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Abstract This paper proposes an innovative adap-
tive event-triggered control strategy for a class of state
time-delays nonlinear multi-agent systems (MASs)
with full state constraints. Firstly, a performance func-
tion is introduced to guarantee the output consensus
error remains within a prescribed range. Secondly,
by integrating barrier Lyapunov function (BLF) and
Lyapunov-Krasovskii (LK) function, a novel Lyapunov
function is constructed to ensure that system states
satisfy constraint conditions while effectively mitigat-
ing the adverse effects of state time-delays. Further-
more, multi-dimensional Taylor networks (MTNs) are
employed to approximate unknown nonlinear terms.
Thirdly, an event-triggered mechanism is implemented
to curtail communication overhead. Theoretical anal-
ysis proves that all signals are bounded, the tracking
errors fulfill the desired performance requirements in
both transient and steady states, and the Zeno phe-
nomenon is excluded. Finally, the effectiveness of the
proposed strategy is further validated through three
simulation examples.
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1 Introduction

Recently, nonlinear multi-agent systems (MASs) have
gained widespread adoption in intelligent manufactur-
ing [1], energy and power systems [2], and robotics [3]
due to their significant advantages in cooperative con-
trol. Specifically, the leader-follower consensus prob-
lem, as a core objective of cooperative control, has
attracted substantial research attention and produced a
large number of research results [4—7]. However, exist-
ing methods generally assume the system dynamics are
known or the nonlinear parameters are determined, ren-
dering them inadequate for systems with complex non-
linearities. To address this limitation, researchers have
integrated backstepping techniques with neural net-
works [8,9] and fuzzy logic systems [ 10—12] to develop
control strategies for MASs. Among these approaches,
multi-dimensional Taylor network (MTN), anovel type
of neural network model, has demonstrated notable
advantages in MASs owing to its straightforward archi-
tecture and low computational complexity. Addition-
ally, ithas also achieved preliminary success [13—15]. It
is important to observe that although the above research
has made certain progress, it has not fully considered
issues such as information transmission delay in actual
systems.

Itis well known that state time-delays are ubiquitous
and non-ignore in physical systems, frequently serving
as a critical factor in system instability. Consequently,
effectively addressing state time-delays is essential.
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Common approaches to this problem primarily fall into
three categories: using the current states for predictive
control [16], designing time-delays compensation esti-
mators [17,18], and constructing Lyapunov-Krasovskii
(LK) function [19-25]. Compared to the first two meth-
ods, the latter not only enables systematic derivation of
stability criteria but also proves applicable to nonlinear
systems [19,20], MASs [21-23], and event-triggered
mechanisms [24,25]. Crucially, it does not require pre-
cise prediction of time-delays information. However,
none of the above studies considered the impact of full
state constraints on the system. To meet safety require-
ments and performance specifications, full state con-
straints must be explicitly considered. In this context,
a number of control strategies have been put forward
to tackle full state constraints [26-29]. Nevertheless,
in the presence of external disturbances and parameter
uncertainties, conventional schemes frequently exhibit
limitations in guaranteeing satisfactory dynamic per-
formance throughout the convergence process.

To further enhance system performance in dynamic
environment, the prescribed performance control (PPC)
method has been proposed. This method utilizes a pre-
defined performance function to prescribe explicit con-
vergence boundaries for the tracking error, ensuring
that the error satisfies performance indices. The effi-
cacy of PPC has been demonstrated across diverse
systems, including general systems [30,31], stochastic
systems [32,33] and MASs [34,35]. Although the PPC
method has significant advantages in terms of perfor-
mance assurance, it may induce high-frequency con-
trol updates and elevated communication overhead. To
alleviate this issue, the event-triggered control (ETC)
strategy was proposed. The authors of [36] were the
first to apply the event-triggered mechanism to the con-
sistency problem in MASs. Subsequently, the authors
of [37] proposed a distributed ETC strategy to solve
the consistency problem in MASs, making pioneer-
ing contributions to the application of ETC in MASs.
Since then, ETC has rapidly developed in MASs and
has achieved numerous results in first-order [38,39],
second-order [40,41], and high-order [42,43] systems.
However, existing research has neglected the simul-
taneous consideration of state time-delays, full state
constraints, and event-triggered mechanism. The com-
pounded complexity arising from jointly addressing
these three factors has significantly hindered controller
design, resulting in relatively scarce literature on this
integrated problem. Nevertheless, this very challenge
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presents critical research opportunities and potential
avenues for breakthroughs.

Based on the previous analysis, this study investi-
gates the adaptive ETC design for a class of MASs
characterized by state time-delays and full-state con-
straints under a directed communication graph. In con-
trast to existing literature, the primary contributions of
this work are outlined as follows

(1) This paper presents the first study to incorporate
MTNs into state time-delayed nonlinear MASs
with full state constraints and proposes a new adap-
tive event-triggered control strategy. The proposed
approach guarantees the boundedness of system
signals and ensures that the tracking error con-
forms to the prescribed performance specifications.
Compared to conventional control schemes [8—12],
the MTN approximation method employed in this
scheme effectively simplifies the complexity of
controller design through its simple network struc-
ture, while concurrently enhancing both practical-
ity and operational efficiency. Furthermore, ref-
erence [16], addresses state time-delays using a
prediction-based control method. Meanwhile, ref-
erences [17,18], employ delay compensation esti-
mators to mitigate the effects of state time-delays.
Unlike the treatment of state-delays in [16—18], this
paper constructs a LK function containing delay
terms and combines it with the barrier Lyapunov
function, which not only effectively compensates
for the adverse effects of state time-delays but also
strictly guarantees that all states of the system meet
the constraints throughout the operation process.

(2) Although studies [16-28] have addressed the issues
of state time-delays and full state constraints, they
lack further exploration into the preset performance
problem. Similarly, references [30-35] only con-
sider the preset performance problem but ignore
the influence of state time-delays and full state con-
straints on the system. Therefore, this paper intro-
duces a performance function based on a compre-
hensive consideration of state time-delays and full
state constraints, which strictly limits the system
error within a preset region. This ensures that the
system meets performance indicators such as con-
vergence rate, overshoot range, and steady-state
accuracy during the dynamic response process, and
comprehensively improves the responsiveness and
robustness of the system in dynamic environments.
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This scheme takes into account both control per-
formance and safety requirements and has stronger
practicality and representativeness.

(3) Compared with [20,26,34], this study introduces
an ETC mechanism, which enables a notable reduc-
tion in the update frequency of the controller while
preserving the convergence performance of the sys-
tem. It further reduces communication burden and
computational cost effectively, which in turn makes
the proposed control strategy more advantageous in
resource-constrained networked MASs.

