
Neurocomputing ∎ (∎∎∎∎) ∎∎∎–∎∎∎
Contents lists available at ScienceDirect
Neurocomputing
http://d
0925-23

E-m
wanggu

Pleas
Neur
journal homepage: www.elsevier.com/locate/neucom
Event driven tracking control algorithm for marine vessel based on
backstepping method

Jianfang Jiao, Guang Wang
College of Engineering, Bohai University, Jinzhou 121013, China
a r t i c l e i n f o

Article history:
Received 5 December 2015
Received in revised form
5 March 2016
Accepted 19 May 2016
Communicated by Hongli Dong

Keywords:
Event driven control
Tracking control
Backstepping method
Nonlinear control
Marine vessel
x.doi.org/10.1016/j.neucom.2016.05.048
12/& 2016 Elsevier B.V. All rights reserved.

ail addresses: jiaojianfangheu@163.com (J. Jiao
ang06041105@gmail.com (G. Wang).

e cite this article as: J. Jiao, G. Wang
ocomputing (2016), http://dx.doi.org
a b s t r a c t

In this paper, an event driven tracking control algorithm based backstepping method is proposed for
marine vessel. A tracking controller is designed by using backstepping method at the beginning to
guarantee global asymptotic tracking of the desired position or trajectory. The proposed event driven
tracking control algorithm is achieved by extending the designed continuous time tracking controller.
The event driven conditions are developed to determine the updated time instants of the event driven
controller. The proposed event driven tracking controller could ensure that the error of tracking is
uniform ultimately bounded and no Zeno behavior. Compared to the existing continuous or discrete
controller, the communication quantity will be reduced by introducing the event driven conditions, and
meanwhile it will lead to little executions of actuator. The performance of this algorithm is finally de-
monstrated through the simulation results.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

This paper investigates the problem of tracking control for
marine vessel. There are many research results about control
method of dynamic position, trajectory tracking or path following
for marine vessel [1,2]. The backstepping method is often used to
research the marine control in view of the fact that it is a better
way to deal with nonlinearity problem and it is convenience for
the further design of adaptive control schemes. Related results can
be referred to the literatures as [3,4]. In the existing research re-
sults, the designed controllers broadly fall into two categories:
continuous and discrete control. In particular, discrete control has
been widely used in practical applications in view of the lower
installation cost of microprocessors. The relative studies on dis-
crete control for marine vessel could refer to the literatures [5,6].
These discrete control approaches depend on periodic sampling of
the sensors and execution of control law, which requires to com-
municate the state (which includes the actuator state) information
at every sampling instant. This will lead to unnecessary energy
consumption and the wear of actuator due to the frequent changes
of actuator status.

Some other control mechanisms have recently attracted sig-
nificant attention, such as data driven control [7,8] and event
driven control [9]. The data driven is widely used in some areas
),

, Event driven tracking con
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[10,11]. The event driven control could be considered as sampled-
data control which may be aperiodic sampling. Compared with the
periodic sampling of traditional discrete-time control, the sam-
pling of calculation or execution of the event driven control is
activated only when certain events occur or meet certain condi-
tions. For the practical applications of the marine vessel, it is no
doubt that the event driven tracking controller can make better
use of the communication resources and extend the service life of
propellers or thruster. Thus the event driven control will be more
suitable for some applications of marine control.

Relevant studies on the event driven control are widely dis-
cussed recently. The state-feedback event driven control scheme
[12–14,17] and model-based event driven control strategy [15] are
proposed for the linear systems, respectively. The theoretical stu-
dies on event driven control are carried out for nonlinear systems
[16]. Specifically, event driven control method is developed for
input–output linearizable nonlinear systems which have internal
dynamics, and applied to practical reactor temperature [18]. A
robust event driven approach is proposed for nonlinear uncertain
systems in the strict-feedback form based small-gain method, the
designed controller is robust to the external disturbances [19]. The
decentralized asynchronous event driven control methods are
proposed for linear system and nonlinear system, respectively. The
architecture in which is a system with full state feedback and with
distributed sensors [20]. The small-gain approach to event driven
control is also developed for nonlinear systems with state feed-
back and output feedback [21]. A framework and a universal
trol algorithm for marine vessel based on backstepping method,
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formula are proposed for event driven stabilization of nonlinear
systems [22,23]. The above theoretical results of event driven
control for nonlinear system is useful for the practical applications.
The issues of event driven tracking control for nonlinear systems
are studied in [24,25], the proposed event driven control scheme is
achieved by extending the continuous-time tracking control law,
and assuming a reference system with exogenous input, the so-
lution of which is desired trajectory. Recently, the applications of
the event driven tracking control are investigated for unicycle
mobile robots and fully actuated surface vessel in [26] and [27],
respectively. The event driven control has great potential appli-
cations in marine control in view of the limited communication
resources and the requirement of service life. However, existing
results of event driven control are extremely rare.

