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Abstract: This paper considers kinematic path-following of an under-actuated unmanned surface vehicle (USV) over wireless
network. Based on a line-of-sight (LOS) principle, an event-triggered kinematic guidance law is designed to track a predefined
path. In order to reduce the communication burden of wireless network, event-triggered mechanisms are introduced to determine
the transmission schedules of the vehicle states and the designed commands. The closed-loop kinematic control system is proven
to be input-to-state stable. Simulation results demonstrate the efficiency of the event-triggered LOS guidance method for an
under-actuated surface vehicle.
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1 Introduction

In the past few years, motion control of unmanned sur-
face vehicles (USVs) has received more and more attentions
due to their distinctive advantages in numerous military and
commercial applications [1–25]. Owing to its little size,
light weight, and high speed, USVs are widely used in vari-
ous mission scenarios such as trajectory tracking [1, 2], tar-
get tracking [3–6], path following [7–20], and path tracking
[21, 22]. In order to achieve these missions, various guid-
ance methods are proposed including line-of-sight (LOS)
[13, 15, 16, 19], constant bearing guidance [23, 24] and
pure pursuit guidance [25]. In particular, LOS-based path-
following has drawn great attention.

In the literature, path-following of marine vehicles has
been widely investigated [7–11, 15–20]. Specially, in [7],
the state and output-feedback controllers are developed for
coordinated path-following. In [8], a passivity-based syn-
chronization method is presented for synchronized path-
following. In [9], the backstepping method and graph the-
ory are used to solve coordinated path-following. In [10],
a coordinated path-following method is proposed by using
discrete-time periodic communication. In [11], a dynamic
surface control (DSC) method based on neural networks are
developed for the coordinated path-following under input
saturation. In [15], a predictor-based LOS guidance law for
path following is proposed estimating the vehicle sideslip an-
gle. In [16], a reduced-order extended state observer (ESO)
is employed for LOS guidance law of path following to es-
timate the sideslip angle. In [17], a output-feedback path-
following control method is designed to handle without mea-
suring surge, heave, and pitch velocities. In [18], a per-
formance constrained guidance law formulated with an er-
ror transformed function is designed for path-following. In
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[19], first-order filters and ESOs are employed to design
the anti-disturbance path-following controllers. In[20], a
neurodynamic optimization technique is employed for path-
following to optimize guidance signals in real time. It is
worthwhile mentioning that in previous path following con-
trollers, the sample and control are carried out in a periodic
manner during communication or actuation which may con-
sume much communication or actuation resources.

Motivated by the above observations, this paper presents
an event-triggered kinematic path-following method of an
USV in a network environment. In particular, at the kine-
matic level, an event-triggered guidance law based on the
LOS principle is designed to track the known path under the
aperiodic communication. The event-triggered mechanisms
with the suitable triggering thresholds are developed to re-
duce the network burden by deciding on the signals trans-
mission between the USV and the remote control center. The
stability of the kinematic guidance system is proved by the
input-to-state theory. Finally, the simulation results are em-
ployed to demonstrate the efficiency of the event-triggered
kinematic guidance method.

Compared with the existing works [7–11, 15–19], the
obvious contributions of the proposed kinematic guidance
method can be concluded as follows. Firstly, this paper
proposes the even-triggered kinematic guidance law for an
USV over wireless network. One advantage of the guid-
ance method can change the mission of the USV in the re-
mote control center. Secondly, the event-triggered mecha-
nisms are introduced to determine the transmission schedule
of the desired signals and the state of the USV. The mech-
anisms can reduce the communication burden over wireless
network.

The contents of this paper are organized as follows. Sec-
tion 2 introduces the notations. Section 3 gives the problem
formulation. Section 4 presents the event-triggered guidance
law design and analysis at the kinematic level. Section 5
provides the simulation results for illustrations. Section 6
concludes the paper.

