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ABSTRACT This paper investigates a fixed-time leader-following formation control method for a set of
autonomous underwater vehicles (AUVs) with event-triggered acoustic communications. First, an event-
triggering communication strategy is developed to govern the communications between leader AUV and
follower AUVs. Then, using a fixed-time control theory and a Lyapunov functional method, a compensator-
based command filtered formation control algorithm is proposed, with which the follower AUVs can track
the leader AUV in a given fixed time. Namely, the control method can guarantee all the signals in the
formation control system to be globally fixed-time stabilized. With the presented fixed-time control scheme,
the predesignated AUVs formation can be achieved within a fixed settling time under arbitrary initial system
states, which is otherwise impossible under any existing methods including finite-time control. Furthermore,
the compensator-based command filtered control techniquemakes the designed formation control law simple
and easy to implement in practice. Simulation results demonstrate the effectiveness of the method.

INDEX TERMS Autonomous underwater vehicles (AUVs), event-triggered, leader-follower, formation
control, fixed-time.

I. INTRODUCTION
In the past decades, autonomous underwater vehicles (AUVs)
have been widely used to perform various underwater tasks,
in both civilian and military applications such as deep sea
inspections, long-duration surveys, oceanographic mapping,
neutralizing undersea mines and offshore oil installations
[1]–[5]. For some specific applications, e.g., ocean sampling,
mapping and ocean floor survey, it is beneficial to carry out
the missions through multiple AUVs cooperation to improve
efficiency, increase service area, and provide redundancy in
case of failure [6]–[8]. The fundamental idea of formation is
to use relatively inexpensive, simple, and small AUVs instead
of expensive specialized AUVs to cooperatively perform dif-
ficult or complex underwater tasks. In general, there are three
main types of formation control strategies, namely, behavior-
based strategy [9], virtual structure strategy [10], [11], and
leader-follower formation strategy [12]–[14]. Each strategy
has its own strengths and weaknesses. Among these strate-
gies, the leader-follower formation strategy has been widely
considered by many research, because of its advantages such
as simplicity and scalability.

In leader-follower formation control of AUVs, there are
some challenging issues worth mentioning. The first issue
is the convergence speed of the formation tracking control
system. An ideal formation control scheme should achieve
satisfactory performance very quickly, i.e., the convergence
time should be short enough. However, the AUVs forma-
tion control schemes in most existing literature can only
guarantee asymptotic convergence of the formation tracking
errors, namely, the convergence speed is at best exponen-
tial, which implies that the tracking errors will converge to
zeros with infinite settling time [6], [12]–[14]. In practice,
finite-time formation control is much more desirable and the
problem has received great research attention in the control
community [15], [17], [18]. In [15], the problem of finite-
time formation control of a group of nonholonomic mobile
robots was studied. In [17], a finite-time leader-follower
formation control problem was investigated for a group of
quadrotor aircrafts, and a similar finite-time fault tolerant
leader-follower formation control scheme was presented for
a group of autonomous surface vessels in [18]. Notice that,
in these researches, the settling time of finite-time formation
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depends on the initial states of all the vehicles. Therefore,
a predefined convergence time cannot be guaranteed since
the initial conditions of the system is usually unavailable
in advance. To deal with this limitation, some new studies
appeared recently focusing on group coordination control
with guaranteed settling time regardless of the initial con-
ditions of the systems [19]–[22]. These research works are
based on the notion of fixed-time stability [19], and are
currently focused only on the consensus problem of general
multi-agent systems with various dynamics. In this paper,
we aim to seek for novel AUVs formation control algorithms
using the interesting notion of fixed-time control.

