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ABSTRACT This study is aimed at investigating a dynamic event-triggered communication-based adaptive
distributed consensus control problem for a class of uncertain pure-feedback nonlinear multiagent systems
with limited communication resources. The nonaffine nonlinear functions of multiagent systems are assumed
to be unknown and heterogeneous, and intermittent inter-agent communication is considered to occur within
a directed network. A novel adaptive distributed dynamic surface control strategy using neural networks is
developed to manage non-differentiable virtual control laws associated with the intermittent communication
between agents with uncertain nonaffine nonlinear parts. The key contribution of this research is the
derivation of dynamic event-triggering conditions using distributed tracking errors to efficiently adjust inter-
event times, while ensuring the consensus tracking performance and robustness against unexpected external
disturbances. Compared with the existing static event-triggered communication approach, the proposed
controller can alleviate the communication burden among agents. Using technical lemmas, it is shown that
all signals of the considered system are semiglobally uniformly ultimately bounded, and Zeno behavior is
strictly excluded. Comparative simulation results illustrate the effectiveness of the proposed dynamic event-
triggered control approach.

INDEX TERMS Distributed consensus tracking, dynamic event-triggered inter-agent communication,
dynamic surface control, neural networks, uncertain pure-feedback nonlinear systems.

I. INTRODUCTION However, these methods [6], [7], [8], [9], [10], [11], [12],

Distributed consensus control has attracted considerable
attention from the control community due to its potential
applications such as vehicle formation, traffic, and mobile
networks [1], [2], [3], [4], [5]. Many researchers have focused
on event-triggered communication-based consensus control
approaches to increase the communication efficiency among
connected agents In such approaches, event-triggered con-
ditions using static thresholds [6], [7], [8], [9], [10] and
dynamic thresholds [11], [12], [13] are incorporated to avoid
continuous monitoring of the neighbors’ state information.
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[13] are typically applicable only to linear systems. For
more practical applications, various event-triggered consen-
sus controllers using adaptive control technique [14] have
been designed for uncertain nonlinear multiagent systems
such as first-order [15], second-order [16], [17], and high-
order nonlinear systems with matched nonlinearities [18],
[19], [20], [21], [22], [23]. Tan et al. [22] addressed the event-
triggered consensus tracking control problem for nonlinear
multiagent systems with stochastic actuator faults. In [23],
an observer-based event-triggered security control methodol-
ogy was studied for interval type-2 fuzzy networked system
with network attacks. Recursive design approaches for con-
tinuous communication-based adaptive consensus tracking
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have been reported for lower-triangular nonlinear systems
with model uncertainties (see [24], [25], [26] and the refer-
ences therein). Recently, several event-triggered consensus
control problems have been investigated for multiagent mod-
els such as strict-feedback form [27] and nonstrict-feedback
form [28]. Although these studies [27], [28] have reported
event-triggered mechanisms for the control inputs of agents,
the signals communicated among agents were required to
be continuously monitored. To avoid the continuous mon-
itoring of the neighbors’ information, an event-triggered
communication-based distributed adaptive consensus control
methodology has recently been presented in [29]. However,
this strategy involves the following limitations:

(1) In [29], the event-triggered condition for inter-agent
communication depends on a static threshold param-
eter. In several practical environments, it is inefficient
to fix the triggering threshold. The threshold must be
dynamically adjusted to compensate for the increase
in the tracking errors owing to unexpected external
disturbances and to avoid unnecessary communication
among agents after consensus achievement. Further-
more, the transmission rates of certain wireless net-
works such as IEEE 802.11 WLAN are time-varying
because of random wireless fading and variable inter-
ference. In particular, several data rates are allowed in
the IEEE 802.11b standard [11]. The static threshold-
based event-triggered approach is ineffective in such
practical environments. Thus, the first motivation of
this paper is to develop a dynamic event-triggered
mechanism for inter-agent communication to realize
distributed consensus tracking.

(i) The multiagent systems considered in [29] are in the
affine nonlinear form, in which the known nonlinear
functions are matched to the control input. In contrast,
this study takes into account multiagent models includ-
ing unknown nonaffine nonlinearities unmatched to the
control input. Thus, more general nonlinear multiagent
systems are treated in this study, compared to [29].
The second motivation of this paper is to address the
unknown nonaffine and unmatched nonlinearities in
the event-triggered inter-agent communication-based
consensus tracking field.

To the best of our knowledge, none of the existing stud-
ies have focused on the dynamic event-triggered inter-agent
communication-based adaptive distributed consensus control
problem of uncertain pure-feedback nonlinear multiagent
systems.

The aim of this paper is to establish a novel dynamic event-
triggered inter-agent communication strategy for the dis-
tributed consensus tracking of uncertain nonaffine nonlinear
multiagent systems under directed networks with limited
bandwidths. First, the dynamic event-triggered conditions
using the distributed consensus tracking are developed for
inter-agent communication. Next, the recursive consensus
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control scheme for resolving the non-differentiability
problem of the outputs of the event-triggered neighbors is
presented to guarantee total closed-loop stability in the Lya-
punov sense. Furthermore, we analyze the exclusion of Zeno
behavior under the proposed dynamic thresholds. Finally,
simulations are performed to demonstrate the performance
of the proposed scheme in comparison with the existing
strategy [29] using static thresholds.