2 Problem description and knowledge preparation
2.1 Graph theory

Let ¢ = (N,9,A) denotes the directed graph, in
which R = {vj,v2,---,uy} and ¥ C R x R rep-
resent the node and edge sets. The edge from node
n to m is denoted by (v, v,) € ¥, indicating that
agent m acquires information from agent n. The sym-
bol A = (am.n)y, y denotes the adjacency matrix.
In this matrix, a,,,, > 0 implies (vy, v,) € ¥, oth-
erwise a,,, = 0. The degree matrix is defined as
D = diag{dy,dy,--- ,dy} withd; = > a;jj. The
j EN;
Laplacian matrix of the directed graph Lj =D — A.
Define B = diag {b1, b2, - - - , by}, when the ith node
can receive the message from the leader, b, = 1, oth-
erwise, b,,, = 0.

Assumption 1 [44]: If the directed graph ¢ has a span-
ning tree, that is, there exists a path connects the root
node to other nodes, then the matrix L + B is non-
singular, and the virtual leader’s desired trajectory is
represented by yq.

2.2 Problem description

Consider the following nonlinear MASs subject to state
time-delays
Xij = Xij1 + fi,j(Xi ) + @i j (% j (1 — Ti )
+ A (X (1)),
I1<j<n-—1
Xin =i + fin(Xin) + @in(Xin — Tin))
+ Ain(Xin (1))

Vi = Xi 1

6]

wherei =1,--- N, X; ; = [xi,l, cee ,x,-,n]T € R"
and u; € R represent the state vector and control input
of the ith agent. f,] (.i‘,"j) and qﬁ,‘,j (.if,‘,j (l — ‘C,',j))
denote two smooth nonlinear functions that are
unknown in the system. 7; ; represents the unknown
state time-delays. To simplify the notation, let t —

A ; L
Tij = 1, hence, ¥; j (r — 7;,;) can be simplified as
X (tifj>. Aij (%ij (1)) denote the external distur-
bances of MASs.

Remark 1 This paper investigates nonlinear MASs
with state time-delays and external disturbances. It is
worth noting that many practical systems can be mod-
eled by system (1), including robotic and manipula-
tor systems, mass—spring—damper systems, as well as
marine vessels and underwater robotic platforms.

For the MASs (1), the purpose of this paper is to
design an event-triggered-based adaptive control strat-
egy to achieve semi-global bounded of the system, and
fulfill the following objectives

i) every agent achieves tracking of the expected tra-
jectory and the output consensus error satisfies pre-
determined performance.

ii) states x; j (¢) of the system are satisfied |x,',j (t)| <
kij@®),j=12,---,n, where ; ;j (t) > 0 are
known continuous functions.

iii) effectively reduce communication burden without
Zeno behavior occurring.

To simplify the process of designing the control
scheme, several assumptions and lemmas are presented
below

Assumption 2 [45]: All time derivatives of the signal

va up to the nth order are bounded and continuous.
i.e. they satisfy the conditions |y4| < I'1 and ‘ y[(ll)‘ <

'nd=2,...,n),whereI'y > 0and I';; > 0.

Assumption 3 There existconstants £; ; > 0 such that

external disturbance |A; j (¥, ()| < ..

Assumption 4 It is assumed that the state time-delays
J

function satisfies |¢; ; (%;,;)] < > @i (xi,j) with
I=

©i,jl (xl-, j) are unknown positive functions.

Lemma 1 [46]: Y, is N-dimensional vector that sat-
isfies |Y — Yqll < L vnere ey = [21.1. 22,1, ...,

T
ZN,l] e RN, Y =[y1,y2,---,yn1T € RN, ¥y =
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[yo, yo, -+, yo]T € RN, omin is the smallest singular
value of matrix L + B.

Lemma 2 [20]: Let Q,, = {zi, ||z,',1| < 0.88148;; },
(i=1,..,N,l=1,...,n) be the defined compact set.
Ifzi1 € Q,, then 1 — 2tanh? (g’—;) > 0, otherwise,

1 — 2tanh? (g’—j) < 0, where 8;; > 0 is a constant.

Lemma 3 [47]: For any kp, > 0, If the inequality
|z,~,,,| < kpp is fulfilled, it can be deduced that

Lemma 4 [48]: The inequality0 < |t|—t tanh (%) <
0.2785t holds for any p > 0 and t € R.

Lemma 5 [49]: (Young’s inequality) For ¥(x,y) €
R", The following inequality holds

P b
xy < —[x|" 4+ —
y = Il gl

where p >0,a>1,b>1,(a—-1)b-1)=1.

2.3 Multi-dimensional Taylor network

Notably, in this paper, the MTN is employed to pre-
cisely approximate the unknown nonlinear terms that
surface during the controller design process, thereby
enhancing the accuracy and effectiveness of the con-
troller. The structure of the MTN is illustrated in Fig. 1.

Lemma 6 [50]: On a compact set 2, for a continuous
nonlinear function F (Z) : R" — R, there exists a
MTN WTPmn (Z), as described below

F(Z)=W'P,, (2)+E(Z)

where Z = [z1,22,- - ,zulY € R" and W =
(Wi, Ws, ... W;]T € R! denote the input vector and
the weight vector of the MTN, respectively. P, (Z) =
[21, - 2nr 22 e s 220 2o ,Z;v;]T c R is
the middle layer vector of the MTN. E (Z) rep-
resents the approximate error between F (Z) and
WIP, (Z). |E(Z)| < & withe > 0, and W:=

arg min {sup |F(Z) — WTPm,, (Z)|} e R.
WeR! 7eQ
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Remark 2 Tt is important to emphasize that while the
MTN bears structural similarity to the radial basis func-
tion neural network (RBFNN), a core distinction exists
in the design of their middle layers. Specifically, the
RBFNN relies on Gaussian basis functions to achieve
nonlinear mapping, whereas the MTN adopts polyno-
mial approximation for capturing nonlinear character-
istics. This substitution not only simplifies the overall
network structure but also significantly decreases com-
putational overhead.

3 Main results
3.1 Coordinate transformation

The output consensus error e; is designed as follows

ei (1) =Y aij (yi — yj) +bi (i = y0) )

JEN;

And ¢; satisfies the following predetermined perfor-
mance requirements

=l (1) =€ (1) < Iy (1) 3

where the performance function ¥ () is strictly
decreasing and bounded, and is given by ¥ () =
(Yo — VYoo) €V + Yoo. Ly and Iy are tunable design
parameters. Yo = ¥ (0), y9 > ¥ > 0 and v > 0.
The initial value of the error ¢; (0) meets —I,, ¥ (0) <
e; (0) < Iy (0).

