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Owing to the extensive applications in many areas such as
networked systems, formation flying of unmanned air ve-
hicles, and coordinated manipulation of multiple robots,
the distributed containment control for nonlinear multia-
gent systems (MASs) has received considerable attention,
for example [1,2]. Although the valued studies in [1,2] in-
vestigate containment control problems for MASs subject
to nonlinearities, the proposed distributed nonlinear proto-
cols only achieve the asymptotic stability. As a crucial per-
formance indicator for distributed containment control of
MASs, the fast convergence is conducive to achieving bet-
ter control accuracy [3]. The work in [4] first addresses the
backstepping-based adaptive fuzzy fixed-time containment
tracking problem for nonlinear high-order MASs with un-
known external disturbances. However, the designed fixed-
time control protocol [4] cannot escape the singularity prob-
lem in the backstepping-based adaptive control scheme. As
is well known, the singularity problem has become an in-
herent problem in the adaptive fixed-time control design,
which may cause the unbounded control inputs and even
the instability of controlled systems. Therefore, how to solve
the nonsingular fixed-time containment control problem for
nonlinear MASs is still open and awaits breakthrough to the
best of our knowledge.

Since the energy and communication resources for net-
work agents in some real scenes are limited, how to save
resources is very considerable for enhancing the practicabil-
ity of MASs. Thus, the event-triggered control has been
employed to reduce the resource consumption, which has a
more flexible sampling mechanism than the traditional con-
trol design based on the periodic sampling rule. However, in
practical control mechanisms, the actuators of agents may
undergo abrupt faults individually or simultaneously dur-
ing operation. These faults can disrupt the transmission of
sampled control signals, potentially leading to system insta-
bility.

Unmodeled dynamics usually occurs in physical systems
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due to modeling errors and measurement noise, which may
lead to system instability. The classical technique of dy-
namic signal function proposed in [5] cannot directly ad-
dress the adaptive fixed-time control problem for nonlinear
MASs with unmodeled dynamics since the introduced dy-
namic signal function is only exponentially input-to-state
stable. Therefore, how to design an event-based distributed
controller to guarantee the fixed-time stability of nonlinear
MASs with unmodeled dynamics and actuator faults while
avoiding the singularity problem, is a challenging question
to be discussed in this study.

Control design. Motivated by the aforementioned obser-
vations, an event-triggered nonsingular fixed-time fuzzy con-
trol method is proposed for nonlinear networked M ASs with
unmodeled dynamics and actuator faults. Consider the fol-
lowing class nonlinear MASs consisting of N followers. The
dynamic equation of the ith follower (¢ = 1,2,...,N) can
be described as

4i = pi(qi, i),
Ty = @) + fu(@a) + Al i, t),

) 1)
Ein = Ui + fin(T:) + Dinlqi, x4, t),

Yi = Til,
where 1 < I < n—1, & = [zi,...,zy]°T € R @ =
(i1, . - .,:cm]T € R™ represents the state vector of the ith
follower. fy(-) (I = 1,2,...,n) are unknown smooth non-

linear functions. wu; and y; denote the outputs of actuator
and system, respectively. g;-dynamics is the unmodeled dy-
namics. p;(-) and Ay (-) are assumed as uncertain smooth
functions, which satisfy the local Lipschitz condition.

In this study, the model of actuator faults is described as

wi(t) = N (), t > tf, 2)

where @;(t) represents the event-triggered control input.
0 < Ajinf < A; < 1is the unknown control effectiveness rate
when the actuator fault occurs. ¢f denotes the beginning
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Then, we define the unknown
parameters as [; = \jinf and p; = % where fi; = p; — fi;.
A graph G = (£, E, A) is introduced to describe the com-
munication network among N + M agents with the node set
£={1,2...,N,...,N + M}, where 2 = {(j,7) € £ x £}
denotes a set of edges. The adjacency matrix is A = [a};] €
RNHM)X(N+M) “and (4,7) € £ represents that j and i can

exchange information with each other. a:fj is defined as

time of the actuator fault.

0, if (j,7) ¢ =,

o [0 HGDE .
17 if (]7 Z) e )

where the neighbor set of node i is defined as [; = {j € £ :

(4,%) € =}. The Laplacian matrix L = [lij](N4 M) x (N+M) =

D — A e RIVEM)X(N+M) s defined as

—af;, if 1 # 7,
lij={ Y *75.). . (4)
Zje/ 5 @igo ifi =7,

where D = diag{di,..
d; = Zjel L@l

In our work, N + M agents consisting of N followers and
M leaders are considered under a directed communication
topology. Supposing that the followers have one neighbor at
least, we have

.,dn} is the degree matrix with

Ly Loy

L= , (5)

OnrxN Oarxnr

where Ly € RVXN | L, ¢ RNXM,

Based on the above preliminaries, a distributed adap-
tive fuzzy fixed-time controller can be designed (see Ap-
pendix A.1).

Then, the result of stability analysis can be concluded in
the following Theorem.

Theorem 1. Suppose that the directed communication
topology is fixed. Considering the controlled nonlinear
MASSs with unmodeled dynamics and actuator faults (1), un-
der the intermediate control signal, the actual control input,
the event-triggered control signal, and the adaptive laws, all
the signals of closed-loop systems are bounded, and the out-
puts of all followers converge to the dynamic convex hull
formed by the leaders. Meanwhile, the local neighborhood
containment errors are guaranteed to converge to a small
neighborhood of zero with a fixed-time convergence rate.

Proof.  The proof of Theorem 1 is listed in Appendix A.2.

Simulations. To demonstrate the effectiveness of the de-
veloped control scheme, we consider a group of autonomous
underwater vehicles (AUVs) (see Appendix B). The net-
worked communication topology is shown in Figure Bl(a),
where each edge weight is set as 1. The containment control
performance in 3D space is plotted in Figure B1(b). It is
observed that four AUVs can converge to the convex hull
formed by the given leaders’ signals that are not affected
by actuator faults owing to the design of fault-tolerant con-
trollers. Figure Bl(c) depicts the curves of transformed er-
rors £, (1 =1,2,3,4,1 = 1,2), which shows the transformed
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errors can be constrained to an interval greater than zero to
avoid the singularity problem caused by 51.2;;171 in designed
virtual controllers «;;,,. The comparisons of error conver-
gence between the adaptive fixed-time containment control
scheme of this study and the traditional adaptive contain-
ment scheme are described in Figure B1(d). It is obvious
that the convergence times of containment synchronization
errors under the traditional containment control are slower
than the proposed fixed-time control method in this study.
Figure Bl(e) depicts the curves of outputs of the actua-
tors ui, and event-triggered inputs @;, in surge. It can
be observed that the actuator confronts partial loss of ef-
fectiveness starting at ¢ = 35 s. Correspondingly, the fault
compensation mechanism is activated at ¢ = 35 s to realize
the fault-tolerant control based on the compensation param-
eters shown in Figure BI1(f).

Conclusion and future work. In this study, we have in-
vestigated the event-based nonsingular adaptive fuzzy fixed-
time control problem for networked MASs with unmodeled
dynamics and actuator faults. By combining the modified
error transformation mechanism with a symmetrical barrier
Lyapunov function, the converted errors can be confined to
an interval greater than zero, which is a constructive method
to avoid the singularity problem in the backstepping design.
Using the fixed-time stability theory, we can show that both
the containment control performance and the stability of the
closed-loop system can be ensured within a fixed time. In
the future, we will possibly concentrate on extending this
control method to nonlinear multiagent systems with com-
munication delays.
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