’L 2121 2

where ; 21 is a smooth positive function.
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Furthermore, we have

1
ki2zia\ 2
9i,1%2i1%i2 + Yy

70;(1+ (14 gia12; 22222, Oicin

< ’ (27)
VIOU+ A +gaz2 ) 2R+, T
A _ A 91‘6‘
= 97;@7%22 (Z‘i727 Zj1,Yr, 91)212,2 + TZ,Za
where (; 22 is a smooth positive function.
From Lemma 4, it ensures that
1——1=) pis Pit |3
|Zi2 —ain| <20 Pitfast —agt| et
Thus, we can obtain
P p 1——1
[@ia| < (2= ——)|zi2 — @il 275" —afy'| P
Pia (28)
< hiz2lzi2l,
1——1-
wherehlz—(2—pbl)2 [ )
By using Lemma 3, there exists a smooth positive function &; (25 2, %;.1, Yr, 8;, p(t), p(t)) such that
30[?7 i (r“)aﬁ b oal i 80[2 it oal £
0x; 1 0w Oy 00, dp
. (29)
N aagzl,l -
ap | =“
From Assumption 1, Assumption 3, Equations (28) and (29), it can be deduced that
Oayy' . Ooly' . Doy’ Dagi'
Wi, 2 8yr Yr + al'j71 ‘rJ’l ap P 6/) 14
6:Th? 5025 (Hin + 12 + 1+ (14 %) 22,
_\/49}%2'222%2Hzl+7j2+1+(1+P))2"'512,2 (30)
915172
7
;e
- 01()01 23Z1 2 + — 7 2
N
where H; 1 = (1+ ) aiijiz)p“/zand ;.23 is a smooth positive function.
=1
It can be obtained from Assumption 3, Equations (8) and (27) that
dajit | T0:h7 4G o (Hi 2 + i, 2) 27y
@i2 g —T;q < :
zl \/49hz 2Z1 2az 2(H12 +'72 2) +Ez2
| Gieia (31)
7
0
—9%242’224- 28712

)Pi,1/2

where H; o = (1 + xfz and ¢; 24 1S a smooth positive function.
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Then, it is easy to obtain

(9ozp‘ 19; 8ap‘ ! 4 ) N 304?11 3
Wi ~ i = — W, i, Wi, i
T “og, Ut “o0,
*waaaf&l(ﬂ 1— )+9¢ 027
i 891 i 194,224 2
91‘&‘,2
7 b

(32)

1>

where
2 ~ 2
- - 0. — 7}%’,20%,251',1
%,2(331‘,2,56]'717%7 i)— > 2 2 a2 5
\/49}%,221',20%,251‘,1 +eia

is a smooth positive function.
The definitions of smooth positive functions are provided below:

SDZ Q(xz 2»%,17%7 z § SDZ 27
©i2(Ti2, 51, Yr, 9i) = 4,51',2 + Qi 2.

By substituting Equations (23), (25)—(27) and (30)—(32) into Equation (25), we can obtain

1
N 2 L2 2 = .2
- kijziy Cis%ig | 2w pia
< - 9 B +9i2%0 Ay
=1 =1

_1

Di,2 Pi,2

2— ~
+0;(Bi2 — ) +ginzi0 (5 —aps) + 91'%,221‘2,2 (33)

aapi,l 697, : .
— Wi a——F— a (ﬂn )+212a7,2+ ;24—292'91'

where

N
A Ci 0%
_ ~ 2 \1/2 1,2%1,2
Q2 = hi 22204 20i2(1 +Zi72) / + 005020 + E 5
i=1

and 3,2 = 81 + <,0i,22¢2,2-
Design the second virtual controller «; o as

. 7a2
7,2 Zl/pl 1 (34)

Di,2 (=~ _
aijz (xi,anj,hy’mei) - - 2 5 5 ©,2 B
Gi2\[ 4975505 5 + €7 9

and note that

2 1
9i,2%; 2 Ty = 7
’ ’ 2 9 2
/4927505 5 + €5 5 (35)
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Finally, a direct calculation indicates that