Another challenging issue relates to the constraint of infor-
mation exchange between the AUVs. For AUVs applications,
acoustic signaling is the only viable option for long-range
underwater communication, where electromagnetic and opti-
cal waves propagate quite poorly. Underwater acoustic com-
munication has low propagation speed, limited bandwidth,
and high energy consumption. Therefore, the data transmis-
sion between underwater vehicles should be kept to a min-
imum amount [23]. However, most of the results on AUVs
formation control so far are based on the assumption that
information exchanges between AUVs are conducted contin-
uously [6], [11]–[14]. This assumption implies that a large
amount of redundant data should be transmitted all the time,
which is clearly impractical, or even infeasible, due to unbear-
able communication burden, energy consumption, and large
communication delay. For this reason, a practical formation
control method should demand less frequent communications
between different systems. To this end, some new control
strategies have been proposed [12], [24], [25]. For example,
in [12], an impulsive system approach to formation control
of AUVs was given, which reduces the total amount of data
transmission by using a discrete impulsive signal sequences
to control the communications between different nodes. The
schemes in [24] and [25] reduce communication by omitting
speed information transmission, and introducing a speed pro-
jection algorithm [24] and a velocity observer [25] for con-
trol respectively. However, these two schemes are still faced
with large amount of data transmission, since continuous-
time communication of other information is needed. In order
to essentially get rid of heavy communication burden and
make a control strategy practical for real application, event-
triggered transmission control could be a promising solu-
tion. The basic idea of an event-triggered communication
scheme is to sample and update the state and control input
only when some variables exceed given thresholds. If these
thresholds are set properly, an event-triggered transmission
scheme can greatly reduce communication while maintaining
satisfactory control performance. The readers are referred to
[26]–[31] for event-triggered control studies of multiagent
systems and vehicular platooning systems. Can we have
a realistic AUVs formation control algorithm that runs on
event-triggered acoustic communication?

Motivated by the above observations, this paper pro-
poses a fixed-time AUVs formation control method with

event-triggered acoustic communication scheduling. In com-
parison with the existing ones, the new method in this paper
has the following features. Firstly, an event-triggered commu-
nication strategy is developed which can significantly reduce
energy consumption and communication burden. Secondly,
the fixed-time formation control algorithm can not only
ensure the settling time regardless of the initial conditions of
the system, but also can obtain higher accuracy performance
and faster convergence speed of the system. To the best of the
authors’ knowledge, it is the first time in the literature event-
triggered communication and fixed-time control are simul-
taneously employed in the formation control of autonomous
underwater vehicles.

The organization of this paper is as follows. Some useful
preliminaries and problem formulation are presented in the
next section. Section III presents the main results. Section IV
simulates the proposed control approach, and finally, we con-
clude this paper and propose some further work in Section V.

II. PRELIMINARIES AND PROBLEM FORMULATION
In this section, firstly, some lemmas are given which will be
used later. Secondly, the problem formulation is presented.

A. SOME LEMMAS
Lemma 1 [18]:The command filter is described as follows:

ż1 = ωnz2,

ż2 = −2ζωnz2 − ωn(z1 − α1), (1)

where ωn > 0 and ζ ∈ (0, 1].
Remark 1: If the input signal α1 fulfills |α̇1| ≤ ρ1 and
|α̈1| ≤ ρ2 for all t ∈ [0,+∞), where ρ1 > 0, ρ2 > 0 and
z1(0) = α1(0), z2(0) = 0, for any µ > 0, there exist ωn > 0
and 0 < ζ ≤ 1, so we have |z1 − α1| ≤ µ, and |ż1|, |z̈1| and
|
...
z 1| are bounded. While, each command filter is designed to
computer z1 and ż1 without differentiation.
Lemma 2 [19]: Consider a scalar syatem

ẋ = −αx
m
n − βx

p
q , x(0) = x0, (2)

where α > 0, β > 0, andm, n, p, q are positive odd integers
satisfying m > n and p < q. Then the equilibrium of (2) is
fixed-time stable and the setting T is bounded by

T < Tmax
1
=

1
α

n
m− n

+
1
β

q
q− p

. (3)

Moreover, if ε = [q(m− n)/n(q− p) ≤ 1], then a less
conservative upper-bound estimation for the settling time,
instead of (3), can be obtained as

T < Tmax
1
=

q
q− p

(
1
√
αβ

arctan
√
α

β
+

1
αε

). (4)