The main contribution of this paper is that an event driven
tracking control algorithm is proposed for marine vessel to ensure
that the error of tracking is uniform ultimately bounded and no
Zeno behavior. The continuous-time nonlinear tracking controller
is firstly designed using backstepping method. The proposed al-
gorithm is achieved by constructing the event driven conditions
and extending the designed continuous-time tracking controller.
Compared with the traditional tracking controller for the marine
vessel, the designed control input is updated only when meet
certain event conditions. The proposed event driven control
method could significantly reduce the controller implementation
frequency and the communication quantity. Thus the efficient
energy consumption could be guaranteed and the service time of
vessel could be improved, meanwhile it can ensure that the
tracking performance is similar to that of the conventional
method, if not better.

The remainder sections are organized as follows. Section 2
presents the mathematical model of marine vessel. Section 3
discusses the proposed event-triggered trajectory tracking control
algorithm. In Section 4, simulations are carried out to validate the
developed tracking algorithm. Finally, Section 5 provides the
conclusions.
2. Mathematical model of marine vessel

In this paper, the tracking operations for marine vessel is fo-
cused on low-speed applications, so 3 degrees of freedom (DOF)
model for marine vessel is considered. For marine vessel,
η ψ= [ ]N E, , T represents north, east locations and heading in the
frame of earth reference. = [ ]v u v r, , T denotes the velocities of
surge, sway and yaw in the frame of body reference. The mathe-
matical model for marine vessel is as follows [1]:

η ψ

τ

̇ = ( )
̇ + ( ) + ( ) = ( )

R v

Mv C v v D v v 1

ψ( )R is a matrix that used to transform from body to earth re-
ference frame, the form of which is:

⎡

⎣
⎢
⎢
⎢

⎤

⎦
⎥
⎥
⎥

ψ
ψ ψ
ψ ψ( ) =
( ) − ( )
( ) ( )

( )
R

cos sin 0
sin cos 0

0 0 1 2

It satisfies = =RR R R IT T
3. ∈ ×M 3 3, ( ) ∈ ×C v 3 3 and ( ) ∈ ×D v 3 3

are system inertia, Coriolis-centripetal and damping matrices, re-
spectively. τ is the control input of forces and torques to vessel.
3. Event driven tracking algorithm

In order to reduce costs, the new designed tracking control
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algorithm is better to expand and deepen the existing controller,
due to nonlinear kinematic and nonlinear dynamics that are in-
cluded in the maneuvering model of marine vessel. In the practical
applications, the controller are often designed using the back-
stepping method. Therefore, in this section, the tracking controller
is designed based on backstepping method firstly, and then the
event driven tracking controller is achieved by extending the de-
signed control law.
3.1. Tracking controller design based on backstepping method

Define the position tracking error is:

η η η˜ = − ( )3d

Differentiating the above equation, then we have:

η η η˜ ̇ = ̇ − ̇ ( )4d

Assume that a reference velocity of marine vessel is vr, define the
velocity error as:

˜ = − ( )v v v 5r

Define a Lyapunov function as:

η η= ˜ ˜ ( )V
1
2 6

T
1

Differentiating the above equation yields:

η ψ η ψ η η̇ = ˜ ( ) ˜ + ˜ ( ) − ˜ ̇ ( )V R v R v 7T T
r

T
d1

The reference velocity is chosen as:

ψ η Λη= ( )( ̇ − ˜) ( )v R 8r
T

d

where Λ is a parameter matrix which is positive definite.
Define a Lyapunov function as:

= + ˜ ˜
( )V V v Mv

1
2 9

T
2 1

The derivative of above equation is as:

η ψ η Λη τ̇ = ˜ ( ) ˜ − ˜ ˜ + ˜ [ − ( ) − ( ) − ̇ ] ( )V R v v C v v D v v Mv 10T T T
r2

The control input can be chosen as:

τ ψ η Γ= ( ) + ( ) + ̇ − ( ) ˜ − ˜ ( )C v v D v v Mv R v 11r
T

where Γ is the parameter matrix which is positive definite.
Then Eq. (10) can change to be:

η Λη Γ̇ = − ˜ ˜ − ˜ ˜ ≤ ( )V v v 0 12T T
2

The above control input can guarantee the tracking operation is
performed.
3.2. Event driven tracking controller design

Define

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥=

−
S

0 1 0
1 0 0
0 0 0

to facilitate the following expressions. Derivative of the reference
velocity as Eq. (8) is:

ψ Λ ψ ψ Λη ψ η̇ = − − ( ) ( ) − ( ) ̇ + ( ) ¨ ( )v rSv R R v R R 13r r
T T

d
T

d

Then the control input is rewritten to be:
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τ ψ η ψ Λη ψ Λ ψ

ψ η Λη ψ η Γ

= ( ) + ( ) + ( ) ¨ − ( ) ̇ − ( ) ( )

− ( )( ̇ − ˜) − ( ) ˜ − ˜ ( )

C v v D v v MR MR MR R v

MrSR R v 14

T
d

T
d

T

T
d

T

It is obvious that the following equation is true:

ψ η η η= ( ) = ( ˜ + )( ) ( )3 3 15d

where ·( )3 is denoted the third element of the corresponding
vector:

ψ η Λη= ˜ + = ˜ + ( )( ̇ − ˜) ( )v v v v R 16r
T

d

In order to obtain the event driven tracking controller, define
ζ η η η η= [ ˜ ˜ ̇ ¨ ]v, , , ,T T

d
T

d
T

d
T T . Thus the control input (14) is denoted

τ τ ζ= ( ).
If we define { = …}t i 0, 1, 2,i as the time series that control

input updated, the event driven tracking controller can be denoted
as:

τ τ ζ( ) = ( ( )) ∈ [ ) ( )+t t t t t, , 17i i i 1

The time instants ti of event driven tracking controller are de-
termined dynamically by an event driven condition. The event
driven condition is developed in the following contents to guar-
antee the event driven tracking controller satisfies the following
requirements:

� The tracking error of the marine vessel is uniformly ultimately
hounded.

� No Zeno behaviors occur in the execution times.

A measurement error of the state and the exogenous input
vector ζ are existed between the event driven tracking controller
and the continuous tracking controller. In order to facilitate further
analysis, for ∈ [ + )t t t, 1i i , the measurement error is represented
as:

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥

ζ ζ

η η

η η
η η
η η

( ) = ( ) − ( ) =

˜( ) − ˜( )
˜( ) − ˜( )
( ) − ( )

̇ ( ) − ̇ ( )
¨ ( ) − ¨ ( ) ( )

e t t t

t t
v t v t

t t

t t

t t 18

i

i

i

d i d

d i d

d i d

Note that for each i, ( ) =e t 0i . It is evident that e is discontinuous
when =t ti.

According to the definition of measurement error, the event
driven tracking controller is changed to:

τ τ ζ( ) = ( ( ) + ( )) ∈ [ + ) ( )t t e t t t t, for , 1 19i i

In order to use directly the stability analysis of the continuous
tracking control input based on the backstepping method, the
event driven tracking controller can be changed to:

τ ζ τ ζ τ ζ τ ζ( ( )) = ( ( )) + ( ( ) + ( )) − ( ( )) ( )t t t e t t 20i

If the tracking task is performed using the event driven tracking
controller, then the derivative of V2 is represented as:

η Λη Γ τ ζ τ ζ̇ = − ˜ ˜ − ˜ ˜ + ˜ [ ( ( ) + ( )) − ( ( ))] ( )V v v v t e t t 21T T T
2

In the practical tracking operations, the desired reference sig-
nals satisfy the following condition: η η η∥ [ ̇ ¨ ] ∥ ≤ a, ,d

T
d
T

d
T T , and the

initial position and the velocity satisfy the following condition
η∥ [ ˜( ) ˜( ) ] ∥ ≤v b0 , 0T T T , where > >a b0, 0.
For the actual marine vessel, it is obvious the continuous con-

trol input as Eq. (14) is Lipschitz on compact sets. Here the com-
pact sets can be defined as:

ζ η μ η η η= { ∥ [ ˜ ˜ ] ∥ ≤ ∥ [ ̇ ¨ ] ∥ ≤ } ( )S v a: , , , , 22p
T T T

d
T

d
T

d
T T
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where μ = λ λ
λ λ

{ ( ) ( )}
{ ( ) ( )} bI M

I M
max ,
min ,

23

3
, λ (·) represents the eigenvalues of

matrix, I3 is a 3 order unit matrix.
Let the Lipschitz constant of the control input as Eq. (14) on the

compact sets S be L, we have:

τ ζ τ ζ ζ ζ∥ ( ( ) + ( )) − ( ( ))∥ ≤ ∥ ( )∥ ∀ ( + ) ∈ ( )t e t t L e t e S, , 23

Define the minimum eigenvalue γ λ Λ λ Γ= { ( ) ( )} >min , 0. Thus Eq.
(21) can be changed to:

γ η ζ ζ̇ ≤ − ∥ [ ˜ ˜ ] ∥ + ∥ ˜ ∥ ∥ ( )∥ ∀ ( + ) ∈ ( )V v v L e t e S, , , 24T T T
2

2

Then Eq. (24) suggests a driven condition. The event driven
tracking controller is updated when the driven condition satisfied.
The time ti of control input updated is calculated based on the last
time ti�1. Therefore, the initial time t0 should be described sepa-
rately. Meanwhile, t0 does not need to be equal to 0.

According to actual operation demand, the allowable position
tracking error range can be determined. The error range can be
represented as η∥ ˜ ∥ ≤ ≥p p, 0. Then the velocity tracking error
should be ultimate bounded, that is ∥ ˜ ∥ ≤ ≥v q q, 0. Overall,

η δ δ∥ [ ˜ ˜ ] ∥ ≤ >v, , 0T T T .
We assume that τ = 0 when ≤ <t t0 0. The initial event driven

time could defined as:

{ }η δ= ≥ ∥ [ ˜ ˜ ] ∥ ≥ ( )t t vmin 0: , 25T T T
0

In order to guarantee the tracking error is ultimately bounded
only when γ η∥ ˜ ∥ ∥ ( )∥ − ∥ [ ˜ ˜ ] ∥ ≤v L e t v, 0p

T T T 2 . So each event driven
time could defined as:

⎪ ⎪
⎪ ⎪⎧
⎨
⎩

⎫
⎬
⎭

σ γ η

η δ
= ≥

˜ ( ) − ( [ ˜ ˜ ] ) ≥

[ ˜ ˜ ] ≥ ( )
−t t t

vLe t v

v
min :

, 0,

, 26
i i

p
T T T

T T T
1

2

where σ< <0 1 is a design parameter.
For ˜ ≠v 0, Eq. (26) can be represented as:

⎧
⎨⎪

⎩⎪

⎫
⎬⎪

⎭⎪
σ γ η

η δ

= ≥ ( ) ≥
( [ ˜ ˜ ] )

˜
[ ˜ ˜ ] ≥ ( )

−t t t e t
v

vL
v

min :
,

,

, 27

i i

p
T T T

T T T

1

2

From the above definition of event driven time, we know that
the control input is not permitted to update whenever

η δ∥ [ ˜ ˜ ] ∥ <v,T T T .
Motivated the theoretical analysis method and the results in

[27], the following theorem is obtained and the detailed proof is
presented below.

Theorem 3.1. Considering the marine vessel requires performing the
tracking task, the initial position and velocity satisfy the following
condition η∥ [ ˜( ) ˜( ) ] ∥ ≤v b0 , 0T T T . Let the allowable tracking error range

be η δ∥ [ ˜ ˜ ] ∥ ≤ ≤v b,T T T . The proposed event driven tracking control
algorithm (17), (25), and (27) can ensure that the tracking error is
uniform ultimately bounded, the bounded is denoted as

ρ δ= λ λ
λ λ

{ ( ) ( )}
{ ( ) ( )}

I M
I M

max ,
min ,

23

3
, and no Zeno behaviors occur.

Proof. Step 1: we will prove that η∥ [ ˜ ˜ ] ∥v,T T T is uniform ultimately
bounded.