Different from the previous distributed consensus control
results using event-triggered communication [11], [12], [13],
[27], [28], [29], the main contributions are two-fold:

(C1) Compared with [11], [12], [13], [27], [28], and [29],
the range of applicable systems is extended to pure-
feedback nonlinear multiagent models in the dynamic
event-triggered communication-based control field.
In addition, intermittent inter-agent communication
makes virtual controllers non-differentiable, which
makes it challenging to perform recursive backstep-
ping. To overcome this difficulty, the dynamic surface
control method is used to design the distributed con-
sensus tracking scheme and a novel analysis strategy is
established to ensure the dynamic stability of the non-
differentiable filtering error.

(C2) Contrary to the existing strategy [29] based on static
thresholds, we derive a dynamic threshold using the
distributed tracking error for event-based inter-agent
communication. The proposed approach can reduce the
number of unnecessary network transmissions among
agents while achieving favorable consensus tracking
performance, and ensure efficient inter-agent commu-
nication against unexpected external disturbances.

Il. PROBLEM FORMULATION AND PRELIMINARIES
A. PROBLEM FORMULATION

Consider a scenario involving a time-varying leader and N
followers described by the following heterogeneous pure-
feedback nonlinear systems

J.Ci,p(t) = hi,p()_fi,p(t)’ xi,p+l(t)) + di,p(t)
Xin (1) = Ry, (Xi 0, (1), ui (1)) + di (1)

yi(t) = x;,1(F) (D
where i = 1,...,N,p = 1,....n; — 1, X, =
[xi1,... ,)c,-,p]T € RP? is the state vector of the ith follower,

vi € R and u; € R are the control output and input of the
ith follower, respectively, h; »(X; p, Xi p+1) and h; p;(X; n;, u;)
are unknown nonaffine C! nonlinear functions, and dip,p=
1, ..., n; are unknown and bounded external disturbances.

The objective of this paper is to design distributed adap-
tive consensus control laws u; based on the dynamic event-
triggered inter-agent communication such that all outputs
yi(t) of (1) follow the time-varying leader signal y,(t) with
an adjustable bound.

The following assumptions and lemmas are used in this

paper.
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Assumption 1 [30]: Let & p(Xi p, Xip+1) = 0hip/0xipt1
with p = 1,...,n; and x;,4+1 = u;. The sign of
&i p(Xip, Xi p+1) is known, and for constants &; ,0 > 0 and
Eipt > 0, 0 < &0 < |&ipl < &ip1 is satisfied for all
Xip+1 € RPH!. Without loss of generality, &; ,, is assumed to
be strictly positive.

Assumption 2 [31]: For an unknown constant 3,~,p > 0,
|di,p| =< di,p~

Assumption 3 [25]: The time-varying leader signal y,()
and its time derivatives y, and ¥, are continuous and bounded.
In addition, only the followers with the leader as a neighbor
can receive the leader information y,(¢).

Lemma 1 [32]: For any constant w > Oand ® € R, 0 <
|®] — O tanh(® /w) < 0.2785w.

Lemma 2 [33]: For any constant o > 0, ®; € R,
and ®; € R, |®;tanh(®;/w) — Ortanh(®,/w)| <
1.1997|®; — ®3]|.

B. GRAPH THEORY

Communication among N followers occurs with a directed
graph G = (V, €&, A), which has a set of nodes V =
{1,...,N}, aset of edges £ € V x V, and the weighted
adjacency matrix A = [a;] € RN*N The adjacency weights
a;; are defined as follows: a;; = 1if (j,i) € £, and a;; = 0
if (j, i) ¢ &. Self-loops are excluded as a; = 0. The set of
neighbors for agent i is denoted as ;. An in-degree matrix is
defined as B = diag[by, ..., by] with b; = Zjvzl a;; and
the Laplacian matrix is written as £ = B — A. Another
weighted graph G is defined to describe the network inter-
connection between N followers and a leader robot labeled by
‘0’. The leader adjacency weights v; are defined as follows:
v; > 0if y, is directly accessible by agent i, and v; =
0 otherwise. Then, G represents a spanning tree with the
leader as the root node. Thus, the matrix Q = (L + Y1) +
L+ with ¥ = diag[vy, ..., vy] is symmetric and
positive [34].

C. FUNCTION APPROXIMATION

Using the universal function approximation property, radial
basis function neural networks (RBFNNSs) [35], [36] are
used to estimate unknown continuous functions M; ,(&; p) :
Qg, R derived from the control design steps as
follows:

M;p(Gip) = 6,1, Wip(Gip) + 8i p(Lip) ()

where i € V,p = 1,...,m, ip € Qgi,p is the input
of the RBFNN, Q;,.Yp is a compact set, 0;, € Rlir is
the ideal constant weighting vector with the node number
li p» 8ip(&i p) represents the reconstruction errors bounded as
18 p(Lip)| < 8ip with the constant §;,, and W; ,(¢ip) €
Rlir is the Gaussian function vector. An ideal weighting

vector 6, is bounded as [0;,| < 6;, with a constant 6; ,
[31], [37].
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IIl. DISTRIBUTED CONSENSUS TRACKING BASED ON
DYNAMIC EVENT-BASED INTER-AGENT
COMMUNICATION

A. DESIGN OF THE DYNAMIC EVENT-TRIGGERED
MECHANISM

The dynamic event-triggering condition for neighboring
agent j is presented as

f,, = inf{t > 1 | y(0) = 5,(0)] = wy(0)} 3)
@i(t) = —pwi(t) — pjw (1)
mjexp ( I a0 + v — yr)l)
nj
(4)

where j € V, @w;(0) > 0, exp(-) is the exponential function,
Wj» pj» mj, and n; are positive design constants, k € Z,
i = 0, and y;(t) = yj(ry) fory, <t < 1, denotes the
output information of neighboring agent j updated at t,’{, which
is transmitted to agent i with a;; = 1. When the triggering
condition (3) is satisfied, the transmitted output information
is updated at the next event time t,i +1- The quadratic term
—,ojwjz(t) in (4) is introduced to eliminate the effect of the
distributed measurement error term ZJI\; 1 aijly; — ¥jl derived
in the stability analysis of the closed-loop system, which is
described later.