Remark 2: The settling time function is upper bounded by
a priori value that dose not rely on the system initial state x0
but only on the design parameters, that is,m, n, p, q, α and β.
This implies that the convergence time can be guaranteed in
a prescribed manner.
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Remark 3: Compared with the convergence rate of asymp-
totic results, the finite-time formation results have better
dynamic property, for instance, higher accuracy and faster
convergence rate. However, the settling time of the finite-
time formation depends on the initial states of all the AUVs.
Hence, the settling time can be sufficiently large if the initial
states are very large. In this paper, the fixed-time consensus
can ensure the settling time regardless of the initial states of
the AUVs.
Lemma 3 [19]: If there have a continuous radially

unbounded function V : Rn −→ R+ ∪ {0} such that
(1) V (x) = 0⇔ x = 0;
(2) the solution x(t) satisfied the inequality V (x) ≤

−(αV p(x) + βV q(x))k for some α, β, p, q, k > 0 : pk < 1,
and qk > 1;
then, the globally fixed-time stable can be achieved and
the settling time T satisfies that T (x0) ≤ 1

αk (1−pk) +

1
βk (qk−1) ,∀x0 ∈ R

n. If k = 1, the globally fixed-time stable
with settling time T bounded by

T ≤ Tmax :=
1

α(1− p)
+

1
β(q− 1)

(5)

where α > 0, β > 0, 0 < p < 1, and q > 1.
Lemma 4 [13]: (Young’s inequality) For ∀x, y ∈ R, the fol-

lowing inequality holds:

xT y ≤
am

m
‖x‖m +

1
nan
‖y‖n, (6)

where a > 0,m > 1, n > 1 and (m− 1)(n− 1) = 1.
Lemma 5 [32]: Let ε1, ε2, · · · εM > 0. Then

M∑
i=1

ε
p
i ≥ (

M∑
i=1

εi)p, 0 < p ≤ 1,

M∑
i=1

ε
p
i ≥ M1−p(

M∑
i=1

εi)p, 1 < p ≤ ∞. (7)

B. PROBLEM FORMULATION
1) AUTONOMOUS UNDERWATER VEHICLE (AUV)
DYNAMICS
Suppose that there exists a team of two networked AUVs
which are indexed by the subscript i = l, f . Among them,
one is called the leader AUV and the other is called the
follower AUV. The follower AUV is equipped with a sensor
suite to receive the state information from the leader AUV and
determine its own position in the global coordinate frame {E}.
It is assumed that all the AUVs have fixed attitudes, such that
the translational dynamics of the ith AUV can be described
as [12]: {

ṗi = J (Θi)υi
Miυ̇i = −D(υi)υi − gi(Θi)+ τi

(8)

The vector pi = [xi, yi, zi]T and Θi = [φi, θi, ψi]T denotes
the generalized position and attitude (described by Euler
angles, i.e., roll φi, pitch θi, and yaw ψi angles) in the global

coordinate frame {E}, respectively. Ji(Θi) represents the kine-
matic transformation matrix from the body-fixed reference
frame {B} to the global coordinate frame {E}. The velocity
vector υi = [ui, vi, ωi]T denotes the generalized linear veloc-
ities. The vector τi = [τiu, τiv, τiω]T is the control forces. For
simplicity, denote sa = sin a and ca = cos a. Mi,Di(υi) and
gi(Θi) represent the inertia matrix, the damping matrix and
the restoring force vector, respectively, which are written as

Mi = diag{mi1,mi2,mi3}, (9)

Di(υi) = diag{dLi1 + dQi1|ui|, dLi2 + dQi2|vi|,

dLi3 + dQi3|ωi|}, (10)

gi(Θi) = [(Wi − Bi)sθi ,−(Wi − Bi)cθisφi ,

−(Wi − Bi)cθicφi ]
T . (11)

where mij, dLij, dQij > 0, j = 1, 2, 3. Ji(Θi) is given as

Ji(Θi) =
[
Ji(Θi)1 Ji(Θi)2
−sθi Ji(Θi)3

]
,

Ji(Θi)1 =
[
cψicθi −sψicφi + cψisθisφi
sψicθi cψicφi + sφisθisψi

]
,

Ji(Θi)2 =
[
sψisφi + cψicφisθi
−cψisφi + sθisψicφi

]
,

Ji(Θi)3 =
[
cθisφi cθicφi

]
. (12)