According the definition of the initial event driven time, for
∈ [ )t t0, 0 , we have:

η δ∥ [ ˜ ˜ ] ∥ ≤ ≤ ( )v b, 28T T T

and

η∥ [ ˜( ) ˜( ) ] ∥ ≤ ( )t v t b, 29T T T
0 0

Considering the definition of Lyapunov function V2, we obtain
that:
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η η λ λ( ) = ˜ ( ) ˜( ) + ˜ ( ) ˜( ) ≤ { ( ) ( )} ( )V t t t v t Mv t I M b
1
2

1
2

1
2

max , 30
T T

2 0 0 0 0 0 3
2

Assuming that for every ∈ [ ]t t t, i0 , = { …}i 0, 1, 2, ,

λ λ( ) ≤ { ( ) ( )} ( )V t I M b
1
2

max , 312 3
2

Note that for ∈ [ ) ∈ { … }+t t t j i, , 0, 1, ,j j 1 , ζ( ( ) + ( )) ∈t e t S. Then
ζ( ( ) + ( )) ∈t e t S for every ∈ [ )+t t t, i0 1 .

According to the definition of event driven time (27) and in-
equality (24), for each ∈ [ )+t t t, i0 1 , for all η[ ˜ ˜ ]v,T T T satisfies
δ η μ≤ ∥ [ ˜ ˜ ] ∥ ≤v,T T T , we can obtain:

σ γ η̇ ≤ − ( − ) ∥ [ ˜ ˜ ] ∥ ( )V v1 , 32T T T
2

2

where σ γ η( − ) ∥ [ ˜ ˜ ] ∥v1 ,T T T 2 is a class ∞ function. Then inequality
(31) is true for all ∈ [ ]+t t t, i0 1 due to that tracking error is con-
tinuous and the inequality (32) holds.

Therefore, the inequality (31) holds for all ∈ [ ]t t t, i0 ,
{ = …}i 0, 1, 2, .

Define two sets as the following:

Φ η δ η μ= {[ ˜ ˜ ] ≤ ∥ [ ˜ ˜ ] ∥ ≤ } ( )v v, : , 33T T T T T T

Ψ η λ λ δ= {[ ˜ ˜ ] ≤ { ( ) ( )} } ( )v V I M, :
1
2

max , 34
T T T

2 3
2

Let = ∞→∞tlimi i , according to the inequality (32), for η Φ[ ˜ ˜ ] ∈v,p
T T T

and ≥t t0, we have that:

σ γδ̇ ≤ − ( − ) ≤ ( )V 1 0 352
2

The set Φ Ψ⋂ is non-empty, and the level set satisfies:

⎧⎨⎩
⎫⎬⎭Ψ η λ λ δ ΦΔ = [ ˜ ˜ ] = { ( ) ( )} ⊂

( )
v V

I M
, :

max ,
2 36

T T T
2

3
2

Thus the tracking error finally converges the set Ψ in a limited
time when the initial tracking error is bounded.

Considered the definition of Lyapunov function V2, we have:

( )λ λ η λ λ η{ ( ) ( )}[ ˜ ˜ ] ≤ ≤ { ( ) ( )}[ ˜ ˜ ] 37I M v V I M v
1
2

min , ,
1
2

max , ,T T T T T T
3

2
2 3

2

Obviously, λ λ η{ ( ) ( )}∥ [ ˜ ˜ ] ∥I M vmin , ,T T T1
2 3

2 is a class ∞ function.
There is a constant ρ that

Ψ η η ρ⊆ {[ ˜ ˜ ] ∥ [ ˜ ˜ ] ∥ ≤ } ( )v v, : , 38T T T T T T

where ρ δ= λ λ
λ λ

{ ( ) ( )}
{ ( ) ( )}

I M
I M

max ,
min ,

23

3
.