Lemma 3: 1If @w;(0) > 0, then @wj(r) > 0 for ¢t € [0, c0),
where j € V.

Proof: Because of m; exp(—| SN, aji(y; — y1) + vi(yj —

y)l/n) = 0, (4) satisfies

wi(t) = —pjw (1) — (1) (5)

According to the comparison lemma [38], wj(r) >
wjwi(0)/[e!' (pjwi(0) + ;) — pjw;(0)]. Moreover, because
of @w;j(0) > 0, w;(t) > 0 is ensured for t € [0, 00). |
Remark 1: Unlike the event-triggered consensus tracking
approach based on the fixed constant threshold [29], the
proposed triggering condition (3) for event-triggered inter-
agent communication is based on the dynamic threshold
(4) using the distributed consensus tracking error. As the
consensus tracking error increases, the dynamic threshold
decreases, and thus the tracking error can be rapidly recovered
by increasing the number of events. In contrast, the threshold
increases when consensus tracking is achieved. In this man-
ner, the proposed approach can reduce the number of unnec-
essary network transmissions among agents while achieving
favorable consensus tracking performance. Thus, compared
with the static threshold approach [29], the dynamic trig-
gering condition (3) helps balance the consensus tracking
performance and the cost of communication resources.

B. DESIGN OF DISTRIBUTED ADAPTIVE CONTROLLER
USING THE EVENT-TRIGGERED OUTPUT INFORMATION OF
NEIGHBORS

In this section, we design a distributed adaptive con-
sensus control scheme based on dynamic event-triggered
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inter-agent communication, in which the dynamic sur-
face design method [39] is used to overcome the non-
differentiability problem of the communicated output trigger-
ing signals.

The error variables for the ith follower are defined as

i1 =Yi— viyr — (L= v)Ji, (6)
Sip = Xip — &i,pfl @)
Zip—1 = Qip 1 — Uip_1 (®)

where i € V,p = 2,...,n;, yi, is the estimated leader
signal for the ith follower without any connection links to the
leader, z; ,—1 is the boundary layer error, «; 1 is the virtual
controller, and &; ,_1 is the filtered signal obtained through
the low-pass filter

Tip_1Qip—1 +QAip_1 = Ujp_1 9

with @; ,—1(0) = «; ,—1(0) and a design constant ; ,—1 > 0.
Step 1: From (6), s; 1 is rewritten as s; 1 = y; — yi» with
Yi.r = viyr + (1 — v;)y; , and the time derivative of s; | is

§i1=hi1(xi1,xi2) +dit — Vi (10)

Owing to 8v; 1 /dx;2 = Owith vy | = —V; , d(hi1(xi.1, Xi2)+
vi1)/0x;2 > & 10. The implicit function theorem [30]
implies the existence of an ideal virtual control input x; » =
of (1, vin) satisfying i 1 (xi 1, @ )+vi1 = 0. By applying
the mean value theorem, we have

hin (i1, Xi2) = hi1(p, af ) + & (2 — o) (1)

where &, = & 1(xi1,%2.,) and x; 23, = Ai1xi2 + (1 —
Ai, 1)al | with a constant 0 < A < 1
From (11), (10) becomes

Si1 =&, (o — o) +di. (12)

A Lyapunov function is defined as

1
2
Vs, = ——s7 .
T g0

Using (7), (8), and Young’s inequality, Vsi,l is obtained as

(13)

. Si,1
VSi.l =
&i.10

Ek'l Ek-l
< sia(sin o) + i1z
i.10 i.10

(5)»,-,1 (-xi,Z - Ol;'k’l) + dj,l)

_Qt 11 +|Sl 1|Mll(§ll)+7 (14)

where ¢;; > 0 is a constant and M; (1) =
Isi,1 1671 (@ )P + d7 /(57 ggi1) + o7 Isi1] is an unknown
nonlinear function with ¢;; = [x,,l,s,,l,y,,,] and g; =

1.1997&; 11/&i 10
To approximate M; 1(&;1), the RBFNN is employed as
follows:

ll(Czl)—Q (Wi1(&in) + 6i1. (15)
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Substituting (15) into (14), we obtain

Enin i
V\",] = _511(512+0511)+ Szlztl+|sll|9,1Wzl

€10 51,10
i1
—07s?y + Isi118i1 + ’7 (16)
Then, the first virtual control law is given by
2
5i,1B;
o) = ———— (17)

V tlﬂ11+K11

|si| i
ﬂll—cll|s,1|+ellw1+¢,tanh( ’k’ (18)
1
where ;1 > 0, ¢;1 > 0, and k; > 0 are constants, GAU is the
estimate of 6; 1, and

N
¢i = D ay(vi = ) + vii — yr)- (19)

j=1

Here, the tuning laws of 67,-,1 and y; , are constructed as

riky, i.r (20)
— ic0;,6:1) @D

where é,-,l(O) > 0, ri, ky,, and kg, , are positive design
constants and I'; ; > 0 is a diagonal matrix.