Next, the following equivalent transformation is
employed to satisfy the prescribed performance require-
ment.

ei () =y () H; (w; (1)),t=0 “)

where H; (w; (1)) = % with w; (¢) denotes
the transformation error.
Based on the above discussion, define the following

coordinate transformation

= 1ln b
il =W — = —
Zi,1 i B l )

Zij=Xij— O j-1, 2=<j=<n
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Fig. 1 Structural 21 22 Zn
representation of MTN
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/

\F(2))

N4

Output layer
. . S 1
R k 3 Given that the function H; (w; (t)) is strictl Z 2 . Y . T
Remark ihat the functio f (wl.( ) y +3 Z ((pj’l,l (xj1 () 9i11 (xj,l (tj’])»
increasing and By = m > (0, it follows that jeN;
: (N
w; (1) = H;l (%) =1 5 In (HH’") By differenti-
ating this relation, we obtain w; (f) = r; (él. — %), Differentiating the tracking error e; yields
der the condition that i = b [ b — 5 e
under the condition that r; 2 | Hitln  Hi=lu 6 — 1/’; = (b; +d;) (Zi,z + i+ fi1l+din (;c,-,l (g_j.))
holds. Hence, we can derive z; | = r; (éi — ﬁ)
’ 4 +Ai,l)
- @ (xj,z + fi1+ ¢ (fj,l (tjrl»
JEN;

3.2 Controller design YA — biso — 1/:;’:' (8)
Step 1: Design the candidate Lyapunov function Z; j
as follows By substituting (8) into (7), we obtain

_ ziari (bi +di)

2 Ein (zi2 + g+ fin
b1 ~ i1 +¢i1 (x,l( ))—i—All)
L 2 Ziti
+ 5/ @i (xi’l(s)) ds — kz’% Z aij (xj2 + fin
-1 b1 T %1 jen;
1 ! _
Y[ dutaos © #oan (330 (12)) + 4)
. —T; . .
JEN; i AU Zi, m Ve 2 kb1
- 1

Ky = zis 7 GV ok (kl%1 - Z§]>
where W; 1 = W; 1 — W; 1 is estimation error, W; i is

T L, 2
the estimate of W; | and kp1 = ;1 — ;1 with¢; 1 isa Wi Wi+ 5 (‘pi,l.l (xi1 (D) = @711 (v (’fl)))
constant. 1 )
. . + = t - i (17 9
Calculating the derivative of E; | as follows 2 & ((‘0/ L (3.1 ©O) = 0] (x“ (11))) ®)
& = i1 . <é_ 1Wi) zi, 1kp1 According to Lemma 5, Assumption 3 and 4, the
Sl = i\ — - L. .
kil -z v kp1 following inequalities hold
T X
—WiiWia _Ean (x (,)) 1 (bi +di) 2717
1 2 i i1 =92 /., o\
+ 5 <§0,'2,1,1 (xi,l (l)) - 901'2,1,1 (xi,l (151))) kbl il (k,%1 - Zi2,1>
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+M (10)

2(bi +di)
AU (bi +d) 2}y

il =z
=22, T2 (o 2\
bl il (kbl _Zm)

1
— ¢ 11
NEICET A (b
2 2
Zi17i 1 27
_’7(15]1 (le (t 1) < -
RN T
1
+ 5900 xj-l(f;J)) (12)
2 2
P17 1 Zit 1
_]{221,17”2 A.,‘,l < E i1"i + 2@
-z 2 2
b1 %4l (kbl _Zm)

13)

Then, by substituting (10) , (11), (12) and (13) into
(9) , we obtain

ziari (bi +di)

(-

i1 < (zi2 + a1+ fi1)

kl%l _Ziz,l
- kﬁ%rzz > aij (vj2+ fia)
i,l jeN;
o ziahi ziari e B Ziz,lkbl
k2, — z%l o Ky — 121 14 kp1 (kzl - 11'2,1)
(bi +di)*22 . r?

l lll
+ Y@

2
2 2 2
(kbl - Zi,l) JEN; (kbl - Zu)

~ T
—WiaWia
1
+2(/’111x11(t) Z(pjllle(t)
J€N1
1 2 1 2
+Eei'] +5 Zai]{jyl (14)

JEN;
After adding and subtracting tanh? (2’1)
1

<<p, (@) + % (pj 1 (xa (t))),the(14) sim-

JeN;
plifies to
~ Zi 1l
dzl_Ql—l((b +d;) (zi2 + @i + Fi1)
ki, —z
bl i1
_(bi+dy) Zi,l”i)
2 2
ki =z
Zi17i Ve
- a-~x<2~|—b +_
k}zl —Z%l Z s lyO w

JEN;
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5
zZ; 1kp1

kp1 (kl%1 _Zi2,1>
1 Zi,l
1 — 2tanh?
* 2( o (51,1))

Z%ll (xj1 ()

jEN

~ T A
- W, Wi +2 Tt Za,,ejl (15)
jeN

(/’111 xll(t)

here F: (bi+di)ziqri i1t
where F; 1 (Zi1) = fia+ (G-22) +(k§1—zﬁl)(b,—+di)

(bi+di)zi.iri k-2, ) (Zi1>
aij + 04 A tanh? (35
jeZNi Y kil_ziz,l (bit+di)rizi 51
2 1
(b0 Z o)) -
JEN;
> aijfj1 with Zi; = [Zi,l,sz] . According to
JEN;

Lemma 6, we obtain

Fii(Zi1) =

W,1Pm,1(Ztl)+Ell( |Ell ll)!
<ein 16)

where ¢;1 > 0 is a constant.
Substituting (16) into (15) yields

Zi, 17i
o e (o )
bl — %il

2 2
ki —zi4

[I] .