N 2 3 G 22 .
7J 1, 1, ~1, a A

e S [ () (75 v
~ 2— = v

2929 + 29'61‘7]‘ + gi722i,2 pit (IZPEQ — afgz)

Ja p”(ﬁzz )}

(36)

_w,
7

Step k (k = 3,4,...,n): Assume that at step k — 1, there exists a virtual controller a; ;1 such that the time
derivative of a continuously differentiable function Vj,_; satisfies

N k— % 2
3 z Cl, %
iz (M) e

o k—2 Har Pi, 1P,
+20,0; — w-,-Hi’J - Bi k- 1—9
AZ) Jz::l i,J 601 ( 7, ) (37)
2= # P P
i,1°7 7Py i,k— i,k—
+ GikZ; 1 o (xi,kk 't ai,k’ill)
+ (k - 1)9151,]:| ’
N k-1
where ;11 = Y ¥ (wijz; —26;), i i(j = 1,2,...,k — 1) are smooth positive functions with specified
i=1j=1

definitions, and w; ;41(j = 1,2, ...,k — 1) represent continuous functions.
In this step, the aim is to appropriately select the virtual controller «; j.
We define

Vie = Vi1 + Wi i (Zi -1, Tj =1, Yr, 0). (38)

Then, by using Equation (38) in the time derivative of V}, and based on Proposition 1, we have

1
N k-1 2 _

V < ’J l_] : ci’jzij Zka

<Y - R St 106,

=1 5=1

2
ki,kzi,k

+0;(Big—1 — éz’)} + (k= 1)0;e; 5 + 5

2 %
Pi, 1P k—2 Pik—1 Pik—1
+ i k—1%; 1 (zi " —aipty)
9_ 1 .
Pi, 1" Pik—1 _Pik n )
+ i k% ;" 4+ 0i(Bik—1 —0;)
2 1
Pi, 1 Pik—1 ¢, Dik Di,k
+ 9i k% g (%1 — ag’)
8O[Pi,1;"pi,k—1 aaz_h,i"m,k—l
i,k—1 . i,k—1
+ Wik Tij +
(’)xm-

(39)

YUr
Ay,

Pi, 1 Pik—1 N k—1 Pi, 1 Pik—1
aazk 1 A aai,kfl .
+79i + g Ay, j E — K. T
90; J=1 =1 Oz

2——1 91
Pi,1"""Pijk—1 Pi,1"""Pik—1
+ 2 fik + 24, d; 1,

where
Tik 1
wi,k — / (S;Di,lmm,k—l7011221;1“1771,1@—1) Pi1-Pik—1 dS
k-1
1
2 ——).
Pi---Pik—1
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In the following, one needs to properly estimate the destabilizing terms on the right-hand side of Equation (39).
Using Lemma 35, it can be deduced that

2— 1 2— 1
Pi,1-Pik—1 Pi, 1 Pik—1
Zik fi7k + Zik divk
52 ig+1
0151 k Hz,39121 k (’Y k(é"i,k )* H;,S )TB?’ (40)
=79 T Ha+1 Mg
20; 61 k

Hl>

9 +01‘Pz klzz ks

where H; 3 = 2p; 1...pik—1 — 1 and ; 11 is a smooth positive function.
From Assumption 2 and Lemmas 1 and 4, we have:

1
N 3
2— % 22
Pi,1Pik—1 ( Pik—1 Pik— 1 Z k LRk
Gik—1%; 1 (zog ™ —agyy +§:
1-—21 2pi,1---pi k—2—1
Pi,1-Pi k— 52 2 * ’
20 meerik=2 0,20 (927 n Oici i 41
2pi1.Pik—2 €ik 3
A 9 0ici i
= ai@i,kgzi,k + 73 5

where ; 12 is a smooth positive function.
From Lemma 4, it ensures that

_ 1 1
|xi,k _ Oéi,k71| < 21 Pi 1P k—1 ‘Zi’k‘l"i.l"'l’i,k—l ,

which further implies

1
Pi, 1 Pik—1

@ik < (2= —————) [zir — @irallz
Pi1-.-Dik-1 42)
< hi
-1
where h; j, = (2 — %)21 Pi,1Pik—1 g @ positive constant.