Remark 2: In (17), when the tracking error s; 1 is not zero,
Bi.1 may be zero. It leads to an undesirable input value o; | =
0 when s5;1 # 0. In (18), we design B; 1 to overcome this
problem. From (18) and (21) with éi,l(O) > 0,81 > 0is
ensured when s; 1 # 0. Thus, the proposed virtual controller
a; 1 is zero only when the tracking error is zero (i.e, ;.1 = 0).
Accordingly, the proposed virtual control (17) can be well
implemented.

Adding and subtracting |s; 1|81

Yir = —Tihi —
0i1 =Ti1(si11Wiq

into (16) yields

Exia
Vs,1 = &0 511(512+0511)+|sll|,311_|Sll|131
i
&
_Q, ,1 +§_IOSI 1Zi,1 + Si, 1'9,1W11
i
+si,18i1 + 7 (22)

Then, using (17), we have

Enin
_51 12,1 + |Sl 1|/31

&i10
2 a2
i ;B
:_E . 2 ’2 7 2 +lsitlBi
i1
PO JsiaBin ki
2 a2
§° ﬁ
i, 17,1
—————— +|s5i,1|Bi,1
Isi, 111 Bi1] + ki1
< Ki1- (23)
By substituting (23) into (22), we obtain
g E)Lil 5
Vi, < 25hsinsio+ kit — IsilBin + —si1zi1
&i10 &,10
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2.2 T
—Q;si1+ |Si,1|9i,1Wi,1

il
+lsi,118i1 + 17 (24)
Define the Lyapunov function
lor (I —wvj)_
Via = Vo + 3000 01 + =50 + @7 29)

i
where 6,1 = 6;1 — 6;1 and 3, = v, — Ji,r.
From (4) and (18), differentiating Vi,l yields

Erin
T Si18i2 +

&1 S: 10
|Sl|¢l
(F 911 Isi,11Wi 1) — Isi,1|¢; tanh

l

- 2
Vil < —ciasiy + Sl 12,1

&i 1 ¢! Vz)~ . X
+ii1 + sl + — + ViirGr — Yir)

2
_Qizsiz,l — Ki®; — piD,
myexp ( _ @). (26)
n;

According to Lemma 1, we have

—Isi,1]¢; tanh (lsl;i)

i

= —si,10i + i, 10 — S, 1¢ztanh( l]i(pl)

i

s.)1¢.
< —si,10i + 15i,10i] — si,1¢; tanh (%)
1

< —¢isi,1 + 0.2785k;. 27)

Using s;,1 = ¢;+(1 —v;)y; » with ¢; = y; —y, and defining
N

€= Zaij(% =) +vilyi — ), (28)
j=1

the term —¢;s; 1 can be written as

N
—Qisi1 = —Si,1€i—5i,1 Zaij()’j =¥
j=1

—gi€i — (1 = vi)yirei

IA

Flsial D aily; — - (29)
j=1
By applying (20), (21), and (29) to (26), it is obtained that

Eriy M,
Vi1 < <Pzéz—czls,1+ 2L sisin +
Sz,lo &,10

SllZl]

N
. :
—kg;,0;10i,1 + Isi1l Zazjlyj — Yl + ki1

j=1
N
+lsi 1181 + (1 = vy, | Zalﬂyj -yl
j=1
(I —v). ~ A
+ Vi.rdr + (1 = vky, yirYi.r +0.2785k;

i

—o}s} + 5 — i — i + i (30)
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Stepp (p =2, ..., n; — 1): The time derivative of s;  is
. - fi,poé/\,-_ —
Sip = hipXip, Xipt1) +dip — TSOI i p—1
i (p—
€i,p0€a; -
i — Hip1- 31)
&i(p—1)0

From Assumption 1, it is satisfied that dh; p(X;p, Xip+1)
[Oxipy1 > Epo > O for all Xjppy € RPFL Let
vip = (&ipo&r;, 1 /&i,(p-10)Sip—1 — ip—1. Based on the
fact that dv; ,/9x; p41 = 0, it holds that d(h; ,(X; p, Xi p+1) +
Vip)/0xipr1 > &ipo > 0. Applying the implicit func-
tion theorem gives an ideal virtual control input x; 41 =
a:p()_ci,p, Vi p) satisfying h; ,(X; p, a:p)—kvi,p = (. By applying
the mean value theorem, we have
hi,p()_ci,p, xi,p—i—l) = hi,p()_fi,p, O[;‘jp

o, (ipet — 0, (32)
where &y, , = &ip(Xip, Xi,(p+1)2,) ANA X (p4- 1), = AipXip+1+
(I = Aipe, with O < A;p < 1.

Define the Lyapunov function

1
6, 1710, (33)

117+2 LpTip

V:

S 2i po 0
where 6; , = 6ip — 0;p and T;, > 0 is a diagonal matrix.
From (32), V; , is obtained as
Sip.

glp

El,pOé}uuFl
& (p—1)0

Vip = (Exi,,,(sz',pﬂ +dip+zip — i)

Sip—1+ d,',p) + Q,Tp l_pl@,,p

Enip
< —Sip(Sip+1 T @ip) +
i,p0 Elp

glp _ s)Li,pfl
2 & p-10

+6,, 0] ) 9 (34)

where ¢, > 0 is a constant and M;,(¢ip) =
Isi pl(§2,1 (@) + d2 )/ 081p) With Lip = [(@ip-1 —
&i,p—l)/fi,p—laxl,p’ Sip—1, Sz,p] .