Zilr,
S AL (P vei

2
ki — 2 1 \jen;

Zi,lkbl

k1 (’931 - Zi2,1>
1 z
+ 5 (1 — 2tanh® (8: i)) (<P,'2,1,1 (xi1 ()

+ Z 0711 (6,1 (1)
JEN;
~ T A
—W,-,lw,-,ur2 Tty Za,, i (17)

JENl
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In addition, we have

Ziti 1 (b; +d)211, 1

2
1= €
P R N P YO A RS
b1~ %0 (kbl _ Zi,l) i +di
(18)
By substituting (18) into (17), we obtain
.'i‘. Zi,1ti
TR (i +di) (202 + @in + W Py )
(b +di)?zi1ri
2(1‘1%1 _21'2,1>
Ziti Ve;
ajixio+b;y
kbl—zl(ng o lﬁ)
B 22 kp1
ko (klgl - Z?,l)
1 Zi1
+5 (1 — 2tanh? (ﬂ)) (<p,~2,1.1 (xi,1 (1)
+ Z 9012'.1,1 (xj1 )
JEN;
W11W11+ 5121‘*‘ Za,, ,1+ (19)

/eN

Accordingly, the first virtual controller «; ; and

adaptive law VAV,', 1 are designed as follows

& T ki 1zi1 10i,1%i,1
a1 =W, P, — =il o Jiisd
o P b+ di) ri (bt di)
1 . Ve
[ Y ayxia + biyo +
(bi +di) \ /=5 v
(20)
A Zi, 1t A
Wi = ﬁ (bi +di) Py —viaWin (21
b1~ i

where constants k1 > 0, .1 > 0, i1 =

N .
(%) + i1 ObViOUSb/, ni,1 + % > 0, therefore,
2
kgl z2 (nl 1 + k ) 0
Substltutmg (20) and (21) into (19), we have

ki 122 Z
— i,1%i,2
TR k (b di)r lk 2
bl le bl Zi,l

~ T A
+Vi,1Wi,1Wi,l
1 Zi,1
— (1 = 2tanh?
+2< o <511))
Z(plll le(t))
JEN;

,1+ Zauﬁjl+ ~e? (22)
]ENt

%11 le(t)

Step 2: Design the candidate Lyapunov function &; 2
as follows

(23)

where VNV,-,Z =W;>r— VAVi,z is estimation error, VAVi,z is
the estimate of W; > and kpo = k2 — ¢; 2 with ;2 is a
constant.

Calculating the derivative of E; », and incorporating
(1) and (5), we obtain

2i,2

Bio=8i1+ ———— (xia+ fia + iz (%2 (17,))
(k}%z - Z?,z)
. Zi 2]%172
+Al — &1 — -
2 kp2 )
s |2k
—WiaWia+ 5 3 3 (02 (v )
k=1 I=1
~ @i (xi (tiz,k))}
2
1 T
5 2 D [P (e ) = 0h s (51 (1))
JjeN; k=1 I=1
(24)
. o _
where &;] = (,x . <x12+fl 1+ i1 (xi,l (t,-ﬂ))
da;. daiy (k41 doy
A1) + a;"v‘wll + Za‘x(k‘) o+ B 4
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2
b -
Z 21:\/ 0?1 (Xj,k+1 + fik+djk (xj,k (t;k»

FAG L)+ Z Bhit gy (ht D),

Based on Lemma 5, Assumptions 3 and 4, we obtain

Zi2 - 1 Z1'2,2
2 ) bi2 (xi,2 (tl 2)) = 2 2
(kbz g 2) (kgz Zi2,2>
[ 2
+ 3 ; 90,'2,21 (xi1) (25)
Zi2 Zi2,2

1
2 (.2 5 \? 2
(ka_Zi,Z)

i al
- ‘“«» (xi1 (171))

2
%o (3ai,1)2
2\ 55
2 2 Xi1
(Ko =) "

| =

Zi2
1 2

+ 3% (i) @7)

2

i i z
SRR e trr)
(kbl_zi,2) ol (kzgz_z'z) "
1
2

(% —zﬂ)zz anyy i (E3 (7))

k=1 jeN;

~6, (28)

1 Z;, 2 oa; 1
iy (e
(kb2 -z 2) k=1 jeN;
1< k
500 2 e (i (1)) (29)
k=1 jeN; I=1
2

8al 1
(kgz Z?z) Z Z

k= leN,

2 2 2

1 Z Z Zin da; 1

=2 2 2 \? <3xj k)
k=1 jeN; (kb2 — Zi,2> ’

2

+ % Yoy 8, (30)

k=1 jeN;
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Substituting (5), (22), (25), (26), (27), (28), (29) and
(30) into (24), we have

2
kiziy Zi,2
i,2 = _k2 2 + 5 5 (

-z —

b1 <l (kb2 Zi,Z)
5
Zi okp2
2 _ 2

k2 (kb2 - Zi,Z)

2
Van -
2y W W = WL Wi,

(11

zi3+ain+ Fi2)

‘P,kl xll(t)

Z‘P]kz le(t)

JEN;
+ 2 (1 = otann? (&
2 311

Z%ll (xj1 ()

JEN;

(P,11 x:l(t)

1 2
+ E Z aijej,l +

JEN;

2
1 2 1 2
AR D D DN (D)

k=1 jeN;

1 2
S8ty £,1+ Ei,l

a . .
where Fio = fio — 32‘: (xi,2+ fi,l) + 2Z'—22
' (ka_Z 2)

2 2 2 :
0 | 0w 1 0 1 Ya
)5 (B)) - -
( aXi.1 kgl IEZ Xk oW, bl
2 a1 ! (k+1) 9o
2 Ter Wik fik) =X vy =Gt
k=1 jeN; k=0 %o
1 122 )
(k1) 4 %2 + (b2 %i2) tanh? (m)
kgo WV 2(ky2) w2 %2
2
> (ptkl(xll(t))+Z(pjkl(x!l([))
k=11 JEN;
ccordlng to Lemma 6, we obtain
. ki1z?, Zi2
Eip < 2 =+ 2 - 5
b1 T % (kbz - zi,2)
(Zi,3 +oi2+ W,~T’2Pm,-,2 + Ei,2)
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OFs (xias O)+ Y @iy (0 (1)
JEN;

1 1 1
2 2
T35 'Eezv: aijtji+ e+ 251 1t 25
i

+38ats ZZE (32)

k 1 jeN;

Accordingly, the virtual controller «; » and adaptive

law W, 5 are designed as follows

~ T _
aio=—~W; P, —ki2zio — 1i2%i2 (33)
X Zi2 A
Wiz=—""—Pu,—vi2Wi2 (34)

(kiz - Z%,z)

where constants k;2 > 0, ;2 > 0 and 9,2 =

. 2 )
k . _
(ﬁ) + 7i,2. Obviously, 1; 2 + ﬁ > 0, therefore,

2
kbz 2 (7712 + kbz) =0.
Substituting (33) and (34) into (32), we have

2 kisz T .
E,QS—Zkzll_IZIZ thZZt3 +Zy W W
=1 Kb1 % b2 =1
k
1
+ EZ(] —2tanh2( ))ZZ
g=1 k=1 =1
<P,-2,k,l (xig () + Z ‘P,z',k,l (xj0 @)
JEN;
12
+228121+2 ity ZZ rt s Za,, Ji
JeN;
12
2
+ 5 Z Z o 35)
k=1 jeN;

Step p (3 < p <n — 1): See Appendix.

