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Abstract: A guaranteed performance event-triggered adaptive consensus control is established for
uncertain multiagent systems under time-varying actuator faults. To eliminate the impact caused by
actuator faults, an adaptive neural network compensation strategy is developed. Simultaneously,
by implementing the asymmetric barrier Lyapunov function and transform function, a prescribed
time consensus control with guaranteed performance, is constructed. Furthermore, to reduce the
frequency of information transmission, an adjustable switching event-triggered control (ASETC) is
proposed by using a modified hyperbolic tangent function. It combines the advantage of the relative
threshold strategies and the characteristics of the hyperbolic tangent function, giving better flexibility
in saving network resources and guaranteeing system performance. By applying the constructed
control method, systems with prescribed performance consensus in a prescribed time are achievable
while limited network resources and unknown time-varying faults are present. Some simulation
examples implemented in MATLAB (R2022a) are given to demonstrate the above results.

Keywords: prescribed time; guaranteed performance; multiagent systems; actuator faults; event-
triggered scheme

MSC: 93D50

1. Introduction

The cooperative control of multiagent systems has attracted increasing attention in the
past couple of decades, which mainly involves formation control [1], consensus control [2],
and containment control [3]. As one of the essential and fundamental topics of cooperative
control, the discussion about multiagent systems consensus control continues to emerge
rapidly [4-8], of which the control objective is for a group of agents to converge to leader
signals. A distributed PID controller was designed to achieve the consensus of first-order
multiagent systems in [4]. For the consensus problem of second-order multiagent systems
in [5], a nonlinear distributed dynamic controller was developed to address it. In general,
for high-order multiagent systems, distributed control protocols were constructed to ensure
the ultimate state finite-time synchronization to the leader in [6]. It is worth emphasizing
that in engineering applications, actuators inevitably encounter faults.

Actuator faults, as a common phenomenon that might lead to degrade performance or
even destroy instability, have attracted lots of attention from control scholars [9-14]. Taking
actuator faults into consideration, an adaptive fuzzy control approach was proposed to
solve the control problem of axially moving slung-load cable systems in [10]. For the linear
multiagent systems in the presence of actuator faults, a fault-tolerant consensus control
method was proposed in [11]. In [12,13], the compensation problem of nonlinear multiagent
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systems with actuator faults was addressed. Those results are effectively eliminating the
adverse effect of actuator faults and giving viable references for further discussion.

Moreover, for the limitations of the components and the requirement of security in
an actual application, the constraints issue is vital in the controller design process [15]. To
address the various violations of the constraints issue, many resultful methods have been
constructed, such as the log-barrier Lyapunov function [16-20] and tangent-type function
[21-24]. To ensure the state constraints of fractional order uncertain strict-feedback systems,
an adaptive controller was proposed by introducing log-barrier Lyapunov function in
[15]. The full-state constraints problem of uncertain nonlinear multiagent systems was
solved by utilizing the barrier Lyapunov function in [17]. Focusing on the asymmetric
constraints problem, the asymmetric log-Barrier Lyapunov function was applied in surface
vessels systems [18] and uncertain multi-input multi-output nonlinear systems [20]. Based
on the tangent-type nonlinear mapping function, the full-state constraints of uncertain
nonlinear systems [21] and high-order multiagent systems [22] were guaranteed. Moreover,
the asymmetric constraints were ensured by the asymmetric tangent-type function in [24].
What should be noted is that for many industrial applications in real engineering, while
accomplishing secure systems and a high control of accuracy, it is still required to guarantee
the settling time.

The settling time, as an important specification for evaluating the performance of a
constructed control protocol [25], has had a number of control results have been proposed
to ensure it [26-35]. For uncertain stochastic systems, a fuzzy control strategy was proposed
in [26], which is able to guarantee the finite-time stability. To ensure the finite-time track
control and compensate uncertainties, a robust nonlinear controller was designed in [27].
Based on the augmented error system method, a finite-time optimal tracking controller was
designed in [29]. By utilizing the fixed-time stability criterion, a fixed-time fuzzy tracking
control method was proposed in [30], which achieved a faster convergence speed. For
marine surface vessels, a novel fixed-time fault-tolerant control strategy was proposed to
achieve the trajectory track in [31]. Focusing on multiagent systems, a fixed-time consensus
control strategy [33] and a fixed-time containment control strategy [34] were constructed to
guarantee fixed-time stability. Moreover, since getting rid of the restriction to the initial
states or the designed parameters, the settling time of the prescribed time control can
be arbitrarily preset. With such an advantage, the prescribed time control has received
a lot of attention [36-41]. For pure-feedback uncertain nonlinear multiagent systems, a
prescribed-time containment control scheme was studied in [37]. Via a class of scaling
function, the prescribed time attitude containment control issue was addressed in [38].
Both [39,41] ensured multiagent systems consensus in the prescribed time. Nevertheless,
systems always needed to converge fast. It may cause drastic variations, in particular, a
short convergence time is required, and it can even result in the violation of constrained
multiagent systems . How to guarantee systems’ constraints and the settling time still
remains an open issue that needs to be further studied.