2 Notations

The following notations are frequently used in this paper.
N, R and R+ present a non-negative integer set, a real set and

 



a positive real set. (·)s denotes the sample signal. |·| and k·k
denote the absolute value of a real number and the Euclidean
norm of a vector or a matrix, respectively. col(·) and (·)T are
respectively a column vector and the transpose of a matrix.
�max(·) and �min(·) are the maximum singular value and the
minimum singular value of a matrix, respectively.

3 Problem Formulation

According to [15, 26], the kinematics of the USV can be
described as

8
<

:

ẋ = #cos ,
ẏ = #sin ,
 ̇ = ! + �̇,

(1)

where x 2 R and y 2 R are the positions of the USV in the
North-East-Down reference frame XE � YE ;  presents the
orientation angle; # =

p
u2 + v2 is the total speed, where u

and v denote the surge speed and sway speed in the body-
fixed reference frame XB � YB , respectively; ! presents
the yaw angular velocity; �̇ is the partial derivative of the
sideslip angular � = v/u.
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Fig. 1: Line-of-Sight guidance

In the path-following problem, the USV is driven to track
the virtual point moving along the predefined parameterized
path pd(✓) = col(xd(✓), yd(✓)) with ✓ 2 R being a path
variable. Then, the tracking errors in the reference frame
XB � YB are defined as

⇢
xe = cos( d)(x� xd) + sin( d)(y � yd),
ye = �sin( d)(x� xd) + cos( d)(y � yd),

(2)

where xe and ye are respectively the along-track error and
cross-track error;  d = atan2(ẏd(✓), ẋd(✓)) presents the
path-tangential angle with ẏd and ẋd denoting the partial
derivatives of y and x to ✓, respectively. The following as-
sumption is needed.

Assumption 1. The parameterized path pd(✓) and its first-
order partial differentiation ṗd(✓) are bounded.

To develop an event-triggered networked path-following
guidance law for the USV described with the kinematic
model (1), the following control objectives must be satisfied.

i) Geometric objective: The along-track error and cross-
error can converge to

lim
t!1

|xe|  �1, and lim
t!1

|ye|  �2, (3)

where �1 and �2 are positive constants.
ii) Velocity assignment: Define u0 be the reference veloc-

ity of the virtual leader, the objective can be described as
follows

lim
t!1

|✓̇ � u0|  �3, (4)

where u0 is a desired update speed of path variable with u0 2
R+ and �3 is a positive constant.

4 Guidance Law Design and Analysis

In this section, an event-triggered kinematic guidance law
is proposed for path-following in a network environment.
Next, the event-triggered mechanisms are presented to de-
termine the data transmission over wireless network. Finally,
the stability of the kinematic guidance system is analyzed.

4.1 Guidance law design

Using (1), take the time derivative of (2) as follows
⇢

ẋe = #cos( �  d) + ye!d � #d,
ẏe = #sin( �  d)� xe!d,

(5)

where #d = u0

p
x02
d (✓) + y02d (✓) and !d =  ̇d.

Define %# = ↵s
#�↵#, &# = #s �↵s

#, % = ↵s
 �↵ and

& =  s � ↵s
 , where ↵# and ↵ are the desired guidance

commands. The kinematic tracking error dynamics in (5)
can be written as follows
8
><

>:

ẋe = ↵s
# + &# � 2#ssin2(

 s �  d

2
) + yse!d

� #d,
ẏe = #ssin(↵s

 + & �  d + �s) + ◆� xs
e!d,

(6)

where ◆ = #s(sin( s �  d)� sin(↵s
 + & �  d + �s)).

The following kinematic guidance law is designed to sta-
bilize (2) as follows
8
>>><

>>>:

↵# = � µ1xs
ep

(xs
e)

2 +�2
1

+ 2#ssin2(
 s �  d

2
)

+ #d,

↵ =  d � �s � arctan(
yse
�2

),

(7)

where µ1 2 R+ is a control gain; �1 2 R+ is a constant;
�2 2 R+ is a look ahead distance.