Step n: Design the candidate Lyapunov function
Ei.n as follows

k% 1 ~7 -~
Sin = Sin-1+ I m 4 oW, Wi
2 kbn “Zin 2 '
1 n k t
X[ tue)ds
k=1 [=1 17"k

n t

Yy

jeN; k=1 1=1 Y17 Tik

‘sz',k,l (xj,l (S)) ds

(36)

where VNV,-,,I =W, — Wi,n is estimation error, VAV,-,n
is the estimate of W; , and kp, = ki, — t;, With (; , is
a constant.

Calculating the derivative of ; ,, and taking (1) and
(5) into account, we have

(u, +ﬁn+¢zn(x1n(tzn))

. Zinkp
+Ain = Uin—1— Lr n)
kin

1 n  k
+5 > [‘piz,k,l (i ) = 07 xy (xi (tir,k)):|
k=11=1
1 n  k
T3 >
JEN; k=1 I=1
[‘p_?,k,l (70 () = 0 as (x/l (’fk))] @37
. "= 0t n—1
where & ,—1 = > o (xi k1 + fik
k=1 '

n—1 .
00 n—1 Yx
+i.k (xz k ( )) + A k) + —:‘;i,_k' Wik

k=1
By (k+1)
+ Z al?k) Yo

n
kZ ZN 3;"k1 (xjkrt + ik

+¢jk (.i?j,k (tjrk>) + Aj,k).
Substituting (67) into (37), and using Lemma 5 along
with Assumption 3 and Assumption 4, we have

lthl Zin
i,n = - Z ) 5
i, l (kbn - Zi,n)

(1]

(ui + Fi,n)
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i 2 (k3 —<2)
;( - 2ann? (522 ))ZZ

k=1 I=1

NI»—

Z(pjkl (xj.0 (1)

%kl xll(t)

JEN;
1 1
—i-ZZSlzl-F ZZZ E Zaijﬁil
g=1k=1 JEN;
1 &
+3 I (38)
g=2 k=1 jeN;

n—1
doti
where F;, = fin, — > ‘;;j’k‘ (¥ikt1 + fik) —
k=1 "
n
doti
Y X Tt ikt fi) (kzZ'_"z)
bn i

k=1 jEN,‘

(”Z(a‘s‘;x') Er ) -y

—1jen; k=1
ctj p—1 Zi nl 0t n—1 _ (k+1) b -z
Olin—1 W in _ in— n  “i.n
ikt oo Z PNGE Ear—
OW,x 2(kgn—z%n) Pt ayé )20 Zin

) n k
tanh? (;_n) kzuzl <(pl.2’k’l (xis (t)}p_gv 00 (%) (t))).
== JEN;

According to Lemma 6, we obtain

- 2
= __Z ki,lZi,l + Zin
~in — k2 _ 2 2 )

2
(kbn —Zin

(”i + WiY:ani,n + Ei,n)
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Ohs (i )+ D 9 (xj0 ()
JEN;
2
+ - Ze,,+ ZszJr > aiil?,
qg=1k=1 jeN
1 n
2
+5 ZZ > Gk (39)
g=2k=1 jeN;
In addition, we have
2
; 1 Z; 1
o Ein S s sk, (40)
k2 — ' 2 (2 2\ 2"
n zn (kbn Z[ﬂ)

where ¢; , > 0 is a constant.
By substituting (40) into (39), the following result
is obtained

(ﬂ,k[ le(f)

Z‘/’Jkl x]l(t))

JEN;
T s n—1 T 1 n )
W, Win+ Z YiaWi Wi+ 3 ZSU
=1 =1
1 P (R A
+§Zaij£j’l+izzei,k

jEN; g=1k=1
1 &<

5222 G (41)
g=2k=1 jeN;

The following ETC scheme is developed with the
goal of minimizing controller update frequency and
reducing both communication burden and energy con-
sumption in MASs.

wi (1) = 0; (tix) Yt € [tik, tigs1) 42)
tikrr =1inf {t € Rlle; )| = Ai lu; )|+ i}  (43)

where, inf {-} denotes the infimum, measurement errors

el(t)—ol(t)_ul(t)0<)¥<1Xl>0Xl EI)\I
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are design parameters, f; x (k € Z+) denotes the kth
triggering instant of the ith agent. The ETC strategy
specifies that from triggering instant #; x to the next
triggering instant #; 41, Between the current and the
next triggering instants, the control input u; (¢) is main-
tained at the value o}, and is revised upon the arrival of
the subsequent triggering time #; j41.

Remark 4 1t should be noted that the tuning of the trig-
gering parameters A; and x; must balance communi-
cation efficiency and tracking performance. Parameter
A; regulates the trade-off between event-triggering fre-
quency and steady-state error, while x; determines the
minimum inter-event time and must satisfy y/ > %
to ensure stability. Therefore, during parameter tuning,
it is advisable to first select a moderate value of A;
(e.g., within the range of 0.2 to 0.8) to balance perfor-
mance and communication cost. Subsequently, based
on the allowable error tolerance, set x; slightly below
the predefined threshold (1 — ;) x/, and then grad-
ually decrease x; to reduce steady-state error while
monitoring the triggering intervals. Finally, iteratively
adjust both parameters to achieve the desired trade-off
between control update frequency and tracking accu-
racy.

The adaptive control law and adaptive update law
are designed as follows

0i(1) = —(1 + 1) @iy tanh | =250
(kbn - Zi,n)gi

ZinX;
+xf tanh | X (44)
(kpy — 23 )Si
AT _
Ojpn = _Wi,n Pm,-,,, - ki,nzi,n — Ni,nZin (45)
B 7 .
Win=—5""5Pu, —VinWin (46)
kbn ~Zin

where constants k;, > 0 and y;, > 0, 9;, =

. 2 .
(%) + 7i.n. Obviously, 7, + % > 0, therefore,

% i
_kbnT (ﬂnrkﬁ) <0.
From (43), we have

oi ()= +wr @) A)u; (t) + w2 (1) xi 47

where t € [t,-,k,ti’kﬂ], w1 (t) and w; () satisfy
lwy ()] < 1and |z ()] < 1.

