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Adaptive Predefined-Time Event-Triggered
Consensus Tracking Control for
Robotic Multi-Agent System

Tengying Yan, Xinliang Zhao, Yuhan Zhang, Yulong Ji, and Ben Niu

Abstract—This paper proposes a novel adaptive predefined-
time control strategy for the n-link robotic multi-agent systems
(MAS:s) to achieve the consensus tracking control. First, unlike
existing research on the control problems of a single robotic
manipulator system, the consensus tracking control problem of
the robotic MASs is studied. Then, in contrast to the finite-time
and fixed-time control theories, the controller constructed based
on the predefined-time control theory enables the user to define
the convergence time of each agent in advance, regardless of the
initial state and parameters of the system. The radial basis
function neural networks (RBFNNs) are applied to approximate
the unknown functions during the controller design process. Only
one parameter is updated online, which saves computational
costs. Moreover, to deal with the shortage of network resources
that may occur when the robotic MASs perform complex tasks,
the controllers are constructed by combining the switching
threshold event-triggered control (ETC) mechanism to save
communication resources. Finally, a simulation example
demonstrates the efficacy of the proposed control strategy.

Index Terms—Adaptive control, robotic multi-agent system (MAS),
predefined-time control, leader-following consensus, event-triggered
control (ETC)

I. INTRODUCTION

VER the last two decades, the multi-agent systems
(MASs) have become widely prevalent in various
fields, including artificial intelligence [1], machine
learning [2], automation [3], etc. The MAS is a system formed
by the interaction and collaboration of multiple agents. Each
agent has a certain degree of autonomy and decision-making
ability, and communicates, collaborates, and competes with
each other to achieve the goals of the system as a whole.
Consensus control is a significant research topic in the field of
cooperative control of MASs. Its goal is to create distributed
protocols that enable all agents to achieve consensus. This
topic has gained increasing interest and has yielded many
outstanding research results [4-6]. A new adaptive
backstepping finite-time optimal formation controller based
on an optimal performance indicator function that contained
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an exponential power term was constructed for the second-
order MASs with unknown nonlinear dynamics in Ref. [7].
Reference [8] proposed an adaptive neural network trajectory
tracking control scheme for the n-degree of freedom (DOF)
robotic manipulators under parameter variations, unknown
functions, and time-varying external disturbances. To
guarantee the transient performance of the system, an adaptive
fuzzy control strategy was studied for the single-link robotic
manipulator with prescribed performance in Ref. [9].
However, the aforementioned studies only tackled the control
problem of individual robotic manipulator systems without
considering the consensus tracking control problem in robotic
MASs. Compared with single agents, MASs offer higher
efficiency, resource conservation, and enhanced reliability,
making them widely used in practical production. Since
leaders only transmit information to a limited number of
agents, solving the consensus tracking control problem for
robotic MASs poses a significant challenge.

In the domain of consensus control, assessing the control
performance of designed protocols often involves the crucial
metric of convergence time [10-12]. For example, Ref. [13]
devised a distributed adaptive finite-time control protocol, in
which all signals in the closed-loop system stayed within
defined boundaries and achieved consensus tracking control
within a finite-time. In order to address the interplay between
unknown model uncertainties and actuator faults, an adaptive
finite-time fault-tolerant control scheme was proposed, which
leveraged a Lyapunov function to ensure the stability of the
closed-loop system and exhibited a practical finite-time state
tracking property [14]. Although the finite-time control
method enhances the convergence performance of the
systems, the convergence time is related to the initial state.
Thus, the fixed-time control strategy has garnered extensive
research interest. For instance, in the presence of time-varying
delay and uncertainties in dynamics, Ref. [15] established a
new adaptive fixed-time stability analysis criterion to prove
that the closed-loop system with parametric uncertainties was
fixed-time stable and all the states could be regulated to zero.
Both the finite-time control and fixed-time control theories are
advanced control strategies designed to ensure system stability
and performance requirements within a predetermined time
frame [16—18]. Their applications usually involve areas with
high requirements for real-time and predictability.