On the other hand, with the development of network scale and an increase in informa-
tion quantity, the systems control operation could be restricted as the limitation of network
resources [42]. An event-triggered control transmits the control signal based on the specific
triggered condition as an effective method for overcoming the aforementioned challenges,
and it has been gaining increasing attention [43-52]. The fixed threshold event-triggered
mechanism was proposed, as presented in [43,44]. Noting that it is limited due to its un-
changing threshold. Then, the relative threshold event-triggered mechanism was designed,
as shown in [45-47]. Although the relative threshold scheme is more flexible by introducing
the control signal as a variable, systems’ performance may be degraded when the input is
as large as its high change. Thus, a class of switching threshold scheme such as [48-50] was
proposed based on the above two schemes, which can avoid the control signal jumping
abruptly and achieve a better performance. However, it is still hard to select a suitable
fixed threshold that balances systems’ performance and network recourse for the scheme.
To solve it, a more smooth triggered scheme is proposed based on the hyperbolic tangent
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function in [51]. Such a scheme can alleviate the problem in part, but when the input
becomes larger, the trigger threshold becomes almost fixed according to the characteristic of
function tanh(-). Under the existing methods, it is still hard to ensure systems’ performance
when the control signal is large. It is still worth discussing how to save communication
resources without impacting system performance.

According to the above discussion and analysis, an event-triggered-based adaptive
guaranteed performance consensus control method is constructed for multiagent systems
subject to actuator faults. Consequently, the main contributions are summarized as follows:

1. Actuator faults are a common phenomenon in actual engineering that may impact the
accomplishments of control objects. Especially for systems that require faster conver-
gence while suffering from time-varying faults, it brings difficulty to compensation.
With the aid of the transform function, an adaptive neural network compensation
strategy is constructed to handle such an issue. When systems suffer from time-
varying actuator faults, the investigated compensation strategy can guarantee systems
prescribed time consensus;

2. Toimprove the transient and steady performance in the control operation, the asym-
metric barrier Lyapunov function is adopted to further restrain systems” errors with
minor overshoots. Moreover, considering that ensuring systems performance requires
significant resources, the ASETC is developed based on the input characteristics of dif-
ferent periods. The presented method not only enhances systems control performance
but relaxes the pressure of the communication of systems in the control operation.

The rest is structured as follows. The preliminaries and problem formulation are given
in Section 2. Sections 3 and 4 present the prescribed time consensus control design, stability
analysis of multiagent systems, and experiment examples. The work’s conclusion is shown
in Section 5.

Notation 1.
o R and RM*M represent the set of real numbers and the real numbers in M x M size space,
respectively;

e diag[-] denotes a diagonal matrix, and - is a symbol on behalf of all the elements located in the
diagonal of the matrix;
AT denotes the transposed matrix of the original one A;
|| B|| stands for the Euclidean norm of vector B;
max{- - - } is the maximal function, which is capable of catching the maximum value among
-« and - - - is a 1-dimension arbitrary array.

2. Preliminaries and Problem Description
2.1. Graph Theory

Applying 9 = (¥, &, o/, AB) to express the fixed directed information exchange topol-
ogy among multiagent systems (similar to [40,44]). Then, the ¥ = {%, %, -+, Ym}is
the set of virtual leader ¥j and agents {¥1, %3, - - -, Ym}, & C ¥ x ¥ is the edge set from
the j-th agent to the i-th agent. 4;; > 0 is the weight of the edge between the i-th agent
and the j-th agent, then the weighted adjacency matrix among the agents is directed by
o = [ajj] € RM*M_If the j-th agent can receive information from the i-th agent, the edge
weight is a;; > 0; otherwise, 4;; = 0. Besides, b; > 0 is the weight of the edge between
the leader and the i-th agent, then the weighted adjacency matrix can be described as
B = diag[by, by, -+ ,by] € RM*M_If the i-th agent can receive information from the
leader, then b; > 0. Otherwise, b; = 0. The in-degree diagonal matrix can be presented
by 2 = diag[dy,da, - - - ,dp] € RMM where d; = Z].Ail,#i ajj. The Laplacian matrix of ¢
can be defined as ¥ = 2 — o/ € RM*M_ Noting that at least one agent exists that can
obtain information from the leader that b; > 0, which guarantees that (.Z + %) can be
nonsingular. Then, ¢ exists for a certain path that can always reach each node from the
root node %;.
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2.2. Model Description

Consider a class of general nonlinear multiagent systems consisting of M(M > 2)
agents and one virtual leader. And each agent follows the following dynamics:

Xin = Xin+1 + Pin(Fin)
xi,m =u;j+ 4)i,m (J\Ei,m) (1)
]/z = xi,l/n = 1/2/"' /m_]-

where y;(i =1,2,--- ,M) and x; ,(n = 1,2, - - - ,m) represent the i-th agent’s output and
state. Then, ¥;, = [xj1,%i2, - -, xi,n}T, u; denotes the actuator output signal of the i-th
agent. ¢;1,- - -, ¢; ,, denote the unknown nonlinear dynamics.

Due to various external environmental influences and internal operating conditions,
actuator faults inevitably happen and cause control systems to fail to properly achieve the
control objects. Assuming that the actuator of the i-th agent fails at the time T, and both
additive faults and multiplicative faults are taken into consideration, the actuator faults
model is given as follows:

u; = ki(f)t_ll' + (pi(t),t > TF (2)

where k;(t) is the health factor that represents the effective control condition in the i-th
agent’s actuator, and ¢; () represents the bias fault in the actuators of i-th agent. Both of
them are unknown and time-varying variables.

Based on the aforementioned analysis, each agent is subject to the time-varying actua-
tor faults follows the following dynamics

Xin = Xint1+ Pin
Xim = kitl; + @i + ¢im 3)
]/z = xi,l/n = 1/2/"' /m_]-

The control object of this work is to propose a prescribed time neural network adaptive
consensus control method, it is achievable that uncertain multiagent systems subject to time-
varying actuator faults prescribed time consensus, and saving communication resources
while guaranteeing systems’ performance. To make more realistic sense and achieve the
object, we introduce the following general assumptions:

Assumption 1. The reference output signal y 4 is bounded and continuous. Besides, its derivative
is also continuous and bounded from the first-order to the n-order yén) (n=1,2,---,m).