Let %x = xs
e � xe, %y = yse � ye, %# = ↵s

# � ↵# and
% = ↵s

 � ↵ . By (6) and (7), the dynamics of the errors
xe and ye can be transformed as
8
>><

>>:

ẋe = �µ1(xe + %x)/⇧x + !dye + %# + &#
+ !d%y,

ẏe = �#s(ye + %y)/⇧y � !dxe + #s(% + & )
+ ◆� !d%x,

(8)

where ⇧x =
p
(xs

e)
2 +�2

1 and ⇧y =
p
(yse)

2 +�2
2.

To achieve coordination, the path update law is designed
as follows

✓̇ = u0 � µ2xe/
p
x2
e +�2

3, (9)



where µ2 and �3 are positive constants.
This paper pays close attention to the event-triggered

guidance law at the kinematic level. Therefore, we assume
that the desired commands can be tracked accurately by the
kinetic control law such that # = ↵# and  = ↵ .

4.2 The event-triggered mechanism design

There are two data channels between the remote side and
the USV as shown in Fig. 2. Based on the state data required
and desired commands released from the remote side, the
triggering mechanisms are presented as follows

⌦

⇢
⌦(1) : k%Ek = kEs(t)� E(t)k  %⇤E ,
⌦(2) : k%↵k = k↵s(t)� ↵(t)k  %⇤↵,

(10)

where E(t) = col(xe(t), ye(t)), ↵(t) = col(↵#(t),↵ (t)),
%⇤E 2 R+ and %⇤↵ 2 R+ are predefined triggering thresholds.
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Fig. 2: Kinematic guidance architecture

Define the triggering schedule tEi 2 R+(i = N) from the
USV to the remote side and the triggering schedule t↵j 2
R+(j = N) from the remote side to the USV. Specifically,
if the triggering condition ⌦(1) is satisfied at tEi , the state
of the USV is transmitted to the zero order holder (ZOH)
in the remote side over wireless network. During the period
[tEi , t

E
i+1), the kinematic path following controller gives the

new desired commands using the sampling state stored in
ZHO1. When the condition ⌦(2) is triggered at t↵j , the cur-
rent signals are transmitted to the USV for guaranteeing the
tracking performance of the USV.

4.3 Stability and Zeno behaviours analysis

The stability of the kinematic guidance system (8) is given
by the following lemma.

Lemma 1. The kinematic guidance system (8):⇥
%E , %#, % , &↵, ◆

⇤
7! E is input-to-stable (ISS).

Proof : Consider a Lyapunov function as V1 = (x2
e +

y2e)/2. Using Take the time derivative of V1 with (8) as the
following

V̇ = �xeµ1xe/⇧x � ye#sye/⇧y � xeµ1%x/⇧x

� ye#s%y/⇧y + !dxe%y � !dye%x + ye◆+
xe(%# + &#) + ye#s(% + & )

(11)

Let ⇣ = �min(µ1/⇧x,#s/⇧y), and (11) can be rewritten

as follows

V̇  �⇣ETE � ET (A%E � !dB1%E �B3◆�
B2(%↵ + &↵))

 �⇣kEk2 + kEk(kAkk%Ek+ |!d|k%Ek+p
1 + #s2(k%↵k+ k&↵k) + k◆k)

(12)

where %E = col(%x, %y), %↵ = col(%#, % ), &↵ =

col(&#, & ), A = diag(µ1/⇧x,#s/⇧y), B1 = [
0 1
�1 0

],

B2 = diag(1,#s) and B3 = col(0, 1). As kEk �
(kAkk%Ek + |!d|k%Ek +

p
1 + #s2(k%↵k + k&↵k) +

k◆k)/(⇣), it renders that V̇  �⇣(1 � )kEk2, where
0 <  < 1.