To approximate M; ,(g;p), the RBFNN is employed as
follows:

sz pli.p

+lsi p|Ml p(Cz p) + - Si,p—15i,p

M;p(Gip) = 0, Wip(Gip) + 8ip. (35)
Substituting (35) into (34), we obtain
Enip Enip
Vs,p = sl Slp(slp+1 + alp) + g pOSl pli,p
+|slp|9 Wlp + [5ipl0ip + 2
S)‘i,pfl 1A
_%—i’(pfl)o Sip—1Sip + Glpl“lp 9 (36)
Then, we present the virtual controller «; , as
sipBiy
e &7
si’pﬂi’p +xi,
Bip = Ciplsipl + 6., Wi, (38)
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where ¢;, and k;, are positive constants, and él-,p is the
updated parameter of 6; ;, and is updated by
Oip = Tip(sip|Wip — ko,,0p) (39)
with éi’ p(0) > 0 and a constant kg, , > 0.
By applying a technique similar to that for deriving (23),
we have
é)\,l‘

_'psi,pai,p + |Si,p|/3i,p = Kip. (40
i,p0

Substituting (38)-(40) into (36), it follows that
Erip Eni,

Vstp = % psl 17+1 + sl lesP
&i.p0 ézp

_|szp|,31p + |Sl[7|0 sz + |Slp|5,p + 7

_ é)ul‘,p,1
&i.(p—1)0
2 S)» s

—CipSip + S,pS, p+1+ £ 00
i,p0

%_t,pO

Si,p—18ip + 18ipl8ip +

Sip— 151p+9 911)+Klp

iLp”ip

5 .pZi,p

S Eip
&i(p—1)0 2
—K@LI,@,I,Q,-,F =+ Kip- (41)

Step n;: Differentiating s; ,, with respect to time gives

. _ Si»ntoéki ni—1
Sing = hin; i s i) +di gy — E—lsi,nifl
i (ni—1)0
gi,n,og)»i ni—1 .
————Sin—1 — Qi p—1- (42)
&i (ni—1)0

From Assumption 1, we know 9h; ,,(X; »,, u,»)/au,- > &0 >
0. Letvin, = (§in05n; -1 /&i,(ni—1)0)Sini—1 — in;— 1. Because
OVin/Ouwi = 0, 3(hjn,(Xin; wi) + Vin)/0ui > & po.
The implicit function theorem indicates the existence of
an ideal control input uf = l*n (Xi ;> Vi,n,) satisfying

R 5y (i g s ) + Vi = O Using the mean value theorem
yields
Ry (Xi g Ui) = Ny (Xi Oéfn,
+&,, Ui — o) 43)
with &, = &in (Xinps Xi(n+ Dy,) A0 X3 (g 1)1, = Al +

(1-— A,-,n[.)a;’jm with0 < A;p < 1.
The Lyapunov function is considered as

1

Vig =
o Zsi,n,

i in (44)

~T
1n, + 29”1,

where Oﬂi,ni = éi,n,— — 0ip; and I'; ,, > 01s a diagonal matrix.
Differentiating V; ,, with respect to time and using (43) give

Y s)Ll n; Ei n;
Vi,n,’ =< —lsi,niui + |si,ni|Mi,n,-(§i,n,~) + —
& 2
i,n;0
~T —1A E)‘i.nifl
+9, n,Fz nlel ng — o Sini—15i,n; (45)

& (m—1)0
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where ¢&;,, > 0 is a constant and M;, (in) =
I | (62,1 (@, ) + A2, )/ (608 m) With Liy = (i1 —
&i,nﬁ])/fi,nﬁl s xi,nis Sini—1, sl,n,]T

To approximate M; ,,(¢; ), the RBFNN is employed as
follows:

Mi i (Gin) = 0,1, WiinCGiong) + Siom;- (46)
Applying (46) to (45), it follows that

. Min;
Vimg < —Sinti + |5in;16i n;
i,n;0
T 5T
+|siw"i |9i,n,- Wi,n,- + ei,n,-rt n; 01 SN
i Ein;
_—lsi,n,'—lsi,n,' + — - (47)
&i.(n—1)0 2
We design the actual control law as
Si,n; ,3
e —— (48)
z N ﬁl nl l n;
ﬂi,ni = Cin; |s; N | + 91 ni Wi,n,- (49)
Gi,ni = Fi,n,-(Wi,n,-|Si,n,-| - K@,-,,liei,n,-) (50)

where 6; ,,(0) > 0, ¢;,, and kg, are positive constants and

éi’ »; 1s the adaptive tuning parameter of 6; ,,.