However, in the realm of finite-time and fixed-time
stability, the settling-time function is affected by the initial
states and system parameters. Therefore, for the system with
determined parameters, the setting time cannot be
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predetermined. To address this issue, the predefined-time
control method is developed, ensuring that the settling time
can be explicitly predetermined without considering initial
states and system parameters, which enables this method to be
suitable for practical devices. For possible scenarios,
including changes in system parameters, such as inertia and
damping, as well as the mechanical or dynamic parameters of
individual robots, which may vary slightly in multi-robot
systems, the predefined-time control method decouples the
convergence time from system parameters, thus improving the
robustness of the control method to parameter uncertainties. In
recent years, this technology has produced many excellent
results. Reference [19] presented a lemma aimed at achieving
predefined-time stability within the backstepping framework,
in which the critical distinctive aspect lied in the capability to
predefine the convergence time based on user specifications.
Reference [20] proposed a predefined-time fault-tolerant
tracking control strategy based on the backstepping method
for the high-order strict-feedback nonlinear systems that might
experience actuator faults and unknown mismatched
disturbances. The utilization of robot manipulators in actual
production is progressively expanding. In some cases, it is
necessary to calculate the convergence time and convergence
accuracy for the robotic MASs. In light of both practical
application requirements and theoretical underpinnings, how
to design the consensus tracking control scheme for robotic
MAS:s is a challenging and meaningful research topic.

The robotic MASs may suffer from a lack of
communication resources when performing complex tasks. In
the traditional time-triggered strategy, the control signal is
updated regularly at fixed time intervals. This can result in a
large number of redundant transmissions after the system
stabilizes. Reference [21] studied a fixed threshold event-
triggered control (ETC) strategy, in which the measurement
error of the control signal was always limited to a constant
quantity, irrespective of how the control signal magnitude
changed. The fixed threshold ETC strategy lacks flexibility
and may not meet the performance requirements of different
tasks. The relative threshold ETC strategy may result in
significant measurement errors and a sudden jump in the
controller signal when the control signal magnitude changes
excessively [22]. Therefore, avoiding the disadvantages of the
above strategies is very important. Due to the presence of
unknown nonlinearities in the robotic MASs, it is a challenge
to realize predefined-time consensus tracking control for the
robotic MASs. The neural networks can effectively deal with
these unknown nonlinearities, because they can learn and
adapt to complex nonlinear relationships [23-25]. Therefore,
applying neural networks to approximate the unknown
functions in the consensus tracking control for the robotic
MASs has sparked our research interest.

For the robotic MASs, a new adaptive predefined-time
event-triggered consensus tracking control strategy is
proposed. The primary highlights of the article are
summarized as follows:

(1) Compared with the studies of a single robotic
manipulator system [26-28], this paper considers the
consensus tracking control problem for the robotic MASs, so
that all the agents can track the signal of the leader.

(2) In contrast to the conventional finite-time [29] and
fixed-time [30] control approaches, a novel controller

constructed in this study ensures that the tracking errors
converge within a predefined time specified by the user,
regardless of the initial conditions.

(3) The paper implements the switching threshold ETC
strategy to develop the controller for each agent, leading to the
efficient conservation of communication resources within the
system. Additionally, unlike the fixed threshold and relative
threshold ETC strategies discussed in previous studies, the
switching threshold ETC strategies proposed in this paper
offers greater flexibility in adjusting system performance.

II. PRELIMINARY AND PROBLEM ESTABLISHMENT

A. Graph Theory

The directed graph can be denoted as G = (U,Nr), where
U ={uy,uy,...,ur} is the node set and Ny C U x U represents
the edge set. ej; = (uj,u;) € N can be depicted as the edge,
implying that the agent i gets information from the agent j. In
the directed graph, the adjacency matrix can be denoted as
A= [aij] € Rka. If eji = (uj,u,-) eNp, aij > 0. The case of
self-loops is usually not considered. Define D = diag(d,

N
dy,....dy) € RFk a5 an in-degree matrix containing di = Z aij.

=1
Then, the Laplacian matrix can be denoted by L = DJ—A in
the directed graph G. Additionally, a matrix
B = diag(by,bs,...,by) e RP* is defined, b; is the weight
between the leader and the agent .

B. Problem Establishment

The robotic MASs consist of N (N > 2) followers (signed in
order, 1 to N) and a leader (signed d). Then, the plant
dynamics of the i-th (i = 1,2,..., N) n-link robotic manipulator
system is

M;(qi) Gi+Ci(qiqi) Gi + Gi(qi) + fais (1) = 7 (1)
where g¢;, g;, and §; € R" represent the angle, the angular
velocity, and the angular acceleration of the system, which are
all system states. M;(g;), Ci(gi,q;) € R™", and G;(g;) €R"
are the inertia matrix, the centrifugal-Coriolis matrix, and the
gravity term, respectively. fys(f) € R” denotes the disturbance
term. 7; € R" represents the control term, ;= [7;1,7;2]",
where 7;j, j=1,2 denotes the control input at link j of the i-
th robot. In order to facilitate subsequent design, M;(g;),
Ci(qi,Gi), Gi(gi), and fgis (t) are simplified to M;, C;, G;, and
Sis -

By introducing the state variables x;; = ¢; and x;, = ¢;, we
convert Eq. (1) into the following form of the strict-feedback
system

Xi1 = Xi2,

. .