2) TRIGGERING EVENT DESIGN
In the conventional leader-follower formation control of
autonomous underwater vehicles, the leader AUV needs to
transmit its state signals (i.e. position information and veloc-
ity information) to the follower AUV continuously. On one
hand, this communication mode may often lead to sending
many unnecessary state signals to the follower AUV, which in
turn will increase fuel consumption and communication bur-
den. This is not desirable especially when the fuel resources
are limited. On the other hand, in the difficult underwater
communication environment, continuously communication
in long time is always too expensive or unavailable. Inspired
by [28] and [30], we will design an event-triggered mecha-
nism for the formation system. According to this mechanism,
the follower AUVwill decide which mode of communication
(i,e. continuously communication or periodic communica-
tion) will be adopt by the leader AUV when to transmit its
state signals to the follower AUV. In this way, continuously
communication in long time between the leader AUV and
the follower AUV is no longer needed, which can largely
decrease the consumption of fuel resources and more suitable
for underwater communication environment.
To better describe the nature of the event-triggered mech-

anism given in this paper, firstly, a communication mode
selection signal σ is introduced which sended by the follower
AUV, and received by the leader AUV.

σ =

{
1, if fi(t) ≥ 0
0, else

(13)

where σ = 1 indicates that the continuously communica-
tion mode is adopted, otherwise, periodic communication
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is adopted. fi(t) is the event triggering function which will
be designed later. Secondly, the state tracking error ẽ(tk) is
introduced.

ẽ(tk) = pl(tkh)− pf (t)− dlf , (14)

where {tkh}, k = 1, 2, · · ·N are the time instants at which
the state information of the leader AUV will be sended to
the follower AUV in periodic communication mode, h is the
sampling period, and dlf ∈ R3 is a constant vector in the
global coordinate frame {E}.

For convenience, denote {t0, t1, · · · , tk} as a sequence
of triggering instants for follower AUV, and the triggering
instant sequence tk for the followerAUV is defined iteratively
by

tk+1 = inf {t > tk : fi(t) ≥ 0}, (15)

Here, the event triggering function is defined as follows:

fi(t) = |ẽ(tk)− d |, (16)

where d = [dx , dy, dz]T ∈ R3 is a positive definite matrix
denoting the threshold of the triggering event.

Once the event is triggered, the continuously communi-
cation mode is selected, and to exclud the Zeno behavior,
the continuously communication mode will be maintain h.
Remark 4: Here, the demand that the continuously com-

munication mode will be maintain h, which not only can
exclude the Zeno behavior, but also can reduce the number
of selection signal.
Remark 5: Compared to the continuously state infor-

mation pl and υl used in the whole formation process
[9], [12]–[14], only continuously state information is needed
when the event is triggered. Therefore, the communication
burden can be greatly reduced while guaranteeing the desired
control performance.
Remark 6: Note that the continuous models are only used

for the analysis and design purpose. Before implementation,
a discretization of themodel and algorithm is necessary. In the
process of formation control, the feedback information is
sampled periodically, and transmitted according to the event
triggering condition. To obtain results and algorithms that are
more suitable for practical applications, an extension of the
method in this paper to the discrete time domain or sampled-
data control framework will be given in a future paper.

3) CONTROL OBJECTIVE
In this paper, the control objective is to design a nonlinear
control law τf for the follower AUV modeled by (8), under
the event-triggered mechanism (14)-(16), a team of two net-
worked AUVs can achieve formation in the global coordi-
nate frame {E}, which means that the generalized position
between the leader AUV and the follower AUV reaches to a
defined distance in finite time, i.e.,

lim
t−→T

‖pl − pf − dlf ‖ = 0, (17)

where T is the designed setting time, here, T ≤ h.