Pi,1---Pik—1
By using Lemma 3, there exists a smooth positive function &; (% k—1, 7% k-1, Yr, 0;) such that

N Pz 1---Pik—1 N k—1 aapz 1---Pik—1
1, k—1 i,k—1
Z amz g + Z alv] Z ax] 1
i=1 j=1 =1 ’
-Pik Pi,1---Dik (43)
aa i,k—1 aa i, i,k—1
7, k 1 i, k— Al S di,k~
yr 90;
From Assumption 1, Assumption 3, Equations (42) and (43), it can be deduced that
aafr 1171 k—1 k—1 aafik,:l_"l'pi,k—l
Wi,k — =+ Qij 775&]%
o Z 20
9n? &3 1.0i (( z4)p“°1/2+’71k+1)
- - 44
V042 22,2 ((H ot/ 4+ 1) + @
Oici
9

A _ _ A\ 9 0ici i
= 0i0i k3(Ti k-1, Tj k—1,Yr, 03) 27 + 9

2

where @; 13 is a smooth positive function, and H; 4 = 1 + ZJ 1 Gij 2171 i)

It can be evaluated from Assumption 3, Equations (11) and (45) that
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i=1 8171'7]
_ Dik—1/2 2
9h?,k5‘z2,k9i((1 + > xzz,j) +Yik) Zi2,k
j=1
<
Dik—1/2 2 (45)
8]‘hz k‘Z’L ka ((1+ Z LC ) J'_’yiak) +Ez2,k
0ici
9
A _ _ iy o Oigik
= 0ipn k2(Ti k-1, Tj k1, Yr, 0i) 27 + 9
where ¢; 14 is a smooth positive function.
Similar to step 2, it is easy to obtain
aafhkl 1P7,k—1 . aalpmkl_lpz,k—l
wiy—————0; = —w; 1 — Bik—1—0
3 691 K3 K3 ael ( 3 Z)
Pi,1---Pik—1
S
+ @, nk—l Bik—1
aa?ik,jl_--l-]% k—1
— Wik = aél (ﬁi,k—l 91)
Oicik
+ 91901 kZZ k + 191
where
A 9h2 k:dz kﬁz k—1

ik (Tik—15Tjjo—1, Yr, 05) =

2 - 2
\/81hi,kzi,kai,kﬁi,k71 t &k

is a smooth positive function.

Among these, the following definitions of smooth positive functions are presented:

Pi, k(mzk 1, Tj k- 17y7“7 z § Pikjs
@i (Ti k1> T k=15 Yrs 05) = ik + Pik-

Substituting Equations (34), (35), and (43)—(45) into Equation (37), we have

k—1k—-1 3 z o2
5 3) Dl I () B T
=1 j=1
~ A 89281
+ 20191 + 9 ’k (ﬁz k — ) + Zi, kaz k

R (47)
+gi,kZi’ka Pik—1 sz+91¢lkzlk

9 1
Pi,1-Pik—1 Pi,k Di,k
+ 9i k% (@351 — o)
Pik—1 .
—wi,]iaa”“ (B —91»)],
00;

2
where f; = Bi k-1 + ¥ikz; ., and
B _ _ A ~ 2 \1/2
Qi k(B B k-1, Y, 02) =P gzi ki k(1 + 25 1) 2P