Xio =M; (ti—Cixip — Gi— fis), 2
Yi = Xi1

where x; j = [X; j,s Xi jys s Xi j, |7 € RP, j=1,2 represents the
system state. 7; € R” and y; € R” denote the control input and
the output of the i-th system, respectively. Additionally, the
leader dynamic model is

{Xd = fa(xq,1), 3)

Yd = Xd
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where xq € R” denotes the state of leader, fy(xq4,f) represents a
piecewise continuous function with respect to ¢ that satisfies
the local Lipschitz condition, and yq € R" is the leader’s
output.

C. Useful Assumption and Lemma

Assumption 1 For a continuous function f(-) and a
constant X4 > 0, the following inequalities hold for all 7> 0:

|fa (xa, DI < f(xq) and |xq ()] < X,
Lemma 1 [31] Define z; = (Z1,1,Z2,1,---,ZN,1)T, y=01,
Y2, yN) L, and 54 = (v, Vs ..., ya) - € RV, we can obtain
ly = 34l < llz1ll /o (L + B) 4)

with o (L + B) being the minimum singular value of L+ B.
Lemma 2 [32] For any vectors p and g € R%, one has

lll
Pa<—Ipl"+ o L g )

where [>0,a>1,b>1,and (a-1)(b—-1)=1.
Lemma 3 [33] Let ug,u,...u0>0,0<c<
one has

l,and d > 1,
0 N

Zuf > (Zm] (6)
0 0

D> Ql‘d(Z#i] ()
i=1 i=1

Lemma 4 [34] For YA €R and 8> 0, we can obtain

0<|Al- Manh(g) <0.27858 ®)

Lemma 5 [35] Any continuous unknown function can be
approximated in general for the RBFNNs. The unknown
function g (¢) can be approximated by

g =TS ) +6(D), V¥ € Qy CR™ Q)
where §(1#) is the approximation error satisfying |6(%)| <o
with & being a given precise value. S () =[S1(#),S2(),...,
Sy (M7 is the basis function vector and g > 1 is node number.
Qg is a compact set. S;(9) is defined as the following
Gaussian form

S () = exp wsq  (10)

where u; = [tj1, Uiz .., Uim] T and { represent the center and the
width of §;(#), respectively. Furthermore, y* = [y,y>,...,
I//q]T is an ideal weight vector defined as

[ - u»T(ﬂ u,>]

Q9

w* = arg min {sup |g(19) w's (19)|} (11
weRY

Lemma 6 [36] Suppose that ¢(y,) = [¢1(7,),¢2(7r), ..,
@4 (#,)]" is the basis function vector of RBFNNs, where

¥r = [¥1,¥2, ..y, ]T. For any integer 0 <m<n, we further
obtain

lle Gl> <l Gl (12)
For a system dynamic 4 () = F(z,0) and
and F(-):R*xXR"—>R", the

Lemma 7 [37]
o(0)=0(p, where oceR”

equilibrium point x=0 of the system is semiglobally
uniformly predefined-time-bounded (SGUPTB) stable, if there
is a positive-definite function and continuously differentiable
V(x) satisfying

V(x) < (13)

where a, b, p, q, and k are positive constants. The constant
T, is chosen, such that T, > T, > 0 (T, denotes the physically
possible time range) and is referred to as the predefined time.

—Tl(aw’(x) +BVI), = V(x) +6,
e

¢>0 and ¢6,>0 are bounded constants satisfying,
0<pk<l1,gk>1,and
I" I" m
_ k(ml) (m3) (6_1) 1 (14)
a'I'(k)(g—p)\b

where mi = [(1-pk)/(g—p)] and m2=[(gk~1)/(g=p)].