Remark 7: According to the event-triggered mechanism
given in this paper, once the event is triggered, the leader will
transmit the state signals to the follower AUV in continuously
communication mode, meanwhile, the follower AUV update
its controller continuously until the formation is achieved.
So, the follower AUV’s controller will be designed under the
continuously communication mode.

III. MAIN RESULTS
In this section, we will apply the fixed-time method, the com-
mand filtered techinique, and backstepping technique to
design the control input τf = [τfu, τfv, τf ω] for the follower
AUV to achieve the formation control objective.

In order to satisfy the demand for convergence time,
the fixed-time theory is applied to the controller design pro-
cess, and the whole process consists of the following two
steps.

Step 1: Define the position tracking error surface vector
e1 = [e1x , e1y, e1z] ∈ R3 as

e1 = pl − pf − dlf , (18)

where dlf ∈ R3 is the desired relative distance vector among
the AUVs.

According to (8), the time derivative of (18) is

ė1 = J (Θl)υl − J (Θf )υf , (19)

where υf is viewed as the virtual control vector.
Here, we choose the nominal function vcf as

υcf = J−1(Θf )(k1e1 + α1e
m1
n1
1 + β1e

p1
q1
1 − λ1ξ1 + J (Θl)υl),

(20)

where k1 ∈ R3×3 and λ1 ∈ R3×3 are positive definite design
matrixs with k1 > 2λ1, and m1, n1, p1, q1 are positive odd
integers satisfying m1 > n1 and p1 < q1. ξ1 is the filter
compensating signal to be designed later.

To generate the stabilizing function vdf and also its deriva-
tive v̇df , the nominal stabilizing function is then passed
through a command filter (1), where the magnitude of the
limit filters and bandwidth parameters are chosen based on
the requirement of the system performance. Define the fil-
tered error ω1 = vcf − vdf , and the compensating signal as
in (20) is generated by the following system

ξ̇1=

−λ1ξ1 − α1ξ
m1
n1
1 − β1ξ

p1
q1
1 − f1ξ1 + ω1, if |e1| > ϑ1

0, if |e1| ≤ ϑ1
(21)

where ϑ1 > 0 is a small number, λ2 ∈ R3×3 is a
positive definite design matrix with λ2 > λ1 + 1, and

f1 =
|ω1e1|+ 1

2λ2ω
2
1

‖ξ1‖2
.

Remark 8: The differential term υ̇df can be directly
acquired from the command filter (1), which can be used
to replace the differential term υ̇cf needed in the traditional
backstepping design. As a result, the differential operation
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is replaced by the simple algebraic operation so that the
designed formation control law is simple and easy to imple-
ment in practice. Meanwhile, the compensating signal is
introduced to compensate the filtered error, which in turn can
obtain a better control performance.

Define the Lyapunov candidate function as follows:

V1 =
1
2
eT1 e1 +

1
2
ξT1 ξ1. (22)

According to (7), (8), (19)-(21) and Young’s inequality,
the time derivative of V1 is

V̇1 = e1ė1 + ξ1ξ̇1

= e1(−k1e1 − α1e
m1
n1
1 − β1e

p1
q1
1 + λ1ξ1)

+ξ1(−λ1ξ1 − α1ξ
m1
n1
1 − β1ξ

p1
q1
1 − f1ξ1 + ω1)

= −k1e21 − α1e
m1
n1
+1

1 − β1e
p1
q1
+1

1 + λ1e1ξ1

−λ1ξ
2
1 − α1ξ

m1
n1
+1

1 − β1ξ

p1
q1
+1

1 − f1ξ21 + ξ1ω1

≤ −k1e21 − α1e
m1
n1
+1

1 − β1e
p1
q1
+1

1 +
λ1

2
(e21 + ω

2
1)

−λ1ξ
2
1 − α1ξ

m1
n1
+1

1 − β1ξ

p1
q1
+1

1 − |ω1e1| −
1
2
λ2ω

2
1

+
1
2
(ξ21 + ω

2
1)