Assumption 2. For the bias faults ¢;(t) and the health factor k;(t) in actuator faults, they are
time-varying and bounded functions. And there exists unknown positive constants 0; and x; such
that ¢;(t) < 6 and 0 < x; < k;(t) < 1 hold.

Moreover, we introduce the following definition and lemmas

Definition 1. Based on the definition in graph theory, by utilizing e; 1, it expresses the i-th agent
synchronization error

e = Z]Ail aii (vi — i) + bi(yi — ya) (4)

2.3. Transform Function

To ensure systems’ transient and steady-state performance, the following prescribed
performance function is given

F(t) = (Fy — Fo)s(t) + Fso )
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where Fy and F are the initial value and the final value of the prescribed performance
function F(t), respectively. And s(t) is a gradual decay function that satisfies s(0) = 1 and

tlim s(t) = 0. And the prescribed performances are performed as —F! ]-(t) <ej < F[j(t)
—00 , .

with Pil,]. and Flfj being the lower and upper performance bounds of error ¢; j, and both of
them satisfying the form of function F(t).
Furthermore, the convergence speed is taken into account, and the following scaling
function is introduced
s(t)=(T—t/T)7,0<t<T (6)
where T is the settling time that can be prescribed, and ¢ is the positive parameter.

Thus, the following function can be obtained

(o
Fy — Fo) ( LAt Fo, 0<t<T
p(t):(o )(T)+ ==
Fe, t>T

)

It can be known that F(0) = Fy, lim F(t) = lim F(f) = Fe. The existing positive
t—=T~ t—=T+

parameter /1 such that 1 < Fy and 7P~ < F., and the transform function can be deducted
as follows

" _ L, 0<t<T
£t) = {(1—P1)(T—t) +pP-1T0 == (8)
P, t>T

It can be seen that f(t) is a continuous function that lim f(t) = lim f(¢) = P.
t—T— t—T+

Remark 1. By introducing the scaling function (6), the prescribed time control can be achieved
while the error constraints are not violated. Moreover, both the settling time and convergence range
can be preset, which is independent of systems’ initial condition and positive design parameters.

Lemma 1 ([16]). For any z satisfying z < h with h > 0, the following result holds

h? z2
In h2 — 22 = h2 — 22 ©)

2.4. Radial Basis Function Neural Networks (RBFNNs)

Without the ordinary approximation capabilities, RBFNNs can be utilized to approxi-
mate any unknown continuous functions. Then, the following Lemma holds:

Lemma 2 ([13]). Let g(77) be a continuous function with ij defined on a compact set K, by utilizing
RBFNNe s, existing positive constant € satisfies

sup|g(7) — I'O(7)| < ¢ (10)
ek

where O(7) = [01(77), 02(77),- - - ,0;(7)]" and T = [T1,Ty,--- ,T}]" represent the radial basis
function vector and the weight vector, respectively, and 1(1 > 0) is the node number of RBFNNs.

Then ©;(7) can denote as
_ 7 — 7
O;(77) = exp B a— (11)
i

where O; and ij = [}, 75, 1] ] T are the Gaussian function’s width and center, respectively.
There exists the optimal weight vector T'* that

reRr

sup|(7) — I"©(7) \} (12)
7eK

" = arg rnin{
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Based on the above analysis, one has

8(7) = T"10(7) +&(7) (13)
where €(17) is the approximation error such |e(7j)| < &.

3. Consensus Controller Design and Systems Stability Analysis
3.1. Consensus Control Design

In this section, RBFNNs and adaptive control are applied to construct the prescribed
time consensus control method. Combined with (8), the following coordinate transforma-
tion can be given

Cipm = Xipn = Qj(n—1), N =2, -+, 1M 14
{ zi,k:fiei,k,izl,Z,---,M ( )

where «; (,,_1) denotes the virtual control signal and will be given late.
Defining the auxiliary function ; (zl-,]-),i =12---,M,j=1,2,--- ,mas

1,z;; >0
rij(zi) = { 0,2, <0 (15)

According to (4) and (14), the derivative of z; ; can be obtained
Zi1 =fiein + fitia
=freia + fi (b1 + i)y — biga — L1 )
=fiei1 + f; ((bi +di)(xi2 + Pin)
—bia — Yoo i)

=fi <li€i,1 + (b +d;)(eip +ain

(16)

+¢i1) — biyja — Z]Ail aijyj)

where 1; = flflfi.
Step 1: By utilizing the auxiliary function, the first step of the asymmetric Lyapunov
function is selected as

_Tia ni 1-rin, hi 1 2,
1= — 2 Mp 2 T3
hzl Z1 il Z Xl

(17)

where x; 1 is positive parameter, and J; ; is the estimation value of the unknown parameter
6;1, and the estimation error is 5,-,1 =01 — 51-,1. And J;, will be given late. Noting that
the parameters h; ; and 71, ; satisfy h; 1 ffl < Fil,1 and 7; f <F ', respectively. And such
similar inequalities hold later.