N Ci k%
A ik 20k
+0ihi kzik + E —
=1
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Now, the k-th virtual controller «;  can be constructed to satisfy

o _1/pi1--pik—1
5 905 k2

Dik (= = —
o W (B, Tjk—1,Yr, 05) = — — —
Giky /8127 05 €7y

(48)

which demonstrates that

[ S 2 =2
2 Pi1-Pik—1 apz,k _ gzi,kai,k

9i,kZ; k ik =
\/ 812707, + €7, (49)

< Oici i
- 9

— 23 k Qi k-
Finally, we have
N ok 3
. ki 22, Giiz2 -
SR IE (2> i s ke,
i=1j=1
~ X 2= ,,,11. — ; i (50)
+0i(Bik — 0i) + Gi k2 et (mf’;;% - af,k}k)

aapi,l-upi,k—l .
i,k— A
Wi, j W(ﬂl’k - 01):| .

Note that Equation (50) still holds for £k = n

- 2——1— ) ) 51
+0;(Bin — 0i) + i n%in B (T ) Gb

where ﬁi,n = Bi,nfl + Qoi,nzi%n-
Now, the adaptive law can be designed as follows:

0; = Bin. (52)
The controller is designed as
. 9a?2 .
u?z,n — ,M Zil.”/npz,lw-pz,n—ll (53)
Giny /812707, + €7,
From Equations (52) and (53), we have
N 2\ 2 2
. n ki iz7 - Ci iZ5 s ~ A
i=1j=1

4. Stability Analysis

Theorem 1. Consider the high-power nonlinear MASs (1)—(2) under Assumptions 1-4, if the initial tracking error
satisfies |m;(0)| < p(0), then the proposed control scheme, which integrates virtual controllers (19), (34) and (48),
the actual controller (53), as well as the adaptive law (52), possesses the following properties: (i) all signals in the
closed-loop system remain bounded; (ii) the tracking error is confined within a predefined bound and converges to a
predefined accuracy within a prescribed time.

Proof. According to Young’s inequality, we have
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. 62 0, 1 62 1
20,0; < ——4 — [ — PP — ()2 + - 46?7
y ol -5+l (55)
62 62, 1
< - () 4467
<-S (g e
Combining Equations (54) and (55), there is
. N n k:ijzzj 2 Eijzfj 9~-2 9~-2 1
Ve, < — e — (23 il 56
_;;[ 5 =y () o (56)

N n _ 1
where p; = 3+ 3 Y (67 + kb;¢; ;). Similar to the deduction of (42), there is W ,, < 9 T Pia1 52 < 2,2

,n i,m?
i=1j=1

and combined with Equation (56) and Lemma 6, we can obtain

1
N n 2 ~ 2 — 2 ~.
. kijz- . 62 CijZ%; i 62
Vn < B 5] 71,7 i o J 79 4 i
,;:1;:1[ ( 5ty ( 5T 2)+p]

(57
< —aVi? — bV, + p,
N n
where the constants a and b are related to the positive constants k; ; and ¢; ;, and p = Z 2 Pi-
From Lemma 7 and Equation (57), we can obtain the boundedness of V,, for ¢ :li12j,:. 1 ., n, which suggests

that m;(t), €;(t), z; ; () and 6;(t) are all bounded within finite time. In addition, by ensuring the boundedness of 6; (t)
and 6;(t), it is guaranteed that 6, () is bounded. Using the boundedness of 1 1 (t), and m; 1 () = ;.1 (t) — yr(t),
it can be concluded that x; 1 (¢) is also bounded. Through the barrier function (8) and the boundedness of zq, it is
ensured that |e| remains strictly smaller than the performance function (7). Therefore, it has been established that all
states of the closed-loop system are bounded. O

5. Simulation Example

In this section, the effectiveness of the theoretical results is illustrated using an example of leader-following
MASs composed of three follower agents and one leader agent. The communication network is depicted in Figure 1,
which illustrates the communication topology of the nonlinear MASs. In Figure 1, the node labeled as y,- represents
the leader, and those nodes numbered 1 to 3 represent the followers. Notably, the leader’s signal is exclusively
received by follower 1. The corresponding weight matrix between the leader and the followers is B = diag(1, 0, 0).