By manipulating (47), we obtain

ui (1) = oi(t)  wm@x 48)
T It oA Lot

Since V¢ > 0 and £ € R, —£ tanh (% < 0, from
(43), we obtain z; ,0; (#) < 0, Furthermore, with the
additional constraint |w; ()] < 1, |wa (£)] < 1, we
consequently obtain

Zinoi (1) Zin0i (1)
(kgn - z,%,,) (I+w (D)) (k,fn — ln) (14 1)
(49)
‘ @2 (1) Xi Xi 50)
I+ wp ()2 1—A;

It follows from (48), (49) and (50) that

Zin Zi,nXi
—u (1) <0.557¢; + -
Koy — %1 Lk, =) =)
Zi, naz no| Zi,nX,'/
2 2
k Z n kbn “Zn

From the above analysis, it follows that

-1 T
- IIZ,Z ZinW Pm,n Zi, ,101,,1
Sin = Z k2 k2 _
= zi,l 1 n 1 N
Zin Xi
- |5
kbn -
Zi,n Xi i, nkb"

Uy =22 )= 1) | ken(kp, — 22,

"

~ T A ~ A

> W Wiy — Wi, Wi
=1

+;§(1—2tanh2<z’4))2i

k=1 1=1

(w,%k,,m,z(t)) +> w?,k,,u,-,z(r)))

JEN;
+0.557¢ + = Ze,,+ > aiil%
/eN
+= ZZek+ ZZZE (51)
q k=1 q=2k=1 jeN;
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Substituting (45) and (46) into (51) gains

[I]

llZ l ~ T ~
- Z P S Y W Wy
b

z_Zzz =1

Z‘plkl le(t)

JEN;

+0.557¢ + Zs,+ Y ait3,
Sy

1

P

q=1k=1

n q
+ % YYD 6, (52)

g=2k=1 jeN;

‘P,kl le(t)

4 Stability analysis

Based on the preceding discussion, the stability of the
closed-loop system is investigated based on Lyapunov
theory, and the primary findings are summarized in the
subsequent theorem.

Theorem 1 Consider the MASs (1) quipped with the
adaptive laws (21), (34), (66), (46), the virtual con-
trollers (20), (33), (65), and the actual controller (45).
Under the action of the actual controller and the event-
triggered mechanism (42), (43), the following proper-
ties hold

i) The MAS is semi-globally bounded, and the con-
sensus output error of all agents satisfies predeter-
mined performance specifications.

ii) All system states are ensured to evolve within the
specified constraint bounds.

iii) The minimal inter-event interval is strictly positive,
thereby excluding Zeno behavior.

Proof For the closed-loop systems, the Lyapunov func-
tion candidate = is considered as follows

[I]

==y

i=1

in (33)
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By taking the derivative of both sides of equation
(53), we obtain

~ 2 N
)’i,lW,',l
o 5 +Z 0.557¢;

il i=1

O (xir )+ Y 94 (k0 0)
JEN;
1 N 1 N n ¢q
2 - 2
DI IR ED I+
i=1 jeN; i=1g=1k=1

1 N n q
DI (54)

i=1 g=2 k=1 jeN;

) 2
= T A ne viaW;
where y; (W, ;Wi < ——mz By 2 5 L

Thus, we have

E<—-aB+C (55)
N n q k
where ¢ = 1Y % ( — 2tanh? (zlq)) 393
i=lg=1 Y /) k=1 1=
2 N
s (i 0) X @3y (v 0) ) + 3005575 +
JEN; i=1
TR 2
jX:Z:é\ll—i_EZ: aljejl‘i‘ ZZZE
i=1l=1 i=1jeN; Py ey o
1 N n ¢ .
12X Z /k’anda—mm{%l,)/i,l}.
i=1q=2k=1 jeN;

Multiplying both sides of inequality (55) by ¢?' and
integrating over the interval [0, ¢], we obtain

t t t
/ e 2dt 5/ —ae® Bdt +f e Cdt
0 0 0

1 c c
S =EM= (E 0) - ;) e+ — (56)
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Hence z; < kpis

\/2 E(0) — S)ear + 2C.

Applying Lemma 1, due to |Zi,1| < ky < kp1, we
conclude that

where  k;, =

k k
Iy — vy < =2 < 2L (57)

Omin Omin

From (57), it can be concluded that by appropri-
ately selecting design parameters, the tracking error
converges to a bounded region centered at the ori-
gin. Therefore, every agent achieves tracking of the
expected trajectory.

Combining (6) with (56), we derive

|zia] < kbz\/ 1 — e 2EO=Clajemr 26/ < ) (58)

Because of |yg| < I'1, we can obtain |y;| < (f‘:l‘n +
I'1. Define kp1 = omin(k1 — I'1) and, therefore, | y1| =
|x, 1| < k1. According to (20), «;1 consists of W, 1,
zi,1 and yg, where both z; 1 and Wl,l are bounded.
Moreover, W; 1 as the true value of VV,', 1, 1s bounded.
Based on VNV,-,l =W;1— VAV,-,l, VAV,-,l is also bounded, it
can be concluded that ¢; 1 is bounded as well. Without
loss of generality, we assume «;,; < ;1. Since z; 2 =
xi,2 — a1 holds, it follows from (58) that |z; 2| < ko,
Define kp2 = k2 — &1, hence, < k2 . Similarly,
it can be proved that |x,-,1| < ki, Wwherei =1,..., N,
1=3,4,....n

To conclude, the adaptive ETC scheme is proven to
guarantee that all system states remain within the pre-
defined constraints. Zeno behavior refers to the phe-
nomenon where infinitely many event triggers occur
within a finite time interval. To reduce the number of
control actuation updates and conserve communication
resources, it is essential to prevent the emergence of
Zeno behavior.

Frome; (1) = o; (t)—u; (t),Vt € [ti ., tj k+1),itfol-

lows that % le;| = %(ei X ei)% =sign (e;) é; < |ojl,

where o; denotes the derivative of o;. Since all signals

within the system are guaranteed to remain bounded,

there necessarily exists a positive constant u, such that

|67] < . Given e; () = 0 and lim ¢; (1) = yx;, it
=141

follows that the lower bound 7* of the inter-event inter-
val satisfies t* > £, This conclusively demonstrates
that the protocol proposed in this work excludes Zeno
behavior.

Three separate cases are considered for analyzing
the consensus error of the MAS.

Case 1: zj1 € S, fori = 1,2,...,N,l =
1,2, ...,n, then |z,~,1| < 0.88144; ;. The consensus
tracking error e is derived as e; = (L + B) (Y — Yy),
in accordance with definition z; ;. Consequently, we
have |Y — Yy| < % with opip i the smallest singu-
lar value of matrix L 4 B. Therefore, the tracking error
Y — Y, is bounded. Moreover, by selecting the design
parameter ;1 to be sufficiently small, the consensus
error can be reduced to an arbitrarily low level.

Case 2: 2 ¢ s, then 1 — 2tanh? (g_;) <o.
Thus, we have

q N n ¢
Y32 > > X 63, then it fol-

i=1g=1k=1 i=1q=2k=1 jeN;

lows that |le;|] < 2

{kig,i=1,2,..,N,1=1,2,....n}, therefore, the
tracking error Y — Y is bounded. Moreover, by select-
ing the design parameter 6; 1 to be sufficiently small,
the consensus error can be reduced to an arbitrarily low
level.