Remark 2. By applying the auxiliary function (15), such an asymmetric Lyapunov function is
selected to achieve the asymmetric constraints. Moreover, combined with the transform function, the
asymmetric performance can be guaranteed when the asymmetric Lyapunov function is bounded by
the constructed control method. Noting that such a way is applied in each step, it brings systems to
a more flexible and controllable performance.
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According to (16), it can be obtained that

Vi1 =Si1ziafi (lit’i,1 + (b +d;)(eip +ain

. (18)
. M . : 4
+¢i1) — biya— Zj:1 ﬂij!/j) - Eéi,léi,l
o~ it 1-riq
where ;1 = 7@172%1 + et
Defining such a function
L Mo d
8i1(7i1) =tiei1 — Z]«Zl a;jy; + (b +d;)pin
(19)
o Sia(bi+di)* fizia
—b; L .
iYa + 2
_ oy w7
where 7j;1 = [yo, Yo, X1, %j1] -
Applying Lemma 2, it can be appreciated by the RBFNNSs as follows
8in(7in) = Ti101 (7i1) + €01 (7i1) (20)
where ¢;1(7; 1) is the approximation error and satisfies €;1(7;1) < & 1 with &1 > 0.
According to Young's inequality, the following inequalities can be obtained
Q2. (b; +d) 222, e?
Sipzinf(bi +diein < (b 5 iz 172 (21)
2,722 1o 2
iJiZin||tin i, i1
Si1zin figin < o7 + =
Pia (22)
2 2.2 2 2
n Sifizin " Tip€in
2
2474 2

where p;1 > 0,4;1 > 0 are the design parameters.

2 1?2
rr, ,1},Hi,1—%i,1('®”'ff+

27712,1

Based on the above inequalities, defining J; ; = max{ ’

2
/; ), then (18) becomes

2q% 1

Vin <Sia((bi +d;)aiq + ei1i1Hin)

2 2 2 =2

1 . =2 €y Pi1 gi1€:4 (23)
_ 5:16: L, L Ll
7)(1’,1 il 1,1-1-*2 + 5 +72

The virtual control signal «; ; and the adaptive law 51‘,1 are developed as

1 .
aj1 = m(_gi,lei,l —ei16i1H;1) (24)
1 1
0i1 = SinzixinHin; — Gindin (25)

where ;1 > 0,§;1 > 0 are the design parameters.
Thus, the following result holds

2 2 2
Ginrinziy  Gia(l—rin)zi; ey

Via < 2 2 2
=7 i A ? (26)
Gilz 2 Pzzl ‘11215%1
+ == 51.’151.,1 + = 4 —

Xil 2 2
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Step n (2,3,--- ,m —1): By utilizing the barrier Lyapunov function, the auxiliary
Lyapunov function is selected as

2
- Zi,n in in (27)

52 Vv
+2in in  Vin-1

where x; , is the positive parameter, then 51 . is the estimation value of the unknown
parameter ¢; 1, and the estimation error is (SW =iy — (51 n- And 9; , will be given late.
Based on (3) and (14), the derivative of z; , can be obtained
Zin =fiCin + fiin
=fiein + fi(Xins1 + Pin — &ipn—1) (28)
=fi(ti€in + €int1+ Qipn + Pin — &in-1)

According to (27) and (28), one obtains

L N
Vin =Vin-1+ SinZinf (ti€in +€int1 +ain

. 1 - 3 (29)
‘Hpi,n - "‘i,n71> - 51',1151',71
in
rl n 1 rl 71
where 3, = T + e
Defining such a functlon
&in(Min) = ti€in + Pin — Kin-1 + Sinfizin (30)
_ VS o T
where 771',71 = [yo,yo, Xl'ln, xj,n/ 51',1, . /(si,n—l] .
Applying Lemma 2, it can be appreciated by the RBFNNSs as follows
Sin(Tin) = Tin®;i (i) + €in (i) (31)
where ¢; ,(7]; ,) is the approximation error and satisfies €; , (7; ,) < &, with &, > 0.
According to Young’s inequality, one obtains:
Q2 272 2
Sinfizinlingn < — 21 2+ l”;l (32)
2 2.2
o Sinfizin P%n
SinzZinfiin < o +5
Pin (33)
2 2.2 2
+ %i,n iZi,n + qzn in
247 2
qz,n

where p; , > 0,49, , > 0 are the design parameters.

e 5 — . H®w|| 7
Define ¢; , = max and H; , = S, gy + 2 ) then (29) become

Vin <Vin-1+ SinZinfi(@in + €indinHin)
2 2 2
_ 75‘ (’5‘ €in Pin M (34)
Xin L 2 2 2

. |12
Lol /1
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The virtual control signal &; , and the adaptive law 51-,,1 are developed as
€in S;nl

2fl.2

Xin = —GinCin — ei,néi,nHi,n - (35)

gi,n = %i,nezz,nXi,nHi,n - gi,ngi,n (36)
whereg;, > 0,(;, > 0 are the design parameters.
Thus, the following result holds

Vo< _ rznglnzgn _ (1 _ri,n>gi,”212,n + g 5” 5
L — 2 2 2 Ln
h _ m h. 0~ Zin Xin
2 2 2 2
Cint1 Pin 4 Tinfin _ Cin
> > ) > zk 1

2
- i ri,jGi,jZij N (1- ri,j)Gi,jZi,j " €1
= h2 ] h2 _ 1 2

n (P Pij qw 7 Gij
+r |5 +Z 576 i

Xi,j

(37)

Step m: When the systems are subject to actuator faults, to achieve the prescribed time
synchronization under a guaranteed performance, the information transmission and fre-
quent update is inevitable. To avoid continuous communication and save communication
resources simultaneously, the ASETC is constructed, and the following triggered threshold
is established as

L_li(f) = (I)i(tc),Vf € [fc, fer1) (38)

. inf{t € R||A;| >
ic+1 = 9 . _ _
bet inf{t € R||A;| > pip tanh|y;d;| + 70 }, [4:] > W;

where 0 < p;1 < 1,0 < p;j» < 1,71 > 0,70 > 0,7; > 0 are the design parameters. W;
is the design switching condition. And t. and t.;; denote the latest triggered time and
the next triggered time. Then, the measurement error is given as A; = @; — #i;, where the
triggered control signal @; is proposed as follows

i (14 piy) tanh Szt ) — Zin(L40i1) g

7T

@i(t) = L 2(10) | (39)
—oci,m(1+pi,2)tanh< i ) pltanh( : ””) li;| > W;

where 71; and p; with p; > p;» + T are the positive design parameters.