Adding and subtracting |s;,,|Bi, to (47), applying
(48)-(50) into it, and using the inequality (%-)hi,nl- /& nj0)8i ;Ui +
ISi,m;1Bi,n; < Ki,n;» We Obtain

. 2 E)Li,nifl
Ving < =CinSin, — —Simi—1Sin; + Sin;|8i,n;
& (ni—1)0
Ei,n; 3T )
+T — KOy, ei,niei»ni + Kin;- (5D

Remark 3: In (17) and (18), the proposed virtual controller
a; 1 is designed using the event-triggered inter-agent commu-
nication information y; in ¢;. Because y; is piecewise contin-
uous, «; 1 is not differentiable. To circumvent this problem,
the dynamic surface control technique using filtered virtual
control is used to design the proposed actual controller u; in
(49) in a recursive manner. Unlike the conventional dynamic
surface design, the non-differentiability of the boundary layer
error z; 1 on ¢;, 1 must be addressed to perform the closed-loop
stability analysis. To this end, we present a novel stability
analysis strategy, as stated in the following section.

C. CLOSED-LOOP STABILITY ANALYSIS

The virtual control law «;; in (17) is non-differentiable
owing to the discontinuous event-triggered communication-
based error signals ¢; in (19). Thus, the error dynamics of
the boundary layer error z; 1 cannot be used in the stability
analysis, compared to the existing dynamic surface designs.
To circumvent this problem, we first analyze the stability
of the following boundary error z;; using the continuous
communication-based error signal ¢; in (28):

Zil =01 — ® 1 (52)
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FIGURE 1. Directed graph.

where
22
. Silﬂil
oj| = ——F/———
V 1ﬂ11+K11

< AT Isi 1€
Bi1=ciilsial + Qi,lwi,l + ¢; tanh X . (54)

i

(53)

Then, the boundedness of z; 1 is proved from the fact that Z; 1
is bounded. To this end, the total Lyapunov function is

n; n,fl
V= 21: [Z Vip+ Z } (55)

We develop the necessary lemma for the stability analysis
as follows.

Lemma 4: There exist any constant k > 0 and any v,
Y € R satisfying

V3
‘/% i Jueee

Proof: Consider the function G(y) = %2/ %2 + k2
with k > 0 and ¥ € R. The derivative of G(¢) for i is

<2y — 2l (56)

dG(y) Y P
@ m(z ra) <2 o
Using (57), we get
¥ 1//2
G(Y1) — G(yYn) = \/m( wZ + k2)d1/f’
IG(¥1) — G(Y2)| < 2dw‘ =2|Y1 — ¥2l. (58)
2

The above conclusion leads to (56). This completes the proof
of Lemma 4. [ |
Theorem 1: Consider the closed-loop system composed of
the nonaffine nonlinear multiagent system (1), the distributed
adaptive controller (48), distributed estimators (20), adap-
tation laws (21), (39), (50), and dynamic event-triggering
conditions (3). For initial conditions such that V(0) < y
with any constant y > 0, all the signals of the subsystem
(1) are semiglobally uniformly ultimately bounded, and the
consensus tracking errors converge to an adjustable bound
around zero. Furthermore, Zeno behavior is excluded.
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Proof: From (30), (41), and (51), differentiating V with
respect to time gives

N n;
. e
V<> [— piei + [ = CipSip t Isipldip + ="
i=1 p=1

& y
,,ﬂ, ,,9;,) + Ki,p] + E—’lSi,l(Zi,l —2Zi1)

i,10

-1
1 3 1
__T Zl+Zzlntl+ E (__le+lenlp)
[ Ti,p
p=2

N N
Hlsial D agly; — 3l + A = v)lFirl D agly; — il
j=1 j=1

(I—wv)_
lerYr+(1

+ Vi)ky, VirYir + 0.2785k;

i

—o}st, — wimi — piw} + m,} (59)

where I1; 1 = (&, /&i10)si,1 + (@1 — @;,1)/Ti,1 — &1 and
I p = a,, /&ip0)Sip — Qi p-

Using (8), (52), the triggering condition (3), and Lemma 4,
we have

5)\“
&i10

si1(zin —Zij)

b ( 1B B b )
; 2 52 2 2 32 2
5i10 \/Si,lﬁi,l+Ki,l \/Si,lﬁi,l+Ki,1
2 .

< &1l
&i10

Then, using (18), (54), and Lemma 2, we obtain
Isi1Bi1 — si1Binl

—si1Binl. (60)

Isi,1Bi1

< Isi1llBi1 — Bitl
= ||si,1]¢; tanh (|S1|¢l) — |si,1]€; tanh ('slkﬂ)‘
z i
< 1.1997|s; 1|¢i — €il. (61)

Using (61), (60) becomes

N _
o Lsi (i — %) < 20ilsi1] D aly = Hil. (62)
l i

From Young’s Inequality, Assumption 3, a;; = 1, and the
triggering condition (3), the following inequalities hold:

- s 3.,
YirYir = _4yl r T Hl (63)
NT A~ T
_Qi,peiyp =- 29 911’ + 29 ezp (64)
s <2 1 lm (65)
|St,p| ip =Sip + 4 i.p

/\

N
Isi1] Zazjb’j —Yl=g si1+ (Z“uwj)
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TABLE 1. Comparison of the number of events.

Agent ¢ 1 2 3 4 Total
Proposed 382 474 400 480 1736
Previous [29] 576 579 561 559 2275
2 T T 1 T
—y Y2 Y3 Yy yr: (Proposed) ©1 P2 ©3 @q: (Proposed) |

Yi

Time (sec)

(a) Tracking results

30

n

Y2 Y3

yre ([29])

Time (sec)

(c) Tracking results

30

FIGURE 2. Comparison of consensus tracking results and errors.