I (¢) is the Gamma function defined as 1" (¢) = f e v ldr,

III. MAIN RESULT

In this section, a predefined-time controller is designed for
each agent by using the backstepping method, RBFNNs
theory, and adaptive strategy. Some symbols need to be stated.
For yeR", |kl is the Euclidean norm. Define
0; = max lly; jI°, y;; =diag(y;}), j=1,2, and k=1,2,.
l//;‘;k and S;;(-) denote the ideal weight vector and the ba51s
function vector of RBFNNSs, respectively. Let sgn®(x) =
(Ix11%sgn(x1), |x2|*sgn (x3), ..., |xn|"sgn(x,,))T, where @ > 0 and
sgn (x;) is the sign function defined as

1, if x; > 0;
sgn(x;) =40, if x; = 0;
-1,ifx; <0

(15)

Then, the consensus tracking control strategy is obtained by
using the following coordinate transformation

N

zi1 = ) aij(yi—y;) +bi(yi—ya),
;‘ (16)

%2 = Xip — @i
where i=1,2,...,N, a;; and b; are already defined in the
graph theory, and «;; is the virtual control signal for the i-th
agent.
Construct the following Lyapunov function
V(1) = Via () + Vip(0) + Viz() (17)

(ZL (Dzi1(0)/2, Via(t) = (Zgz(l)Zi,z(t))/ 2, and
él.z(t) /2. To facilitate subsequent derivation, time ¢ is

where Vii(t) =
Via(t) =

omitted.
It follows from Eq. (16) that

N
Zi1 = (di+b)xip —bifa(xg,1) - Z a;ijx;2
=

(18)

Differentiating V;; gives

N
Vii= zzl (di+b)(zip+@i1)—bifa (xd,t)_zaijxj,z} (19)
=
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Using Assumption 1 and Lemma 4, there is a designed
& > 0 satisfying Formula (20).

- hizzlfd (xq,1) < |biZ,»T1f(xd)| <

T biz i, lf( Xd) (20)
biz; f (x4) tanh T +0.2785¢
Then, substituting Formula (20) into Eq. (19) yields
Vir <z [(di+b) (o + @in) + g1 ()] +0.2785s  (21)

with

N biz! | f (xa)
gi1 (W)=~ Z a;jjxj2 +b;f (xq) tanh — (22)

J=1

where gi1 (Vi) = [gi1, i), 81, Wiy )s s i1, Wi,)]T and v; =
[xi, xj, xq] T
Equation (23) holds by using Lemma 5
g1, W) = V/ﬂksi 1) + 051, (Wi,) (23)
where k=1,2,...,n and v;, = [x;, X, xa, 17, xi = [xi1,.%i2,1"
and xq, denotes the k-th element of xq. |6;1, (v, )| <6 with &
being a given value.
From Lemma 6, one has
8i1, (W) < V/ﬂkSm(Umk) +0 (24)

where v 1, = [Xi1,, %], 1k,xdk] .
Based on Formula (24) and the definitions of 6; and g; 1, we
have

. Zziay S i) Si (i)
Z;18i1 S > <
’ 2l.
tZ 1Z11S11(U11)S11(U11) (25)
2,
l’i] . 221 ng?
2 2 2

where Uil = [x,;ll,xi,lz,...,xi,ln,xj,ll,xj,lz,...,xj,ln,xd],xdz,...,
xdn]T and /;; >0 is a given real number. S;;(v;) is
abbreviated as S; ;.

Substituting Formula (25) into Formula (21) gives

Vi < ZE1 [(di +Dbi)zip +(di+ D)+

025, ziaSTSin B, 2]z n62 (26)
ZE TR il S 0T 0,078
282, 22 T2 ¢

The virtual control signal «;; is designed as

1
d; +b;

1+0
2

_x z;
273 i1

@] = il — wi1+

’y (
V27,
bizi1S] S
o,

Z i
’ 27

B oz 1+ﬁ
22 (lezzl) -
Z11le

with T, being the predefined time, o >0 and @;; being
designed as

1+a
T - T .
(z12i1) 2, 2421 = Ao

wi=1 2 (28)
>ajtyzn) By, z,lezl < 1o
j=1
where 119 > 0, a; and a, are given as
1 1 ar | _| b
afalHR] e
where by =1 and b, = (1 +a@)/2.
Substituting Eq. (27) into Formula (26) obtains
B 148
Vit <- [2 2w +27 2(z 12i1) 2
T,
biz} 2181 i1 o (30)
T - Ezi,lzi'l-'_

i1
T
(d; + bi)Z,'glzi,Z +4;

where 41 = 12, /2+n6%/2+0.2785¢.
For the first items of Formula (30) and Eq. (28), we can get
the two cases below.