Remark 3. To further alleviate the communication pressure while systems’ performance is guaran-
teed, an ASETC is constructed based on a modified hyperbolic tangent function as tanh|y;;|. When
the input signal is smaller, such as |ii;| < W;, the relative threshold strategy p;1|1;| + T; 1 is chosen
so that control performance can be guaranteed without taking up too many resources. When the
input signal is large, such as |ii;| > W;, the triggered threshold p; , tanh|vy;ii;| + T; 5 is constructed
based on a modified hyperbolic tangent function. By selecting the suitable modified parameter -y;,
as shown in Figure 1, which depicts the changing tendencies of the modified hyperbolic tangent
function tanh|vy;i1;| while the input signal ii; and the coefficient «y; change, a more reasonable trigger
threshold can be obtained. Therefore, the balance between systems’ performance and the network
resources can be accomplished.
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i)

]
KoanE i
=
g
0.5~ —Yi = 1 H
~v; = 0.05
—; = 0.03]]
Figure 1. The modified hyperbolic tangent function diagram.
When |ii;| < W;, the following result holds,
@i (t) — @ (1) < pialiti| + T (40)

From [48], 0 < |I| — ltanh(%) < 0.2785( holds for VI € R, V¢ > 0. Thus, the following

inequality can be obtained

1 . .
Zimil; = —Zi,m<( + Pi)%im tan h(z”" ”")

1+ hippia T
(1+p11)21m h12711
2(1+ hippin) (1 — pig)? 1+hl2pll
§|Zi,m’xi,m| Zim®i,m tanh(Zlmalm) (41)
o Zl m ZimTi1
2(1 — pi,l)z (1 - pl,l)
2
<z mim + 0278571 + 71
When |i7;| > W;, the following result holds
|@; — i1;| > pip tanh[il;| + Tjp > pio + Tip (42)
Thus, the 7; can be rewrote as
i = @; — Ai(pip + Ti2) (43)

_ Wi~ 1 .
where A; = PatTa with [A;| < 1.

Analogously, the following inequality can be obtained

Zim Ui S‘Zl}m‘xi,m| &, m(l + PlZ) tanh<”;l'[lm>
i

piz im (44)
7T,

i

= Zim@im| = |Zimpil — Pi tanh(
Szi,mtxi,m + 0.5577‘[1'
Based on (41) and (44), the following result holds

Zi mli <Zj i+ 0.27857‘[1',1 + T (45)
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2
where T; = max{0.27857'(i,1, %l }
According to (3) and (14), the derivative of z;,, can be obtained
Zim =fi€im + fibim
= fieim + fi((Kiti + @i + Pipm) — &ipm—1) (46)
=fi(ti€im + kitti + @i + Pim — &im—1)

By utilizing the barrier Lyapunov function, the auxiliary Lyapunov function is selected
as

2 2
Vv :riﬂ In hi/m (1 - 7i,m) In hi,m
Ty M 2 i -2
1,m 1,m 1,m (47)
1 o | ki
+ 0r +—Yi+ Vi
le,m ,m 2#1 1 1,m
where x; ,, and y; are the positive parameters, Si,m and Y; are the estimation value of the
unknown parameters J; ,, and Y;. Then estimation errors are Y, =Y, - Y, and Oim =

N

6im — Oim- 0im, and Y will be given late.
According to (46) and (47), one has

Vim =Vim-1 + SimZimfi(tieim + kivi + @;

. 1 - & ki o & (48)
+Pim — dim—1) — o SimOim = Mf iYi
where 3, = Vi,_ng + 21 ji;; :
Defining such a function
i, : 0.2785m; T
gi,m(rli,m) = li€im + (Pi,m —&im—1 + 71 + 71 (49)
Zim Zim
_ .o 4 o . 17
where Mim = []/0/ Yo, 5i,1/ ceey 51',111—1/ Xims xj,m] .
By applying Lemma 2, it can be appreciated by the RBFNNSs as follows
i (Fim) = Ui @i (i) + i (im) (50)

where ¢; ,, (77 ) is the approximation error and satisfies €; , (7; ) < &y With & ,, > 0.
By utilizing Young’s inequality, the following result holds

2
a2 2.2 || 2
o~ ‘9i,m izi,m 1—‘i,mH ||®1,m ‘ PlZ’m
SimZim figim < 2 +—
Pim (51)
a2 £2.2 2 2
SimJi Zim | DimEim
e T
qi,m

where p; ,, and g; ,, are the positive parameters.

Considering the health factor parameter k; is unknown and time-varying, it causes
control design to be difficult. Thus, defining Y; = «; and &;,, = Y&, Y, is used to
estimate compensation as «; ,, = Y,-Eci,m.