Therefore, η∥ [ ˜ ˜ ] ∥v,T T T is uniform ultimately bounded and the

bounded is ρ.
Step 2: We will prove no Zeno behaviors occur in the execution

times. Define the minimum inter-update time −+t ti i1 is denoted
as T. The following paragraphs show that >T 0. According to the
front designed tracking controller based on the backstepping
method and the extended event driven tracking controller, we can
know that:

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

η Λ ψ
ψ Γ

η
τ ζ τ ζ

˜ ̇

˜ ̇
=

− ( )
− ( ) −

˜
˜

+
( + ) − ( ) ( )− −v

R

M R M v e
0

39T1 1

Based on the vessel model parameter and the designed control
parameter matrices and Eq. (15), we have:

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

Λ ψ
ψ Γ

η
η η

− ( )
− ( ) −

˜
˜

≤ (∥ [ ˜ ˜ ] ∥ + ∥ ∥)
( )− −

R

M R M v
L v,

40T
T T T

d1 1 1

where L1 is the Lipschitz constant of above left expression.
Because of ζ ∈ S , ζ( + ) ∈e S for all ∈ [ )t t t, i0 , thus (23) holds.
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Then:

η η η

η η

∥ [ ˜ ̇ ˜ ̇ ] ∥ ≤ (∥ [ ˜ ˜ ] ∥ + ∥ ∥) + ∥ ∥

≤ (∥ [ ˜ ˜ ] ∥ + ∥ ∥ + ∥ ∥) ( )

v L v L e

L v e

, ,

, 41

T T T T T T
d

T T T
d

1

2

where >L 02 .
Based on the practical marine task, we can know that:

η η η∥ [ ̇ ¨ ] ∥ ≤ a, ,d
T

d
T

d
T T . Especially, η∥ ∥ ≤ >c c, 0d . We have:

η μ μ∥ [ ˜ ̇ ˜ ̇ ] ∥ ≤ ( + + ∥ ∥) ≤ ( + + ∥ ∥) ( )v L c e L a e, 42T T T
2 2

Define η̇ = − [ ˜ ̇ ˜ ̇ ̇ ¨ ]e v v v v, , , ,T T
d
T

d
T

d
T T . In order to facilitate the

representation, define η ̇ = vd d, then η̈ = ̇vd d. Obviously, ∥ ¨ ∥ ≤v dd is
true. Then we have:

⎛
⎝⎜

⎞
⎠⎟μ∥ ∥ ≤ ∥ ̇ ∥ ≤ + + + ∥ ∥

( )
e
t

e L a d e
d

d 43
3

>L 03 . According to comparison lemma [28], we can obtain:

( )( )μ∥ ∥ ≤ + + − ≥ ( )( − )e a d t te 1 , for 44L t t
ii3

On the compact set ζ η μ η η η= { ∥ [ ˜ ˜ ] ∥ ≤ ∥ [ ̇ ¨ ] ∥ ≤ }S v a: , , , ,p
T T T

d
T

d
T

d
T T ,

if the initial velocity error satisfies ∥ ( )˜ ∥ ≤v b0 1, we can obtain that

μ∥ ˜ ∥ ≤ =λ
λ

{ ( )}
{ ( )}v bM

M
max
min 1

2
1. = σγδ

μ
emin L

2

1
. Then the inter-update times

are uniformly lower bounded by T, and T satisfies the following
inequality:

⎛
⎝⎜

⎞
⎠⎟

σγδ
μ μ

≥ +
( + + ) ( )

T
L L a d
1

log 1
453

2

1

Because L3 and L are finite, we can obtain that the minimum inter-
update time T is greater than 0. □
4. Simulation analysis

The performance of the developed event driven tracking con-
trol algorithm is validated though simulation experiment. The
Cybership II of the NTNU [1] is used to carry out the experiment.
The initial location and the initial velocity of vessel are
η ( ) = [ ]0 0, 0, 0 T and = [ ]v 0, 0, 0 T

0 , respectively. The control
parameters of the tracking controller were chosen as
Λ = { }diag 4, 4, 3 , Γ = { }diag 3, 3, 3 . The parameter of the event
driven condition is chosen as σ = 0.55. Set the simulated time to be
100 s. The simulation results for straight line tracking and curve
tracking are shown as the following, respectively.