Case 1: IfZIIZtl 410, then

B 4B ]
27 Zw,1+2 2(z 1%i1) 2| =

Y
V27,

. (32)
91’121 Zi1S El Sii

di+b)z}zip +
( i l) i,154,2 21121

Case 2: If ZZIZM < A10, then

148
[2 2w +27 2(111211) E }=

y
V271,

2
> a2 (%) RS }

J=1

Similarly to Formula (32), one obtains
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Lta 4B
Vit <—oVir— 2V, 2 =XV 2 4 (@it by ziot
T, ! T, b S

1+

HiZTZiISTSil ZTZil 2
1561215 )4 ,1%0
2
2[1_’1 Tp 2

T J M
i) (3T |+

=1

(34

T 32 T
Remark 1 Let wi1=(Z g% 2, 01 =i/ (z; z))@i,

then Oi1 = Q(Zl 1%i1) T Zi1. It is easy to get that

1 1m @l 1
does not exist, which creates a singularity problem By settlng
w; to Eq. (28), we can obtain

T azl T
a(z;12i10) 2 Zids 231201 > 105

i =
n(zi10Zi1s 2 1z11 < 410,
o T 2 52
where 7(zi1) =a1(d7y) 2 +3axz;,zi1(Ay) 2 . It is easy to

a=1
conclude that  lim  7(zi1)=a(A? 10) 2 and
ZTIZI 1—410 lim  7(zi1)=
a—1 z,lzlﬁo

“1(/1%0) 2 . Thus, the singularity problem of &;; is avoided
and its continuity is ensured. If Z,-JZi,l <20, there is an
additional item in Formula (34) compared with Formula (32),
which can be regarded as a small incremental change in the
constant term A;. For ease of discussion, only the case of
Z}:lZi,l > A10 is considered in the following analyses.

Next, it follows for Vi, from Eq. (17) that

Vio = ZZZZi,Z = ZZQ (Ki2—a@in) = ZEZ[M Tlritgiaw)l  (35)
with
gi2 (W) = M; ' (—Cixin — G — fuis) — @iy (36)
Similarly to Eq. (23), we can obtain
8i2 (i) = v/ng i2Wi) +0i0, (Vi) (37
where |62, (v, )| < 6.
By the Young’s inequality, one has
T T 2 T =
tiain () € 0iz;52i2S ;5Si2 ll_z Zi0%i2 +n_52 (38)
1,282 \Vj) X 2ll22 ) ) )
where ;2 > 0.
Then, Eq. (35) can be rewritten as
Giz.T Z'QST S'2 12 ZT Zi2 52
T -1 1,252 128 1, z_,2 1,2°1 n
Vio= z;,M; T+ —21?2 + > + > (39)

To balance the requirements of states monitoring and
system performance, the switching threshold ETC mechanism
is designed as

ZIZM @i
w;=—(1+p)|a;ztanh| —— |+
E
7, M; ' (40)
fitanh| -2 ],
E
7 () = w; (%), Yt € [ty tis1)
_ [inf{z € R]lei()| > plri(O] + m}, |[Ti(0] < D;
17 \inf{r € Rlle(t)| > na), [r:(0)] > D
(41)

where e;(t) = w;(f) —7;(t). Meanwhile, 1, ke Z*, 0<p <1,
7 =max{ny,ny}, n>n/(1-p), ny, na, D, and £>0 are all
design parameters.

From Eq. (41), we have

lw; -1 (DI <plti (O +7 42)

Define 6;(f) and &,(¢) as the continuous time-varying
parameters satisfying |6; ()] < 1, [62(6)| < 1, 61 (tx) =62 (t) =
0, and 81 (txr1) = 02 (k1) = £1 for V1 € [, try1).

With the help of Formula (42), the following equations
hold.

=(51p‘(‘i(l‘)+(52ﬁ (43)

Wi —T;
() = wil(l) —0on
+01p
where 0;(t) and 6,(¢f) are abbreviated to &
respectively.
From Lemma 4 and Formulas (40)—(44), one has

-ZLM (1+p) LM i
—= la;ptanh| =—— |+
1+(51p ’ &

T 115
M 'n
ﬁtanh( 2 ]]
E

T a1
—z;oM; a,,ztanh(

(44)
and 07,

T a1 _
oM T =

Z M_ noo
1+61p
ZIZM alz]

&

LM
2M litanh | =———— |+ (45)

&
T py-lo
Zi,ZMi 707
1+61p
T 3s-1 T yy-1-
_|Zi,2Mi ai,2|—|zi,2Mi ni+
T py-1
ZipM; <
Y - X
1+61p
M7 aip +0.557