N
20ilsi.11 D ayly; — il
j=1

N
Firl D aily; = 3l
j=1
IT—=v). .
—YirYr
Zi1 iy
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N
12 2
=< Zsi’l +NZ@}

IA

IA

IA

IA

Ql 11+Nzw

K:

)’r ~2

(E ,aij
Ky, .
Yr 2 + —N w_
2 Z
2

Hy (I- ”i)"yr )
2 4 yi,r
rl- Ky;’
z1'2]1_11'21 &i1
L Lo

&i 1 4

(66)

(67)

(68)

(69)

(70)

Time (sec)

(b) Tracking errors

P1 ¥2 ®3

pi: (129)) |

Time (sec)

(d) Tracking errors

2 112
7 [1< &
P LD Lp
L T

71
- 1 (71)

Zipllip <

where H and H; are positive constants satisfying |y,| < H;
and |y,| < Hy, respectively.

Define compact sets as A {Zl_l[z 1(51 "
2Ry ,p>+z, ! +Z 2 2, + (=2, /ri+ mil < 2y}
and A2 {yr + yr < y *} with a constant y* > 0. For a
constantH*p > 0, itis ensured that |T1; ,| < IT} »on A x A

By substituting the above 1nequa11tles and choosmg ci1=

i,l + 5/4, cip = c;.'ip 1/7i p—1 i,pfl +
(n;jp_l)z/e,-,,,_l,p =2,...,n and pi > 2N? + N?/k,, into
(59), we have

N n; (1 — vk
v E * 2 E * 2 UNyr ~2
‘/ < [ — (piéi_ci,lsl',l — Ci,psi,p — Tyi,r
i=1 p=2
21099
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. "‘T ~
< 91',[79[."” x 22
—Ko; Z 5 HiDi — T; 131
p=l1

2 * \292 n;
(- M VDT _2[:1* 2
(H?])Z &1 Lp~Lp
s ’ p—2

n; 2 * \2,.2
> (- My VM0 L,
(7 )2 : ?
p=2 Lp

€i,p

1
< —Exmm@nwnz — oV +o
szl )(H;'k,l)zziz,l

N
_,;(1_ (ITF))?

N n; 2 * V2,2
33 (1 ) M
(I} )2

i=1 p=2

&i 1

(72)
Ei.p

T. .

where ¢ = [o1,...,on]'; @ = yi — Y, i =
111\/ or = mini=i,. Np=t,...0{28ip0¢] . K6,
)‘M(Fi,p)’ 2ri’f‘1,...,2r?fni71,ui,lcyrr,»/2} and o, =

1
z;;l[Z;;l(Ki,p +91:;0i’PK9i,p/2 + Siz,p/4 + €ip/2) +
SC (/M HHZ [(rFicy, )+ (1 =) H iy, +mi+0.2785Kk;].

From [IT; | < l'[:.“)p on V = y, (72) can be written as
V < —01V + 03, which leads to V() < V(0)exp(—o11) +
(02/01)(1 — exp(—o1t)). Thus, all the closed-loop signals are
semiglobally uniformly ultimately bounded. Owing to s; 1 =
Qi+ (1=v)ir llel? < 3N 257, +(1—v)i2,) < o3V with
03 = max{4,4ry,...,4ry}. This means that ¢ converges
to the compact set W = {@lllell* < o3(02/01)} which can
be made arbitrarily small by increasing o (i.e., the design
parameters ¢; p, Ti,1, Mi> L'i p, Ti, Ky, , and Kgl.d,).

To demonstrate the avoidance of Zeno behavior, we prove
that the inter-event times (r,i - t,’() are lower bounded by
a positive constant, where j € V and k € ZF. To this end,
we first define the measurement error as ; = y; — y; for
t e [t,’(, © +1) and check the boundedness of the change rate

of ¢;. Because y; is a constant for 7 € [r,’(, t,'{ +l)’ differentiating
|¢;] gives dij|/dt < |j] = |hj1(xj,1,%j,2) +dj 1]. Because the
boundness of x; 1, xj2, and dj; is guaranteed, there exists a
constant A > O such that d|i;|/dt < A. Then, integrating
dliyl/dt < A with respect to time and using the event-
triggered condition (3) and the property @; > 0 presented

in Lemma 3, tl]<+1 —#, > wj/A > 0 is ensured. In other
words, Zeno behavior is excluded. [ |

Remark 4: To analyze the effect of the graph structure
on the tracking performance, we consider (72). Because
L p| < an on V. = y, (72) can be written as vV <
—min(Q)/D@lI* + 02 where @ = (L + 1) + (L + 1) .
This implies that when |l¢|| > /202/Amin(Q), V. < 0 is
ensured. ¢ is finally bounded as ||¢|| < /202 /Amin(Q). Thus,
increasing A.;;i,(Q) (i.e., the link connectivity of the graph
structure £ + Y) helps reduce the bound of the consensus
tracking error.
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FIGURE 3. Comparison of event-triggering thresholds (a) agents 1 (upper
figure) and 2 (lower figure) (b) agents 3 (upper figure) and 4 (lower
figure).

Remark 5: In this paper, RBFNNs are employed to
approximate the unknown nonlinear functions M; ,(¢; p), p =
1,...,N. The bounds §;, of the approximation errors &;
are treated by decreasing the semiglobal uniform ultimate
bound (i.e., the compact set ¥ can be made arbitrarily small
by increasing o1). The RBFNNs can also be replaced with
fuzzy logic systems, as reported in [31]. Unlike the basis func-
tions of RBFNNs, which are defined as Gaussian functions,
the basis functions of fuzzy logic systems are constructed
to include a fuzzifier, fuzzy inference engine, and defuzzi-
fier [40].