0 00
The adjacency matrix A and the Laplacian matrix L of the following agents are A = 1 0 0 Jand L =
010
0 0 0
-1 1 0 |, respectively.
0 -1 1

To demonstrate the effectiveness of the proposed control mechanism, the following nonlinear high-power
MAS:s are introduced:

i1 = apy' +sin(0.52;,1) 4 0.05 cos(t), 61)
&2 = u; + cos(0.5z;.1) — 0.02in(0.05z; 2) + 0.05 cos(t),
where : = 1,2, 3.
The leader’s dynamics is given by
{ ¥r = 1.512c0s(0.63 — 1.1) + 0.0005 cos(0.01¢ + 1.5), 62)
Ly = Yr-

The control objective is to ensure that the output signal y; (¢) tracks the reference signal y,-(¢). In accordance
with the control scheme presented in this paper, the parameters are selected as follows: The initial values are
selected as z(0) = [z1(0),22(0),z3(0)] = [0.8,0.1,5], 6;(0) = 5, 02(0) = 5 and 65(0) = 5. The design
parameters are given as i = 0.01,p11 = p21 = p31 = 1, k11 = ko1 = k31 = 2,611 = €91 = €31 = 50,€12 =
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€99 = €32 = 1500,011 = C91 = C31 = 40 and Cl12 = C29 = C32 = 0.01, Pt = 0.68,l = 0.00LJ = 1.8,
g1 = g2 = q3 = 0.5,01 = 0.01,59 = 0.005, 53 = 0.02. In addition, the virtual control function ¢; i, the parameter
adaptive law él and the actual control signal u; are constructed in Equations (19), (52), and (53), respectively.
In the simulation, the initial conditions are taken as x,.(0) = 1.06, x1(0) = [0.8,0.1]7, z2(0) = [0.82,0.1]%,
23(0) = [0.78,0.1]7, and 6;(0) = 5 for i = 1,2, 3. The simulation is conducted with three sets of different design

parameters, all under the same initial conditions.

Figure 1. The topology of the communication graph.

The simulation results are presented in Figures 2—5. The output of each subsequent agent successfully follows
the desired trajectory of the leader, as illustrated in Figure 2, and Figure 3 depicts the variation of the tracking
error trajectory over time. From Figure 3, it can be observed that the tracking error remains within the prescribed
bounds and satisfies —0.705 < e(t) < 0.705 for ¢ > 2. Given that the tracking error is strictly confined to the
interval [—p, p], the consensus error is consequently bounded within the same range, which is clearly indicated by
the experimental curves in Figure 3. The trajectory of the adaptive parameter 6; is shown in Figure 4. The actual
controller trajectory is illustrated in Figure 5. The simulation results indicate that the proposed tracking control
mechanism ensures consensus tracking for the considered MAS:s.

Tracking performance

0 5 10 15 20 25 30 35 40 45 50

Time(sec)

Figure 2. Output trajectories of three followers and one leader.
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Figure 3. Tracking error and performance envelope.
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Figure 4. The adaptive laws of parameters 0;.
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0.006 - - =]
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Figure 5. Controller signals u;.
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6. Conclusions

This paper presents the study and design of a novel adaptive consensus tracking control mechanism aimed at
addressing the challenges of fast finite-time tracking control and prescribed performance control under external
signal disturbances in high-power uncertain nonlinear MASs. Compared to traditional methods, the proposed
control mechanism not only guarantees the asymptotic convergence of the output of the MASs but also enhances
the system’s performance during both transient and steady-state stages by incorporating a prescribed performance
function. Moreover, the designed finite-time control framework meets the system’s performance requirements within
a finite time. Future work may focus on optimizing controller design to improve the system’s robustness in more
complex environments, investigating adaptive control strategies based on dynamic event-triggered mechanisms, and
addressing global coordination and security issues in MASs.
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