The virtual controller «;, is given as

n
0.557e+

o
—M;zir—

(d+b)Mlle 5

1
aj2 =— 2 1212

-z <

win+

L
1
\/§Tp 23,22 (46)
0:Miz;2S E2S i2

2
217,

B 4B
27 > (] 2%i2) 2 |-
Z; 2212
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with @;, being designed as

T Lo
(z22i2) 2, 25zi2 = A0;

w2 =4 2

> ajehu) By

J=1

T (47)
, ZLQZ[,Z <A

where A5p > 0.
For the fourth item of Eq. (46), one has

148
(z 22i2) 2

Zi2
T ———wix+2" 2
Z2Z12 lezlz

I+ 144

y |(2hz2) 2 (zhz2)
_— —+ =
7, 2 2

(48)

Substituting Formulas (45)—(48) into Eq. (39), we have
1+a
Vi =—(di+b)z},zi2—0Via— Tl Vip -
0% 1+’B gzZl 24, 2S Sl 2 (49)
T_ Vt 5 + T +A2
p i,2
where 42 = l,»22/2+n(_52/2 +0.557¢. §; = ;- 0; is the estimated
error of 6;, 9,-,is the estimated value of 6;.
Then, for function V;3(#), we can obtain

Vis = 0i6; = —0,0;

The parameter adaptive law éi is given as

(50)

T T T T
5 212018 1801 25228 582
i = -0

2 2
2L 2I7,

(S

1+a

Lia y N 45 R
272 T—psgn"(ei)—Z 2 T—pSgHB(Qi)

Combining Egs. (50) and (51) and the Young’s inequality,
one gets

o ~ 1 1
0:0; = 06, - 07 = 5912 - 59,2 (52)
Substituting Eqs. (51) and (52) into Eq. (50) obtains
v biz) 1218 S Giz,ziaS S
ih — — - - +
" 28 22, "
1 IL
S0 427 Tl(sgn”‘(e )i+ (53)
1+ .
27 L (sef @))6;
For the fifth item of Eq. (53), we have
Ita y PPN I+a vy @
22 T—(Sgn ()8 =2 2 T—(Sgn (0:))6i—
L " (54)

272 l(sgn )b
p

Accolrding to Lemma 2, taking a=1+a, b=1+1/a, and
e=b"b we have

R 26,
2sgn®@))0s < 120~
1+

|"'|l+a
CZ)1+af

Combining Eq. (54) and Formula (55), one gets

a—1

Y (sgn® @), <

o
)5 —|6|1+a el y a"26,"
p (1 +a)l+af

'0

arl

a—1

Y (sgn®(@)6; =
a|29‘|]+a 1+a)
— 46 -

((] )1+a + | |

(|0 415, |”")

_,ﬂl\{b

a—

N|

2
T

Let u; =
from Lemma 3 and |6;] + |6;| > 6; — 6; that
_za(lg |l+af + |9 |1+a’)

=27 [27 N g1+ 10+ =

— (6] +16:D " <

—(O—0)'+ =
1+a
-7

From the second item of Formula (56), one has

1+
1 > 2% 1
_(E) T (lg |1+(1/ | | +Q)<
P

2 T,
lta
_Yy2
Tp i3
Likewise, for the final item in Eq. (53), one derives
_ 26;
27 Y g <27 L (ﬁﬂ | 'l |0i|“ﬁ)—
Ty (1+p)"*F
p-1 R
T,
Pimd 26;
22 l('Bﬂl |1 |95|1+ﬂ)—
To\(1+p)!*F
1B
2
—V
T, !
Substituting Formulas (54)—(59) into Eq. (53) yields
1+ 15
. Y, 2 Y2
Viz<— T—V - T—le3 -Viz—
6’,‘21- IZ,',1Si 1Sl éizfzzi,zs?zsi,z
; \ T 3 s
o7, 27,

where

21

(35)

(56)

6il, u2 =10il, d = 1+a, and Q = 2. It thus follows

(57

(58

(39)

(60)
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43 =

-1 @ J1+a
lp o 2 (—“ 1261

1+
2 T\ v a)+
g1 26,17
272 l(ﬂﬂ—| : +|9i|1+ﬁ).
T, \(1+p)'

Algorithm 1 outlines the procedure to elucidate the
controller design.