According to the above discussion, it is true that

SimZimfikitim < SimZimfilim — SimZimfikiYi®in (52)

122 2
Defining H; ,, = i (|®”"|f’ + 2f’2> and 6;,, = max{‘

2
2pi,m qi,m

*
1—‘i,m

2
,1 }, then (48) be-

comes
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&2
. . _ 1,m
Vim <Vim-1 + SimzZimfi(& + e;mOimHim) + -
2 2 2
Phn | G o
- lz’m + l’mz = S mZim fikiY il m (53)
2
e 1 ~ =z k: - &
im i
t o o OimOim — Y
Xim Hi

The virtual control signal &; ,, and adaptive laws Si,m and \A{i are developed as

¢ mgf1
_ 2 y im
Xim = —CimCim — ei,mdi,mHi,m - 22 (54)
fi
A 2 A
Oim = SimZimXimHim — Ci,mOim (55)
Yi = =S mZimfitki®im — G Y (56)

where G;,, > 0,8;,, > 0,(; > 0 are the design parameters.
Thus, the following result holds

Vi,m(;i,mz%,m (1- ri,m)Gi/leZ,m Gim =

Vi,m < - 5 — 5 5 + i,mgi,m
hi,m - le,m hi/’” = Zim Xim
@ikiY g 1 élz'fm elz"” V.
BT R E R -
2 2
oo (i (mr)eiE & 5 3
R = T R R S e )
=1 \Mij = 2 ij i K
2 2 52
glkl ~ A 1 pz] ql]gl,]
Y Y _ Y
e Vi l+]; > T3

According to Lemma 1 and Young'’s inequality, the following inequalities can be
obtained

h24 z2.
n—2 <1 (58)
2 2 — 32 2
ij_zl] hi,]'—ZZ]
n—4 <" (59)

s 1, 14
010ij < 50i; = 50i; (60)
e 1 1.
YY; < EY% — EY% (61)

According to the above inequalities, the following result is deduced
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m . H2 h
gl,] 1,] gl] 1,j
Wm<—2(12 o +1n
=N\ m— B
m P
— 2 @51,2], Gik 1Y2 + 2 Cij (52
j=1 Xij Hi —1 Xijj (62)
Cikiva & (P qwﬁJ
Y? =
+ﬂil+; >+
< - aivi,m + @i

252 y
where p; = Y| (5”52 + Pzz + q”;”) + %Yf 0; = min{%,éi,j,@}i =12, Mj=
1’2’... ,m

3.2. Systems Stability Analysis

Theorem 1. If multiagent systems (1) suffered from actuator faults (2) and satisfy Assumptions

1 and 2, by utilizing developed controllers (24), (35), and (54), adaptive laws (25), (36), (55), and

(56), and triggered scheme (38) and (39), while the initial system conditions and inputs are bounded,

the following results are achieved:

(1) All the system signals of multingent systems subject to time-varying actuator faults are
bounded. The error of each agent can be a guaranteed prescribed time convergence into a preset
range under the given performance;

(2)  The Zeno behavior is surely eliminated in the proposed triggered scheme.

Proof of Theorem 1 ([16,44]). (1) Consider the total function V = ZZM Vim, and its deriva-
tive is
V<—0V+p (63)
where p = Zf\il p;and 0 = min{0dy,da, - -+ ,Im}-
Integrating the above result, one has

0<V<Q (64)

where Q = e~ (V(0) — £) + £,
According to the definition of the Lyapunov function, the following result holds

g (65)
T <0, <0
l]

Thus, the solution z; ; can be obtained as follows

_hi,]' < _hi,j VvV1—2z720 < Zjj < hi,j VvV1—2z720 < hi,j (66)

According to the coordinate transformation, the following result can be deduced

—h; ,]f < el] l]f ! (67)

From (66) and (67), it can be known that z; ; and ¢; ; are all bounded. According to the
above discussion, it can be further known that (er and Y; are bounded, then the control
signals & iy R, and u; are allbounded, i =1,2,--- ,M,j=1,2,--- ,m

Based on the definition, it can be confirmed that systems’ performance is guaranteed
as —Fl.l, j(t) <e; < F{j(t), and the error ¢;; converges to the prescribed areas —Pflh,‘,j <

ej < Plflhi,]- in the prescribed time T.
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Remark 4. Based on the above derivation and discussion, it can be confirmed that the convergence
speed can be adjusted by choosing the parameter o, then the concrete value of e; ; can be adjusted by
selecting the positive design parameters G, G, Xi,j, and j, p;. However, the upper bound of both
the convergence range and settling time T are unaffected by them, which can be preset directly.

(2) Based on (38), it can be seen that A;(t.) = 0and lim A;(f) > @;(t) — 4;(t), and

tc_>tc+1

the following inequality holds

d T
lim —|A(H)] > ——
 m Ol — (68)
where T; = max{7;1, T2 }.
According to (38), the existing positive parameter g; satisfies
d, _ .
Ll@i(b)] < &i(0)] < o (69)
Subsequently, it follows that
T
tepr —te > o >0 (70)
1

Therefore, the Zeno behavior can be surely avoided by the constructed scheme.
O

Combining with the aforementioned graph theory, Figure 2 illustrates the directed
communication topology graph of a class of nonlinear multiagent systems. Letter d denotes
the virtual leader, and numbers 1, 2, 3, and 4 represent the agents 1, 2, 3, and 4, respectively.
All of them stand for nodes in graph theory. Furthermore, the arrow could express the
relationship of the information expressing the direction of each nodes. The number between
the virtual leader and the i-th agent is the weighted adjacency b;, while the i-th agent can
receive information from the virtual leader, otherwise b; = 0. The number between
between the i-th agent and the j-th agent is the coefficient 4;;, while the j-th agent can
receive information from the i-th agent, otherwise a;; = 0. The number between each node
is the in-degree d; of the node that the arrow is pointing to.

Figure 2. The directed communication topology.