IV. SIMULATION EXAMPLES
Consider the heterogeneous nonlinear followers described by
xig = (Kiy +0.2¢"%x; 5 + 0.5 cos(x? ) + diy
Xi2 = (Ki2 + 0.2sin(x; 1x;2))u; + 0.5sin(u;) + d; 2
Yi = Xij1
wherei = 1,...,4, K1, = 1, Ky, = 1.1, K3, = 1.2,

and K4, = 1.3, p = 1,2. The leader output is y,(t) =
sin(0.7¢)+0.5 cos(0.3¢). The directed topology for multiagent

VOLUME 11, 2023
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FIGURE 4. Comparison of inter-event times (a) agents 1 (upper figure)
and 2 (lower figure) (b) agents 3 (upper figure) and 4 (lower figure).

systems is described in Fig 1. The external disturbances are
set as follows:

O0.1sin(?), 0 <t < 11s
12sin(z), 11 <t < 13s
0.1sin(¢), t > 135
O0.1sin(z), 0 <t < 11s
30sin(z), 11 <t < 13s
0.1sin(¢), t > 13s
O.1cos(r),0<t<1ls
12cos(t), 11 <t < 13s
0.1cos(t), t > 13 s
O.1cos(r), 0 <t <1ls
30cos(t), 11 <t < 13s
0.1cos(t), t > 13s.

dig=d3) =

dr1 =ds) =

dip=d3p =

drp =dap

We compare the proposed dynamic threshold approach
with the existing static threshold approach [29]. The static
triggering condition presented in [29] is defined as

t,, =inflt > 1 | [0 — G0 = ml)  (73)
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FIGURE 5. Comparison of the cumulative number of events (a) agents 1
(upper figure) and 2 (lower figure) (b) agents 3 (upper figure) and 4
(lower figure).
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FIGURE 6. Control inputs of the proposed approach.

with n = 1, 2 and static thresholds m} = m2 = m} = m} =

0.025. The parameters of the proposed dynamic threshold
(4) are set as follows: w1 = 50, up = 60, uz3 = 50,
uge = 63, pj = 10, m; = 2, and n; = 1. The initial
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FIGURE 7. Estimated parameters for the proposed approach (a) yr, §; ,.
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values for the proposed controller are xj,1(0) = x3,1(0) = 0,
x2,1(0) = x4,1(0) = 1, x;2(0) = 0.1, 32,,(0) = 4,,(0) = 1.5,
and @;(0) = 0.025. To ensure a fair comparison, the initial
values @;(0) of the dynamic thresholds are set to be identical
to those of the static thresholds mil Then, we choose the
design parameters as c¢;;1 = 20, c12 = 12, c21 = 80,
22 = 50,c31 = 20,c32 = 12, c41 = 80, c42 = 50,
71 = 000l, mn =14y = 12, k11 = k31 = kip = 1,
k2,1 = k4,1 = 2, ;1 = diag[20], I'1 2 = I'3 2 = diag[15],

21102

I'y0 = 'y = diag[20], and «y, = kg, = Ko, = 0.001.
The sampling time is 0.001 s, and thus, the event-triggering
condition (3) is monitored every 0.001 s.

In Fig. 2, the consensus tracking results and errors of
the proposed approach and the previous approach [29] are
compared, which exhibit that the outputs of all followers
follow y,(#) with similar tracking errors. In Fig. 3, the pro-
posed dynamic thresholds for the event-triggering conditions
are compared with the static thresholds reported in [29].
The inter-event times are compared in Fig. 4. As shown in
Figs. 3 and 4, the proposed dynamic thresholds can adjust
the number of triggered events according to the distributed
consensus tracking errors. When large external disturbances
influence the agents at + = 11 s, the thresholds are reduced
to recover the consensus tracking performance by increasing
the number of events. In contrast, when distributed con-
sensus tracking is achieved at t = 0.5 s, the thresholds
are increased to prevent the unnecessary transmission of the
inter-agent information. Thus, the number of triggered events
for the proposed approach is smaller than that for the existing
approach [29], as indicated in Table 1 and Fig. 5. Figs. 6
and 7 display the control inputs and estimated parameters of
the proposed approach, respectively. The proposed dynamic
event-triggered controller consumes less network resources
than the static event-triggered controller [29], regardless of
external disturbances and unknown nonaffine nonlinearities.

V. CONCLUSION

We has developed a dynamic event-triggered inter-agent
communication-based adaptive consensus control approach
for uncertain nonlinear multiagent systems in the pure-
feedback form. The novel dynamic event-triggering mech-
anism has used the distributed consensus tracking error to
flexibly adjust the inter-event times according to the consen-
sus tracking performance. The dynamic surface consensus
tracking scheme using event-triggered neighbors’ outputs has
been constructed to resolve the non-differentiability problem
of the first virtual control law associated with event-triggered
inter-agent communication. By using the Lyapunov stability
theorem and developing technical lemmas, we have presented
the closed-loop stability strategy although the boundary layer
error is non-differentiable. Finally, the efficiency of the theo-
retical approach is proved by comparative simulation results
with the existing static threshold approach.
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