For straight line tracking: The desired straight line trajectory is
defined as η = [ ]t, 0, 0d

T . The allowed error parameter δ is chosen
as δ = 0.3. The simulation results are shown in Figs. 1–4. Though
the event driven condition, the event driven times of the straight
line tracking is presented in Fig. 1, we can see that the event
number of the event driven tracking control law is 272. In order to
guarantee the tracking error, the sampling period of the normal
discrete-time control law is set to be ≤0.1 s. Then the number of
the control executions is ≥1000. Obviously, within the allowable
error range, the event number is fewer than the periodic sampling
of the normal control law. The control inputs corresponding to the
event time for straight line tracking are shown in Fig. 2. Fig. 3
shows the position tracking error for straight line tracking. The
tracking errors are ultimately limited in one interval that below
the desired bound. Thus the amount of computation and com-
munication will be reduced and results in little the executions of
actuator while ensuring the tracking performances. In addition,
the inter-execution time ( − )+t ti i1 of the straight line tracking
controller is shown in Fig. 4. Though calculation and comparison,
the minimum inter-execution time is 0.1 s, which is greater than
trol algorithm for marine vessel based on backstepping method,
48i

http://dx.doi.org/10.1016/j.neucom.2016.05.048
http://dx.doi.org/10.1016/j.neucom.2016.05.048
http://dx.doi.org/10.1016/j.neucom.2016.05.048


0 50 100 150 200 250
0

20

40

60

80

100

event number

ev
en

t t
im

e 
/s

Fig. 1. The event times of straight line tracking controller.

0 20 40 60 80 100
−5

0

5

10

15

20

Fig. 2. The longitudinal force input for straight line tracking.

0 20 40 60 80 100
−0.2

0

0.2

0.4

0.6

0.8

1

1.2

Fig. 3. The tracking error for straight line tracking.

0 50 100 150 200 250
0

5

10

15

20

25

event number

in
te

r−
ex

ec
ut

io
n 

tim
e 

/ s

Fig. 4. The inter-execution time of straight line tracking controller.

0 100 200 300 400 500 600
0

20

40

60

80

100

event number

ev
en

t t
im

e 
/s

Fig. 5. The event times of curve tracking controller.

J. Jiao, G. Wang / Neurocomputing ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 5
zero. In other words, no Zeno behaviors occur in the execution
times.

For curve tracking: The desired curve trajectory is defined as
η = [ ( ) ]t, 10 sin , 0d

t T
10

. The allowed error parameter δ is chosen as
δ = 0.9. The simulation results are shown in Figs. 5–8. Though the
event driven condition, the event driven times for the curve
tracking is shown in Fig. 5. According to Fig. 5, we can see that the
event number of the event driven tracking control law is 606. In
order to guarantee the tracking error, the sampling period of the
normal discrete-time control law is set to be ≤0.1 s. Then the
number of the control executions is ≥1000. Obviously, within the
allowable error range, the event number is fewer than the per-
iodic sampling of the normal control law. The control inputs
Please cite this article as: J. Jiao, G. Wang, Event driven tracking con
Neurocomputing (2016), http://dx.doi.org/10.1016/j.neucom.2016.05.0
corresponding to the event time for curve tracking are shown in
Fig. 6. Corresponding to each event time, Fig. 6(a) shows the
longitudinal force, Fig. 6(b) shows the lateral force, and Fig. 6
(c) shows the rotary torque, respectively. The tracking errors for
curve tracking are shown in Fig. 7. Fig. 7(a) shows the tracking
errors of north position and east position. In Fig. 7(a), the redline
denotes the tracking errors of north position, the blue line denotes
the tracking errors of east position. Fig. 7(b) shows the tracking
errors of heading. The tracking errors are ultimately limited in one
interval that below the desired bound. Thus the amount of com-
putation and communication will be reduced and results in little
the executions of actuator while ensuring the tracking perfor-
mances. In addition, the inter-execution time ( − )+t ti i1 of the curve
tracking controller is shown in Fig. 8. Though calculation and
comparison, the minimum inter-execution time is 0.1 s, which is
greater than zero. In other words, no Zeno behaviors occur in the
execution times.
5. Conclusion

This paper has been proposed an event driven tracking control
algorithm for marine vessel based on the backstepping method.
The proposed tracking control algorithm is derived from the
continuous-time tracking controller. Specifically, the tracking
controller is designed based on the backstepping method, and the
event driven conditions is introduced to determine the updated
time of the controller. Theoretical analysis show that the error of
trol algorithm for marine vessel based on backstepping method,
48i
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Fig. 8. The inter-execution time of curve tracking controller.
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tracking is uniform ultimately bounded and no Zeno behavior.
Finally, the simulation results have illustrated the tracking task can
be performed within the allowed error range, what's more, the
communication quantity and the executions of actuator are sig-
nificantly reduced.
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