Case 3: Under this scenario, the set z; ; is partitioned
into two disjoint subsets z;, ;, € 2,1, and zj,, ¢
Qi, 1,, Where i1 € S;,01 € S;,,i2 € Si,, 1 € Sy,
Based on Case 1, if z;, ; € Qg ,, then |z, |
0.88144;, 1, , Therefore, z;; 1 is uniformly bounded over
Vi; € S;,. Based on Case 2, when z;, 1, ¢ 2,1, We

have % (1 — 2tanh? (Z'Z 12)) > Z

kesy, I=1

, where £k = min

(‘szl(xtl(t)) + 2 <P]k1( il (t))> < 0. Conse-

JEN;
quently, z;, 1 is bounded for Vi; € S;,. O
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Fig. 2 Communication topology
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(b) System output y; and reference signal y, in Case 2.

Fig. 3 System output y; and reference signal y; in Example 1

5 Simulation example

This section presents three simulation examples to
demonstrate the effectiveness of the developed con-
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(b) Tracking error e; in Case 2.

Fig. 4 Tracking error ¢; in Example 1

trol approach. A nonlinear MAS consisting of a virtual
leader and four followers is considered, with its com-
munication topology illustrated in Fig. 2.
Accordingly, the Laplacian matrix is derived as L =
0 000
-1 100
0 -110
-1 0 01
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Fig. 5 System state x; » in 3
Example 1

6 8 10 12 14 16 18 20
Time (sec)

(a) System state x; 2 in Case 1.
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Example 1 Consider the nonlinear MAS model with
state time-delays as follow

X =xip + fin (%i1) + i1 (X1 (1 — 1))
X =ui + fin (%i2) + di2 (Xi2 (1 — 7.2))
+Ai2 (Xi2 (1))

Vi = Xil

(59)

where fi ()Z',‘,l) = 0.1x;1€"1, fin ()Z',‘,z) = xi,lxi%z,
¢i1 (¥i1) = 0.05sin(x;1), ¢i2(¥i2) = 0.05sin

(xi1%i2), Ain (Xi2 (1) = 0.1xi,1x; 5 cos(r).X1,2 (0) =

0,017, ¥22(0) = [0,01", ¥32(0) = [0,0]",

6 8 10 12 14 16 18 20
Time (sec)

(b) System state x; o in Case 2.

x42(0) =[O0, 017 . The virtual leader’s reference signal
is set as follow y; = sin (7).

The parameters for the prescribed performance and
state constraints are assigned as follows respectively:
Yo=4 Yoo =05 v=110,=11y =15« =
1.340.1s8in (¢), kp = —1.3 4+ 0.1 sin (¢). The value of
the event-triggered parameter is selected as: ;| = 5,
ni2 =2, 4 =05 x =1, x; = 45, x5, = 25,
Xé =35, XZ‘ =30,¢1=¢4=04,60=0.2,53 =0.8,
M, = 05 M, = 04, M3 = 0.6, My = 0.3. To
further illustrate the stability of the model, two sets of
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different time delays and controller design parameters
were selected as follows:

(i) Case 1: The time delay is given by 7,1 = 7i2 =
0.3s. The following values are assigned to the controller
parameters: k1,1 = 35, ko,1 = ka1 = 55, k31 = 25,
yi,1 = ¥3,1 = ya1 = 1000, y2,1 = 5000, kp1 =5,
kpp =4, y12 =01, 2 =y32=va0 =1, k12 =
200, k22 = 500, k32 = ka2 = 100.

(i1) Case 2: The time delay is given by 7;,| = 7,2 =
0.6s. The following values are assigned to the controller
parameters: k11 = 75, ka1 = 95, k3,1 = 30, ka1 =
35, y1,1 = ya1 = 500, y2,1 = y3,1 = 1000, kp; =5,
ko =4, 712 =05, 20 = y30 = v42 =10, k12 =
ka2 =200, k3 2 = ka2 = 100.

The simulation results are presented in Fig. 3, 4, 5,
6,7 and Tables 1 and 2. Fig. 3 shows the tracking per-
formance of the four follower agents y; (i = 1, 2, 3, 4)
with respect to the virtual leader’s reference signal y,. It
clearly demonstrates that the outputs of the agents can
effectively track the reference signal. Fig. 4 presents
the tracking error, which verifies that the output errors
of the system satisfy the prescribed performance con-
ditions. From the state trajectories in Fig. 5, it can be
observed that all the agent states remain within the pre-
defined constraint bounds. Fig. 6 displays the control
inputs u; of the four agents. Fig. 7 depicts the time
intervals between two successive triggering events for
each agent. Combined with Table 1, it can be seen that
the four follower agents have different numbers of trig-
gers, which effectively reduces the frequency of con-
troller updates and further confirms that Zeno behavior
does not occur. Table 2 compares the triggering law of
the ETC scheme proposed in this paper with that of the
fixed ETC scheme, thereby verifying the effectiveness
of the proposed ETC strategy.

Example 2 To further validate the effectiveness of the
proposed scheme, a practical inverted pendulum sys-
tem [51] is considered.

The dynamic model of the inverted pendulum sys-
tem is formulated as follows

@it = wip + fi.l (wi1) + hi
@iy =1+ fi2 (@i2) +hia (60)
yi = @il

where f; | (zzr,"l) =0, hiy = 0, fin ('l_ﬂi’z) =
5—22, sin (wi,lw;,z). The time delay is given by 7,2 =
0.3s. The virtual leader’s reference signal is set as fol-
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(b) Control input u; in Case 2.

Fig. 6 Control input u; in Example 1

low yg = sin (), in which 6; is pendulum angle (O is
upright), kK = 100N /m denotes the stiffness coefficient
of the connecting spring, » = 0.5 represents the pendu-
lum’s height, g = 9.81m /s> denotes the acceleration
due to gravity and d = 0.5 is the spacing between the
pendulum attachment. m; = 2.2, my = 2.5, m3 = 3
and m4 = 2.5 are the masses at the ends of the pendu-
lums, L1 = Ly = L3 = L4 = 1 are the corresponding
moments of inertia.

Furthermore, the parameters for the prescribed per-
formance and state constraints are chosen as follows,
respectively: Yo =4, Yoo =05, v=1,1, = 1,1y =
1.5, k1 = 1.3+ 0.1sin (¢), ko = —1.3 + 0.1sin (¢).
The following values are assigned to the controller
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Fig. 7 Inter-execution 0.6
interval in Example 1 0.2¢

— Inter-execution interval — Inter-execution interval
- 015 o 04
5 5
o 0.1 : o)
< ; | ;Ii | < 0.2

0.05 ll‘l ol Bl

|
0 5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
0.3
|4 Inter-execution interval 0.4 |4 Inter-execution interval | |

0 5 10 15 20
Time (sec)

0o 5 10 15 20
Time (sec)

(a) Inter-execution interval in Case 1.