4. Simulation

In this section, to demonstrate the feasibility and effectiveness of the developed
theoretical result, some experiment examples are presented. And a class of nonlinear
multiagent systems under a communication graph are shown in Figure 2 is considered.
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Remark 5. There are two simulation examples presented in this section, including the numerical
example and the application one. The simulations carried out on the numerical examples could
distinctly perform the effect that the proposed control strategy exerted on universal application
scenarios. On the foundation of this, the application example is implemented, which focuses more on
the concrete and certain models and solves practical problems. By combining the aforementioned
two examples, the feasibility and the effectiveness of the proposed control protocol could be well
performed and verified in various scenarios.

4.1. Numerical Example

Focusing on the uncertain multiagent systems, they consist of four agents and one
virtual leader, as presented in Figure 2, the i-th (i=1,2,3,4) agent can be modeled as the
following nonlinear systems, and its dynamics can be given by

Xi1 = Xip + ¢in
Xio = kifli + @i + $ip (71)
Yi=Xi1

where ¢; ; are the unknown nonlinear functions, and are chosen as ¢;; = 0.2 cos (xlz1 ), pin =
0.2sin(x;1x;2). And the virtual leader’s output is given as y; = 0.5sin(t) + 0.5sin(2t). For
symmetric constraints, the correlation functions are selected as

2.5
(5 — 0.0625) (%) +0.0625,0 <t <12

l
F‘,l = FZ";l =
0.0625, t>1

1

(72)

2.5
(10— 0.125) (1351) ™ +0.125, 0 < t < 1.2

I
P',z = szz =
0.125, t>12

1

(73)

The actuator faults are considered in the example; assume that the actuators encounter
faults during system convergence and the specific conditions are selected as

1 0<t<05

k() =< . 7
0, 0<t<05

@i(t) = {0.260'5(t+0'5) —02, t>05 7

And selecting other parameters as ;1 = h;; = 5, hj = h;p = 10, P, = 80 and
pi1 = pi2 = 5,49i1 = gi» = 3. Besides, the parameters of ASETC are given as p;; =
0.1,0ip =05,p;=14,71 =1,7, = 08,7, = 0.1, W; = 4, 7; = 0.05. Table 1 presents the
remaining positive design parameters of the controller and initial states of the systems.

The simulation results of the numerical example in case I are presented in Figure 3.
Figure 3a displays the output trajectory of the manipulated system that consists of one
virtual leader and four agents. Figure 3b,c denotes the first-order error ¢; ; and the second-
order error ¢;, of the system, respectively. Figure 3d depicts the three kinds of control
signals u;, i1; and @; of each of the four agents.

Figure 3a displays that the output consensus for the manipulated system is effectively
achieved. According to Figure 3b,c, it is obvious that the errors converge to the given range
within the prescribed time, and systems performance is guaranteed.
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(d) Control signal of each agent.

Figure 3. The simulation results of the numerical example case I.
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Table 1. The systems parameters and the initial states in the numerical example.
Case X1 X2 i Gip Cij Xij Ti Hi
I [0.1,—0.1,0.3,0.2) [0.2,0.1,0.2,0.1]  [20,18,15,15] [12,11,18,20] [3,2.6] [0.01,0.1] 0.9 1
11 [0.1,-0.1,03,02] [0.2,0.1,02,0.1] [25,15,25,18]  [15,15,15,18]  [4,3] 0.015,0.2] 15 0.8
I (0.1,02,0.3,04]  [04,03,02,0.1] [32,46,40,26]  [20,11,18,20]  [3,2.6] 0.01,0.1] 0.9 1

Figure 3d presents the control signal u;, iI; and @;, showing the system has been
subjected to the time-varying actuator faults, but it also shows the alleviation performance
for those faults. Under the constructed prescribed time adaptive given performance com-
pensation method, the triggered number of each agent for the three triggered schemes
is shown in Table 2, it can clearly be seen that the proposed triggered scheme can save
communication resource usage by more than 70% in this case. Compared with the other
two methods, the developed scheme can save more network resources without affecting
the performance.

Table 1 shows the systems’ initial conditions of the three different cases implemented
in the numerical example. Take x;; as an example, the first row of this column means
x;i1 = [0.1,-0.1,0.3,0.2]. The first element of the matrix represents the virtual leader’s
injtial position parameter, the second element denotes Agent 1’s initial position parameter,
etc.. The other columns stand for the different values of the variables of the system, whose
meanings have been defined.

Table 2. Triggered number in the numerical example.

Case Scheme Agent1l Agent2 Agent3 Agent4 Totally
The scheme in [48] 476 581 522 498 2077
I The switching scheme in [51] 343 404 391 354 1492
The ASETC 339 406 354 340 1439
The scheme in [48] 475 548 591 468 2082
II The switching scheme in [51] 369 444 417 354 1584
The ASETC 347 408 395 344 1494
The scheme in [48] 457 563 526 465 2011
1 The switching scheme in [51] 364 397 366 359 1486
The ASETC 327 393 350 354 1424

Table 2 illustrates the comparison of the triggered numbers among the scheme in [48],
the switching scheme in [48], and the proposed ASETC in this manuscript, while selecting
different parameters cases in the numerical simulation. Take Agent 1 as an example, the
first row of this column denotes that Agent 1 has been triggered for 476 times in case I, etc.

To demonstrate the settling time of systems is unaffected by systems’ parameters and
initial conditions, two more numerical examples under different systems’ parameters and
initial states were also carried out. Furthermore, three kinds of system parameters and
initial conditions are given in Table 1 and named after case I, case II, and case III, respectively.
And the rest of the two experimental results of them are exhibited in Figures 4 and 5, the
triggered number of each agent is showed in Table 2. Based on those similar results in case
II and case III, the effectiveness of the constructed control method is surely confirmed.
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Figure 4. The simulation results of numerical example case IL
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Figure 5. The simulation results of numerical example case III.