By [27], it is concluded that the kinematic guidance sys-
tem (8) is ISS, and the ultimate bound is given by

kE(t)k  max{kE(t0)ke�⇣(1�)(t�t0),
(kAkk%Ek+ |!d|k%Ek+

p
1 + (#s)2

(k%↵k+ k&↵k) + k◆k)/(⇣)}.
(13)

Next, the following theorem explains that Zeno behaviors
can be excluded in the remote guidance loop.

Theorem 1. Consider the USV with the kinematics (1)
and the event-triggered kinematic guidance law (7). Under
the triggering conditions (10), Zeno behaviours can’t occur
such that ti+1

E � tiE > 0 and tj+1
↵ � tj↵ > 0.

Proof: Take the time derivative of k%Ek over [tiE , t
i+1
E ) as

k%̇Ek = kĖ(t)k  �(⇣ + |!d|)kEk+ (kAk+ |!d|)k%⇤Ek+p
1 + #s2(k%⇤↵k + k&⇤↵k) + k◆⇤k. By (13), E is bounded.

Thence, k%̇Ek has an upper bound denoted �E . The ini-
tial condition satisfies limt!ti+E

k%Ek = 0. For the time
[tiE , t

i+1
E ), it has k%Ek  �E(t � tiE). When the trigger-

ing condition ⌦(1) isn’t true, the lim
t!t(i+1)�

E
k%Ek = %⇤E

and it renders ti+1
E � tiE � %⇤E/�E .

Take the time derivative of k%↵k over [tj↵, tj+1
↵ ) as k%̇↵k =

k↵̇(t)k  kcol(#̇d,!d)k. Because the stability of the re-
mote guidance system is ISS, there is an upper bound of
k%̇↵k denoted �↵. The initial condition limt!tj+↵

k%↵k = 0.
During [tj↵, t

j+1
↵ ), it follows k%↵k  �↵(t � tj↵). When

⌦(2) is triggered, the lim
t!t(j+1)�

↵
k%↵k = %⇤↵ and it ren-

ders tj+1
↵ � tj↵ � %⇤↵/�↵.The proofs are completed.

5 Simulation Results

In this section, the simulation results are used to illus-
trate the performance of the proposed event-triggered kine-
matic path-following method. By [28], the physical parame-
ters of USV is selected and others are presented as follows:
µ1 = 1.2, µ2 = 0.4, �1 = �3 = 1, �2 = 6, %⇤E =
col(0.05m, 0.05m), %⇤↵ = col(0.06m/s, 0.03rad). The prede-
fined path is pd = col(�40 + ✓, 40 + ✓) with u0 = 0.2m/s,
and the initial state of the USV is s = (x, y, , u, v) =
(�85, 0, 0, 0, 0).

The simulation results is depicted as Fig. 3 - Fig. 8. The
actual tracking performance of the USV is presented by the
proposed guidance law in Fig. 3. In Fig. 4, actual and exam-
pling tracking errors are described respectively. Under the
event-triggered mechanisms, these errors can still converge
to near 0. Fig. 5 and Fig. 6 give the desired and sampling
commands. Fig. 7 and Fig. 8 give the kinematic triggering



state determined by ⌦ in the first fifty seconds. According
to the triggering state in Fig. 7, we can learn the transmitted
schedule of the USV’s state. The released schedule of the
desired commands can also be known from Fig. 8.

-90 -80 -70 -60 -50 -40 -30 -20 -10
YE(m)

-10

0

10

20

30

40

50

60

70

X E(m
)

USV Path
Desired Path

Fig. 3: The performance of the USV
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Fig. 4: Along-track and cross-track errors

6 Conclusions

This paper addressed event-triggered path-following of an
under-actuated USV at the kinematic level over wireless net-
work. An event-triggered LOS guidance law is designed
to achieve path-following. By using predefined triggering
mechanisms, the communication burden over wireless net-
work is decreased. The closed-loop kinematic guidance sys-
tem is proven to be ISS. The simulation results illustrated the
effectiveness of the proposed event-triggered LOS guidance
method for kinematic path following.
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