0.4
|4 Inter-execution interval | 0.4 |4 Inter-execution interval | |
0371
0.2
o)
<
0.1
0 il I
0 5 10 15 20
Time (sec) Time (sec)
0.6 0.3
|4 Inter-execution interval |4 Inter-execution interval
o 04r
=
()
<
027

5 10 15 20 0 5 10 15 20
Time (sec) Time (sec)
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Table 1 Triggering counts and law for four follower agents

Agent Identifier 1 2 3 4
Number of Samples 3558
Triggering Count 365 385 426 419
Triggering law (%) 10.3 10.8 12 11.8
Table 2 Triggering law comparison of two ETC schemes
Agent Identifier 1 2 3 4
Proposed ETC scheme (%) 10.3 10.8 12 11.8
Fixed ETC scheme (%) 19.5 17.5 19.9 22.7
1.5
Ya
ey
""""""" Y2
o \ l’r\ Y3
\\. \\ ,’ \\‘ —_———y ,'
05 \ \ [ [
\ [ [ [
\ [ \ / \ /
0 \ / \ / \ [
\ | \ / \ /
\ \ / \ /
\ / \ / \ /
05 \ I’ \\ / \\ / ]
\ i \ / \ /
\ \ \
\/ \ / \/
1+ \// \\/ \/ -
15 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

0 2 4 6 8 10 12 14 16 18 20
time (sec)

Fig. 8 System output y; and reference signal y; in Example 2

parameters: k1,1 = k31 = 25, ko1 = k41 = 55,
nit =5 yir = ya1 = 100, y21 = y31 = 1000,
kpi =5 ko =4, v12=0.1,m2=1v32=wm2=1,
k12 =200, koo = 500, k32 = kg2 = 100, n; 2 = 2,
=05 x=Lx=Lsa=a0=¢g=qg=15,
My, = 05 M, = 04, M3 = 0.6, My = 0.3,
%120) = [0,01", %22 (0) = [0,0]", %32 (0) =
[0,0]", %42 (0) =[0,0]".

The results from the simulation are depicted in
Figs. 8, 9, 10, 11, 12. From the tracking performance
in Fig. 8 and the tracking errors in Fig. 9, it can be
observed that the four agents are able to track the
desired signal y; within a short period of time, and
the output errors e; satisfy the prescribed performance
conditions. As shown in the system state trajectories in
Fig. 10, all agent states x; » remain within the prede-
fined constraint bounds. Fig. 11 illustrates the control
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Fig. 12 Inter-execution 0.4

0.3

interval in Example 2

Inter-execution interval

Inter-execution interval
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Time (sec)

15 20 0 5 10 15 20

‘ — Inter-execution interval

Time (sec)

inputs u; of four agents. Fig. 12 displays the time inter-
vals between two consecutive triggering events under
the event-triggered mechanism, indicating that Zeno
behavior does not occur.

Example 3 To gain deeper insight into the performance
of the proposed approach compared with existing meth-
ods, a simulation study was conducted to compare the
MTN-based and RBFNN-based control schemes. The
results of this comparison are shown in Fig. 13.

Fig. 13a presents the tracking performance of the
four follower agents with respect to the virtual leader’s
reference signal under the MTN-based control scheme,
while Fig. 13b shows the corresponding performance
under the RBFNN-based control scheme. As illustrated
in Fig. 13, both controllers achieve satisfactory tracking
accuracy. Notably, the control strategy proposed in this
study attains performance comparable to the RBFNN-
based approach while significantly reducing computa-
tional complexity, thereby alleviating the overall com-
putational burden.
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‘ — Inter-execution interval
0.15
<
G 0.1
o))
<<
0.05 |
u il H Hi | Lt ¥ i
0 5 10 15 20
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6 Conclusion

This paper investigates the cooperative control prob-
lem of MASs subject to prescribed performance, state
time-delays, full state constraints and unknown exter-
nal disturbances. To address these challenges, a novel
ETC strategy based on MTN is proposed. Firstly, the
performance function is employed to guarantee that the
output error meet the prescribed performance criteria.
Secondly, by combining BLFs with LK functions, the
Lyapunov functions are constructed to ensure that sys-
tem states satisfy the constraints while mitigating the
adverse effects caused by state time-delays. At the same
time, MTNs are employed to approximate the non-
linear functions encountered in the controller design.
Thirdly, an ETC scheme is designed to reduce unneces-
sary resource consumption. Finally, the proposed con-
trol approach is validated through numerical simula-
tion, practical example and comparative experiment.
In future work, we will comprehensively consider
the impact of hybrid time-delays (state time-delays
and communication delays) on systems in practical
engineering applications, further enhance the engineer-
ing practicality of the proposed scheme, and conduct
in-depth research on dynamic event-triggered mech-
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(a) Tracking performance of MTN-based control scheme.
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(b) Tracking performance of RBFNN-based control scheme.

Fig. 13 Comparison of the MTN- and RBFNN-based tracking
performance

anisms to more effectively conserve communication
resources.
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Appendix

The detailed derivation for Stepp 3 < p <n — 1) of
the controller design is presented as follows.

Step p (3 < p < n — 1): Design the candidate Lya-
punov function &; , as follows

(61)

where W; , = W; , — W, , is estimation error, W; ,
is the estimate of W; , and kpp = k; p — t; p With ¢; p
is a constant.

Calculating the derivative of E;, , and taking (1) and

(5) into account, we obtain

Wip
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(kbp — z,-,p)
+A; p — % p-1— Zi};kbp)
P
1 Pk ) 5 .
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P
8t p-
kZ Z]:v i (it + fik+ Gk

(e (7)) + )

Taklng Xip+1 = Zi p+1+0; p into consideration, and
substituting (35) into (62) , while applying Lemma 5,

Assumptions 3 and Assumptions 4 gives

p—1 2
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According to Lemma 6, we obtain
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Accordingly, the virtual controller «; , and adaptive

law W, p are designed as follows

Qi p = W Pm,,p - ki,pzi,p - ﬁi,pzi,p (65)
X z ~
Wip,= 5 Lp S Py, —vipWip (66)

where constant k;, > 0, vi, > 0, 7;, =

(k”" ) + ni, p- Obviously, 7, + k”” > 0, therefore,

z p
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Substltutmg (65) and (66) into (64), we have
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