≤ −(k1 −
λ1

2
)e21 − α1e

m1
n1
+1

1 − β1e
p1
q1
+1

1 − (λ1 −
1
2
)ξ21

−α1ξ

m1
n1
+1

1 − β1ξ

p1
q1
+1

1 −
λ2 − λ1 − 1

2
ω2
1

≤ −α12
m1+n1
2n1 {(

1
2
e21)

m1+n1
2n1 + (

1
2
ξ21 )

m1+n1
2n1 }

−β12
p1+q1
2q1 {(

1
2
e21)

p1+q1
2q1 + (

1
2
ξ21 )

p1+q1
2q1 }

≤ −α12
m1+n1
2n1 (

1
2
e21 +

1
2
ξ21 )

m1+n1
2n1

−β12
p1+q1
2q1 (

1
2
e21 +

1
2
ξ21 )

p1+q1
2q1

= −α̂V
m1+n1
2n1

1 − β̂V
p1+q1
2q1

1 . (23)

where α̂ = α12
m1+n1
2n1 and β̂ = β12

p1+q1
2q1 .

Step 2: Define the velocity error vector e2 ∈ R3 as

e2 = vf − vdf . (24)

According to (8), the time derivative of (23) is

ė2 = M−1f {−D(υf )υf − g(ηf )+ τf } − v̇
d
f . (25)

The actual nonlinear control law are designed as

τf = Mf {−k2e2 − α1e
m1
n1
2 − β1e

p1
q1
2 + χ} + v̇

d
f , (26)

where k2 ∈ R3×3 is a positive definite design matrix and
χ = D(υf )υf + g(ηf ).
Define the Lyapunov candidate function as follows:

V2 =
1
2
eT2 e2. (27)

According to (8), (25), (26) and Young’s inequality,
the time derivative of V2 is

V̇2 = e2(−k2e2 − α1e
m1
n1
2 − β1e

p1
q1
2 )

= −k2e22 − α1e
m1
n1
+1

2 − β1e
p1
q1
+1

2

≤ −α1e
m1
n1
+1

2 − β1e
p1
q1
+1

2

= −α1(e22)
m1+n1
2n1 − β1(e22)

p1+q1
2q1 . (28)

Select the Lyapunov function candidate for the whole sys-
tem consisting of (8), (18), (21) and (24) as follows:

V = V1 + V2

=
1
2
eT1 e1 +

1
2
eT2 e2 +

1
2
ξT1 ξ1. (29)

According to (7), (19)-(21), (25), (26) and Young’s
inequality, the time derivative of V is

V̇ = e1ė1 + e2ė2 + ξ1ξ̇1

= e1(−k1e1 − α1e
m1
n1
1 − β1e

p1
q1
1 + λ1ξ1)

+ξ1(−λ1ξ1 − α1ξ
m1
n1
1 − β1ξ

p1
q1
1 − f1ξ1 + ω1)

+e2(−k2e2 − α1e
m1
n1
2 − β1e

p1
q1
2 )

≤ −α1(e21)
m1+n1
2n1 − α1(ξ21 )

m1+n1
2n1 − α1(e22)

m1+n1
2n1

−β1(e21)
p1+q1
2q1 − β1(ξ21 )

p1+q1
2q1 − β1(e22)

p1+q1
2q1

= −α1{(e21)
m1+n1
2n1 + (ξ21 )

m1+n1
2n1 + (e22)

m1+n1
2n1 }

−β1{(e21)
p1+q1
2q1 + (ξ21 )

p1+q1
2q1 + (e22)

p1+q1
2q1 }

= −α12
m1+n1
2n1 {(

1
2
e21)

m1+n1
2n1 + (

1
2
ξ21 )

m1+n1
2n1 + (

1
2
e22)

m1+n1
2n1 }

−β12
p1+q1
2q1 {(

1
2
e21)

p1+q1
2q1 + (

1
2
ξ21 )

p1+q1
2q1 + (

1
2
e22)

p1+q1
2q1 }

≤ −α12
m1+n1
2n1 (V )

m1+n1
2n1 − β12

p1+q1
2q1 31−

p1+q1
2q1 (V )

p1+q1
2q1 .