Algorithm 1  Procedure of controller design

Initialization:
Initialize z;1 (0) and 8 (0), i=1,2,...N
Parameter selection:
Predefined time T, > T,
Given directed augmented network G
Determine the number of following agents N
Choose the strength of feedback gain o> 0
Choose designed parameters /; 1, li2, ni, na, and D
Specify constants 0 <o < 1 and 8> 1

Parameter computation:

Ln) T (my) Co050
B-a

Parameter adaptive law:

s

Equation (51)— b
Virtual controllers:

Equation (27) — «a;

Equation (46)— «; >
Controller update:

Equation (40)— 7; (¢)

IV. STABILITY ANALYSIS

Theorem 1 For the robotic MASs in Eq. (2), with the help
of Assumption 1 and Lemmas 1-7, suppose that the virtual
controllers in Egs. (27) and (46), the parameter adaptive law
in Eq. (51), and the switching thresholds ETC mechanism in
Eq. (41) are designed. Then, the proposed approach ensures
that all signals have boundaries and the tracking errors
converge to a small neighborhood around the origin within the
predefined time T),. Besides, the Zeno phenomenon is avoided
effectively.

Proof Differentiating V gives

V=Vii+Via+Vi3 (61)
Combining Formulas (32), (49), and (60) yields
V- oVii—oVia—=Vi3—
1
R R S Rl
Tp il Tp il Tp i,2 (62)
y 1+5 y lta y 15
- 2
T_pVi,22 - T_p iz T_pVi,s +4

where A =41 + 4, +45.

Therefore, it follows from Formula (62) through Lemma 3
that
. 0% I+a 15 148
V<—T—(V 2 +32 V2 )—{V+A (63)
p
where ¢ =min{o,1}. According to Lemma 7, we have
mi=(1-a)/B-g), m = (B=D/B-a), and y=(T(m)
I'(my))/(B—a))3 26-®)  Therefore, the robotic MASs in

Eq. (2) achieve SGUPTB leader-following consensus. ]
Remark 2 From Formula (63), let Q={xeR"|V(x) <
A/}, Since x ¢ Q, it can be obtained that V(x) > 4/¢. The
following inequality holds
ve-Llv
Ty
From Formula (64), the equilibrium point x =0 is strongly
predefined-time stable. Thus, there are a tunable bounded

l+a -8 148
2

+32 V2 (64)

. A
constant ¥ > 0, a finite bound &, =&, >0, and a predefined
time 7,, such that solution x=x(t,x9) satisfies that

Vt>T, and Vxp € {x e R"||lxl| < 17,Yn € (0, T)}.

llx (7, x0)ll < & (65)
where T, and g, are independent of the initial state and
system parameters. It follows that the equilibrium point is
SGUPTB stable and tli)r(l)lo [l (2, x0)l = 0.

If xeQ, then Formula (63) holds. Once x reaches the
boundary of Q, its trajectory will not leave the set Q, as
V<0.

From the preceding discussions, it follows that V¢ > T, and
x€ Q. Let 6 €(0,+00) be a sufficiently large constant and
define Q| ={xe€Q|||x]l| <d;}. The set Q| € Q is nonempty,
closed, and bounded, indicating a bounded constant g, >0,
such that ||x]|<¢g, for all x€Q;. Let @w € (0,+00), setting
T=min{w |||x||<w,¥x€0;}, Formula (65) holds,
confirming that the equilibrium point is SGUPTB stable.
Thus, the boundedness of x;1, xi2, zi1, Zi2, 0;, a1, and ;2
can be concluded.

Remark 3 The Zeno behavior is fully considered. For
VkeZ", define 7 with fzy) — 1 > . From the event-triggered
controller in Eq. (41), since all closed-loop signals have been
proved to be bounded, we can get a constant o > 0, such that
|é; (1)] < o. Furthermore, ¢;(t;) =0 and tlitrknl e; (1) =plr; (O] +
ny or tl}tr& e;i (t) = ny. According to the ab0\+/e description, we
can get that the lower bound of 7 must satisfy
tzmin{(o|t; ()| +ny)/o,ny/o}.

According to Lemma 7, we can know that V converts in a
range defined as Q = { V(x)| V(x) < 4/} in the predefined time.

By modifying the aforementioned design parameters, the
consensus tracking control protocol can ensure that the
tracking errors converge to a small neighborhood of the
origin. We can further obtain

lim ||y - yqll < v (66)
t—>Tp
Due to the definition of V, one has
llz1II* < (67)

3
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By adjusting the parameters /; 1, /;2, and o, we can obtain

2
‘z' < %(J(L+B))2

Based on Formula (68) and Lemma 1, we can obtain
Formula (66) for any v > 0.