Mathematics 2024, 12, 1528

20 of 26

4.2. Application Example

For further verification of the effectiveness of the proposed control scheme, the de-
veloped control method is implemented in single-link robotic arm systems subject to
time-varying actuator faults, which are considered practical application scenarios whose
dynamics can be provided as follows:

Jidi3 + Biqi,2 + GL sin(qi,l) = kiL_li -+ (Pi/i =1,2,3,4 (76)

where g; ; is the angle of the i-th link, then g; , and g; 3 express the velocity and acceleration,
respectively. Then, j; = 1 presents the total rotational inertias and B; = 1 is damping
coefficient. G; = 9.8 represents the force of gravity. Then, L; = 1 expresses the i-th link
length from the mass center to the link joint axis. By selecting the switching condition as
W; = 7, the other parameters remain the same.

Similar to Table 1, Table 3 shows systems’ initial conditions of the three different cases
implemented in the application one.

Table 3. The systems parameters and initial states in the application example.

Case Xi1 Xip i1 Gip Ci,j Xij Ci Hi
I [-0.1,0.2,01,04] [0.2,04,01,03] [2515,15,15] [1510,18,10] [3.5,35]  [0.01,02] 1.2 0.8
11 [-0.1,0.2,01,04] [0.2,04,01,03] [1510,10,10] [20,20,20,18] [2.5,4] (0.005,03] 0.8 0.6

I (02,0.3,04,—0.1] [04,03,02,01] [2515,1515] [1510,18,10] [3.535]  [0.01,02] 1.2 0.8

Other things being equal, for asymmetric constraints, F/; and F/, functions are
changed as

25
(4-005) (1) +005 0<t<12

F‘l,l —
0.05, t>1

1

(77)

2.5
(8-01) (1) 401, 0<t<12
0.1, £>12

(78)

F il,2 =

And the changing parameter as ;1 = 4, h;» = 8. The designed parameters of the
controller and initial states of the systems in the application example are presented in
Table 2. The experiment results of the application example are presented in Figure 6. It can
be seen from Figure 6a that four agents efficiently achieve the prescribed time consensus,
showing excellent consensus accuracy for the manipulated system. Figure 6b,c exhibits an
error convergence under the prescribed performance in a given settling time, and it can
be seen that the convergence performance is well-guaranteed as the errors are rigorously
limited in the given region. The control signals under the actuator faults are performed
in Figure 6d, showing that the system has been subjected to the time-varying actuator
faults, but it also shows the alleviation performance for those faults. Similar to the above
numerical example, the triggered number for the three schemes of each agent is shown in
Table 4, with a minimum value of 72% and a maximum value of 76% in this case, and the
proposed scheme is still able to relax more network resources. Then, two experiment cases
are performed ulteriorly for different systems’ parameters and different initial states, as
presented in Table 3, and a similar control effect and triggered condition can be seen from
Figures 7 and 8 and Table 4. Thus, it can be concluded that the proposed prescribed time
consensus method is effective.
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Figure 6. The simulation results of the application example case I.
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Figure 7. The simulation results of the application example case II.
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Table 4. Trigger number in the application example.
Case Scheme Agent1l Agent2 Agent3 Agent4 Totally
The scheme in [48] 561 669 667 562 2459
I The switching scheme in [51] 361 431 385 389 1566
The proposed switching scheme 356 416 367 374 1513
The scheme in [48] 572 675 668 592 2507
II The switching scheme in [51] 376 431 416 402 1625
The proposed switching scheme 362 420 394 376 1552
The scheme in [48] 561 759 653 566 2539
1T The switching scheme in [51] 381 454 416 375 1626
The proposed switching scheme 380 420 391 364 1555

Similar to Table 2, Table 4 also illustrates the comparison of the triggered numbers
among the scheme in [48], the switching scheme in [51], and the proposed ASETC in this
manuscript, while selecting different parameters cases in the application simulation.

Remark 6. The event-triggered scheme developed in [48] introduced a human-specified threshold
variable to balance the requirements between the system performance and the limited network
resources, which had fulfilled a dynamically triggered scheme switching. The scheme in [51]
constructed a brand-new triggered mechanism consisting of two control signal-based items, one
is the tanh function as tanh|u(t)| and the other is the constant item, realizing scheme switching
between the stationary and relative threshold. Furthermore, the proposed scheme utilizes a modified
tanh function as tanh|vy;1;| to adaptively select a more reasonable scheme between the relative
threshold and the modified tanh function-based threshold while the control signal is changing.
Besides, Tables 2 and 4 show the trigger numbers comparisons between the above three schemes in
the numerical example and the application example, respectively.

5. Conclusions

This work focuses on the consensus problem of the prescribed time consensus control
for multiagent systems subject to time-varying actuator faults. To solve the problem,
a prescribed time adaptive compensate control method is proposed. By utilizing the
backstepping technique, RBFNNSs, a transform function, and an adaptive control are
introduced to design the compensation strategy, which simultaneously restrains the time-
varying actuator faults and guarantees systems’ convergence time. Moreover, taking
error restraints into account, the asymmetric barrier Lyapunov function is introduced to
ensure systems’ performance. To reduce the occupation of network resources while the
performance is unaffected, a switching threshold-triggered scheme is developed. Some
experiment examples are made to show the feasibility and effectiveness of the proposed
control strategy in the prescribed time consensus problem of multiagent systems subject
to time-varying actuator faults. In future work, how to cope with the time-delay input
and time-varying deadzone problem in the consensus process and the application of the
proposed method to the practical system are of interest to us.
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