(30)

Therefore, there is the following theorem.
Theorem 1: With the kinematic and dynamic models of

autonomous underwater vehicle which is given by (8),
the event-triggered rule (14)-(16) and the control law (26)
based on the intermediate control vector (20), the command
filter (1), and the error compensating signal (21) has the
following results:

1). Once the event is triggered, the formation position
tracking error e1 will converge to zero in finite time.
2). Closed-loop signals e1, ξ1, e2 are all globally fixed-time

stable.
3). Control signals τf = [τfu, τfv, τf ω] are both bounded.
Proof : The (30) can be rewritten as:

V̇ ≤ −α12
m1+n1
2n1 (V )

m1+n1
2n1 − β12

p1+q1
2q1 3

q1−p1
2q1 (V )

p1+q1
2q1

= −α̃V γ1 − β̃V γ2 , (31)
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where α̃ = α12
m1+n1
2n1 > 0, β̃ = β12

p1+q1
2q1 3

q1−p1
2q1 > 0,

γ1 =
m1+n1
2n1

> 1, and 0 < γ2 =
p1+q1
2q1

< 1. According
to Lemma 3, the fixed-time formation can be obtained, and
the setting time T satisfies

T ≤ Tmax :=
1

α̃(γ1 − 1)
+

1

β̃(1− γ2)
. (32)

Remark 9: According to the theoretical proof, the conver-
gence speed of formation can be chosen arbitrarily. In prac-
tical applications, this character can well satisfy the strict
settling time requirement.

IV. SIMULATION
In this section, to illustrate the performance and effectiveness
of the proposed control approach, numerical simulations and
comparisons are performed for the formation control of two
autonomous underwater vehicles by simulations. The simula-
tions are carried out using MATLAB/Simulink environment.

A. PERFORMANCE OF PROPOSED FORMATION
CONTROL LAW
In this subsection, the simulations are carried out using the
proposed formation control law.

It is assumed that the dynamics for the AUVs are
identical and all the AUVs have the same structure and
the model parameters are Mi = diag{150, 120, 120},
Di(υi) = diag{100 + 80|ui|, 80 + 60|vi|, 80 + 60|ωi|}, and
φi = −π/8, θi = π/12, ψi = π/4, i = l, f .
The formation of AUVs is placed in the global coordinate

frame {E}, where the desired relative distance among the
AUVs is given by dlf = [2, 6, 6]T .
The trajectory of the leader AUV is described as follows:

ul = vl = ωl = 2 m/s, (33)

with the initial position pl(0) = [0, 0, 0].
The initial position of the follower is pf (0) = [0,−2,−4],

and the initial velocity is νf (0) = [0, 0, 0].
The control parameters are selected as h = 4,

k1 = diag(5, 5, 5), k2 = diag(3, 3, 3), λ1 =

diag(2, 2, 2), λ2 = diag(3.5, 3.5, 3.5), α1 = 1,
β1 = 2, m1 = 5, n1 = 3, p1 = 3, and q1 = 7.

According to the parameters given above, we can obtain
the setting time T satisfies

T ≤ Tmax := 3 < h. (34)

The simulation results are shown in Figs. 1-11.
Fig. 1 depicts the formation motion trajectories of two

AUVs in the leader-follower strategy under the proposed
control law, and it can be seen that the follower AUV is
able to follow the leader AUV. Fig. 2 depicts the motion
states of two AUVs in each motion direction. The formation
position tracking errors e1x , e1y, and e1z are plotted in Fig. 3,
and converge to the origin after 2 seconds. In Figs. 4-5,
the velocity input υcf and the actual control input τf of the
follower AUV are shown. Fig. 6 depicts the velocity tracking

FIGURE 1. The trajectories of the leader AUV and the follower AUV.

FIGURE 2. The position state pl and pf .

FIGURE 3. The position tracking error vector e1.

error e2 which converge to the origin after 2 seconds, too.
According to Fig. 6, we can obtain that the actual input τf can
drive the follower AUV sailing at the designed velocity υcf .

VOLUME 6, 2018 27907



Z. Gao, G. Guo: Fixed-Time Leader-Follower Formation Control of AUVs With Event-Triggered Intermittent Communications

FIGURE 4. The velocity vector υc
f of the follower AUV.