(68)

V. SIMULATION STUDY
To prove the efficiency of our developed control strategy in
practical applications, the two-link robotic MASs are
researched for the simulation. The plant dynamics of the i-th
robot is represented as

Mi(q1) Gi+Ci(qi,4i) 4i + Gi(g) + fais () = 7 (69)

Let x;1 =¢; and x;2 =¢;, where ¢; = [q,-,l,qi,g]T eR%. We

transform Eq. (69) with new state variables. Then, the robot
dynamics can be shown as

Xil = X2,
] . (70)
Xio =M;" (ti—Cixip — G — fis)

Definitions M;(x;1), Ci(xi1,xi2), and G;(x;1) can be
expressed as

oo | M My
C C
Ci(xi,l,xi,2)=[ C; 012 } (72)
_| Gn
Gl(xl,l) _[ G21 ] (73)
where
My = myds +my (d% +d3 +2dyd; cos ‘1i,2)v
M12 - M21 =my (d% +d1d20056]i,2),
My, = m2d§7
Cll = —mzdldzé']il SiIlCIi,z, (74)

Ciz = —madid2(gi1 + i) singip,

Coy = —-mpdidag;1 8ing; 2,

G11 = (midy + mady) gcos qi,1 +madrgcos(gin +¢qi2),

Ga1 = madrgcos(qi1 +gi2)

The initial position of the robot is given as go = [0,0]. The
desired trajectory is chosen as yq = [sin(0.57f),sin(0.577)]. The

system parameters for the two-link robot manipulator system
are given in Table 1.

Table 1 Simulation parameter.

Parameter Description Value Unit
mj Mass of link 1 1 kg
my Mass of link 2 1 kg
dy Length of link 1 0.8 m
dy Length of link 2 0.7 m

g Gravitational acceleration 9.8 m/s?
T, Predefined time 0.2 s
o Feedback gain 1 —
l;1 and i Designed parameter land 1 —
« and Designed parameter 0.5and 3.0 —
ni, np,and D Designed parameter 0.5,0.7, and 10 —

The adjacency matrix represents the weighting relationships
between agents, and the Laplacian matrix of the system is
defined by graph theory. They can be expressed as

0 0O 0 0 0
A=[1 0 O JandL=| -1 1 O | Figure 1 shows the
2 00 -2 0 2

robotic MASs communication topology. Diagram of a two-
link robotic manipulator is shown in Fig. 2. Figures 3—5 show
that the output trajectories of all followers ¢; converge to the
leader yq within T, =0.2. Figure 6 shows that the tracking
errors among the leader and three followers converge to the
small neighborhood range of the origin within 7, =0.2.
Figure 7 represents that the adaptive parameters of each
follower are bounded for 7, = 0.2, and the control inputs 7;
under event-triggered mechanism are shown in Figs. 8-10.
The inter-times trajectories of 7; are shown in Figs. 11-13,

Figure 1 MASs communication topology.

ALy

X
4
Figure 2 Diagram of a two-link robotic manipulator.

2
3 —
g 1k — Vg
:
h=
g ot
on
g
ER
= 2

0 2 4 6 8 10 12 14 16 18 20
Time (s)

2
8 — G2
g
g
B
o}
[=¥
en
=]
£
S
&=

72 1 1 1

10 12 14 16 18 20
Time (s)

0 2 4 o6 8

Figure 3 Trajectory of agent one and the leader.
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Figure 5 Trajectory of agent three and the leader.

which demonstrate the effectiveness of the event-triggered
mechanism.

VI. CONCLUSION

This article proposes an adaptive predefined-time event-
triggered consensus tracking control strategy for the robotic
MASs, which enables each robotic manipulator to track the
ideal signal of the leader. Moreover, the switching thresholds
ETC mechanism saves network resources and guarantees
that all signals have boundaries without the Zeno phenomenon
in the closed-loop system. The RBFNNs are employed to
address unknown disturbance term fyis (), which provides
the control mechanism proposed with a certain level of
fault tolerance. Because of the fact that the robotic MASs
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Figure 6 Trajectory of the error.
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Figure 7 Adaptive parameter.

30

— T
— T

—_ [\ (o]
W (=} w
T T T

—_
(=]

Controller

10 12 14 16
Time (s)

_5||||
0 2 4 6 8

18 20

Figure 8 Control input of agent one.

may be running on unsecured networks, the consensus
tracking control problem of the robotic MASs based on the
predefined-time control strategy under the denial-of-
service attacks will be taken into consideration in future
studies.
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