FIGURE 5. The control input τf of the follower AUV.

FIGURE 6. The velocity tracking error vector e2.

The simulation results show that the proposed state feedback
controller (26) can ensure that the desired formation can be
achieved within the time required.

In order to demonstrate that the settling time is inde-
pendent on the initial states of the system, a simula-
tion is also conducted with different initial states of the
follwer AUV pfx(0) = [0,−2,−4,−5,−6], pfy(0) =
[−2,−4,−6,−7,−8], pfz(0) = [−4,−2,−8,−7,−5] for

FIGURE 7. The trajectories of the leader AUV and the follower AUV with
different initinal states.

FIGURE 8. The position tracking error ex .

FIGURE 9. The position tracking error ey .

the event-triggered formation control algorithms with the
same dynamic models, and control gains.

The results can be proved according to Figs. 7-10.
To prove the given event-triggered communication strategy

can reduce the amount of data significantly that needed to be
transmitted in the process of formation control than contin-
uously communication, here, we define the amount of data
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FIGURE 10. The position tracking error ez .

FIGURE 11. The amount of data 2 with ε = 2.

transferred per unit time as ε among AUVs, the amount of
data in the whole formation process as2, and the simulation
result is shown in Fig. 11.

As described in the paper, the continuously communica-
tion mode only be adopt when the event is triggered (i.e.
in 0-4s) and the periodic communication is adopt in the
remaining time (i.e. the event is not triggered). The simulation
result show that the proposed event-triggered communication
scheme can reduce amount of data significantly. As is well
known, energy consumption is proportional to the amount
of data, so the simulation result can indicate that energy
consumption can be reduced significantly, too.

B. COMPARISON WITH PID CONTROL LAW
In this subsection, comparisons with a PID controller is made,
and the PID control law is given as follows:

τfpid = Kpe1(t)+ Ki

∫ t

0
e1(τt )dτt + Kd ė1(t), (35)

where Kp = diag(10, 10, 10), Ki = diag(5, 5, 5),
Kd = diag(5, 5, 5).

The simulation results are shown in Figs. 12-14.
Figs. 12-13 depict the comparison of formation perfor-

mance among the proposed fixed-time controller and the

FIGURE 12. Comparison of formation performance.

FIGURE 13. Comparison of formation performance in the direction of X,
Y, Z, respectively.

FIGURE 14. Comparison of formation error norm ‖pe‖.

PID controller. It is observed that the proposed fixed-time
controller can achieve formation with the better performance.
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To show the efficiency of the proposed controller better,
define the error norm as

‖pe‖ =
√
e21x + e

2
1y + e

2
1z. (36)

Fig. 14 depicts the comparison results of formation error
norm ‖pe‖ among the two controllers. Notice that the PID
controller has a good steady-state performance, but less sat-
isfactory transient performance, i.e., the formation error sud-
denly has a peak at about 0.5s. By contrast, the proposed
fixed-time controller have better transient performance and
the formation of two AUVs can be achieved more smoothly.

V. CONCLUSION
In this paper, we consider a fixed-time leader-following for-
mation control method for a set of autonomous underwater
vehicles (AUVs) with event-triggered acoustic communica-
tions. Compared with continuously communication mode,
the event-triggered mechanism relieves the occupation of
network abundantly and has better system property. With
the proposed event-triggered control approach, the energy
consumption and communication burden can be reduced sig-
nificantly. In order to satisfy the demand for convergence
time, the fixed-time based formation control algorithm is
proposed which can ensure the convergence time meets our
requirement. Furthermore, the settling time regardless of the
initial states of the system. Finally, simulations and compar-
isons of our proposed control law and PID control law have
demonstrated the performance of the proposed formation
control scheme.

It is worth mentioning that this paper does not take into
account of the problem of model uncertainties and exter-
nal disturbance. In order to apply the proposed approach
in practice more widely, it will be interesting to study the
performance of the controller under model uncertainties and
external disturbance, which will be concerned in the future
work.
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