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Abstract: With the communication delays in the communication topology, the synchronization 
motion of multiple marine vessels is discussed. A novel synchronization control method that is 
based on distributed control strategy and graph theory is presented. The synchronization error and 
the trajectory tracking error of each vessel are introduced to the controller. Besides, an undirected 
communication topology is designed to describe the communication relations among vessels. To 
validate the designed controller is robust to the communication delays, constant time delays in the 
communication network are introduced. Finally, four marine vessels with communication delays are 
simulated by computer simulation tests. It is shown that the proposed control strategy can solve the 
synchronization of multiple vessels well. 

Introduction 

With the increasing complexity of marine missions, multiple marine vessels systems can perform 
tasks more efficiently than a single vehicle or can accomplish tasks not executable by a single one, 
it can be considered as a concept for the emergence of new capabilities [1,2]. 

Recently, synchronization control of multiple agents has been extensively studied in different 
fields. And as the development of synchronization control of multiple agents, there are several 
synchronization control approaches, which are proposed. For example, distributed cooperative 
attitude synchronization control approach has been discussed in [3]. And adaptive control is a 
typical scheme used to address the synchronization motion [4, 5]. Besides, using cascaded system 
theory and graph theory, a distributed attitude cooperative control strategy is studied in [6]. And 
based on graph theory, two synchronization controllers in cooperative and coordinated schemes 
were designed [7]. And for coordinated synchronization control of multiple marine vessels, E. 
Kyrkjebø introduced a virtual structure into the leader-follower coordinated control scheme[8]. And 
a cooperative synchronization control law of multiple autonomous underwater vehicles is presented 
by C. R. Xin[9], in both state feedback and output feedback are designed to achieve synchronization. 
And without the mathematical model of the leader, E. Kyrkjebø designs a nonlinear observer to 
estimate the unknown states of the follower and a feedback controller was designed [9,10]. The 
synchronization of multiple systems with time delays is discussed in [11,12]. 

 In this paper, the synchronization movement control of multiple vessels is discussed. A 
weighted undirected graph is introduced to describe the information exchange among vessels, then 
the available synchronization error among vessels is taken into controller, at the same time, when 
the time delays are considered, the controller demonstrates robustness to constant time delays.  
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Preliminary Knowledge and Vessel Model

Graph Theory Let {V, E}G = describe the information exchanges among vessels. A node in the 
graph represents a vessel. The edges represent the information exchange links among the vessels. 

Node j is a neighbor of node i if ( , ) E(G)i jv v ∈ . Assume matrix A is the adjacency matrix of 

graph G , and .i ja A∈ is defined as , 0, (v , v ) , ,i j i ja if E i j> ∈ ≠ , 0, (v , v )i j i ja if E= ∉ .For 

all ( , ) E(G)i jv v ∈ , If the ( , ) E(G)j iv v ∈ , then the graph is undirected. 

Mathematical Model of the Vessel The 3 DOF surface motion model of the vessel can be 
described as: 

 

( ) ( ) ( ) .vR Mv D Cη ψ ν ν ν ν ν τ= + + =& &

 

(1)

where [ ], , Tn eη ψ= is the position and heading in the earth-fixed reference frame, and [ ], , Tv u rυ= is 
the surge, sway velocity and yaw angular velocity with regard to the body-fixed reference frame. 

The motion mathematical model of the vessel in the earth-fixed reference frame can be written 
as: 

 

( ) ( ) ( , ) ( , ) ( ).TR M D Cν ψ η η η η η η η η η τ η= + + =& && & & & &

  

(2)

Synchronization Controller Design 

Synchronization Controller Design with Communication Delays When the communication 
network is unreliable, it is desired to take time delays into account. In the subsequent analysis, it is 

assumed that ijT denotes the constant time delay, and ij ji= =T T T . And in this time delayed network, a 

classical communication delayed model of multi-agent is adopted.  
Firstly, the position trajectory error of the i th− vessel is defined  

 

( ) ( ) ( ) ( )( )1 0

t

i i di i i die t t dη η η λ η λ λ= − + Γ −∫
  

(3)

where iΓ is a positive diagonal matrix to be designed.  

There are different ways to regulate the synchronization error, and the synchronization error of 
the i th− vessel is adopted as follows 

 
2 ( ) (( ( ) ( )) ( ( ) ( ))) ( ( ) ( ) ( )).i ij i ij di ij j ji dj ji ij i ij j ji ij ji

i j i j
e t K t -T t -T t -T t -T K t -T t -T d t -Tη η η η η η

≠ ≠

= − − − = − −∑ ∑
  

(4)

where ijK is a positive diagonal matrix { }ij ijK diag a= . And ija is the element of the weighted 

adjacency matrix A. ijd is defined as:  

 

.ij di djd η η= −

  

(5)
Then the global error of the i th− vessel can be written as:  

 

( )1 20
.

t

i i ie e e dω ω= + ∫  
(6)

The control law τ for the i th− vessel is with time delays denoted as:  
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2 2 2( , ) ( , ) ( )( ( ) ( ( ) ( ))) ( ).i i i i i i i i i i i di pi i di i i i di ij i ij j ji i i ij

j i
C D M K e K e K e t -T e t -T e t Tτ η η η η η η η η η η

≠

= + + − − −Γ − + − +Γ −∑& & & & && &

 
(7)

Therefore, the error of the whole system can be calculated combing (3) and (7) as follows. 

 

( ).P d ae K e K e K e t -T= − − +&& & &

 

(8)

where  { },p piK diag K=  { }d diK diag K= , 3 3aK L I ×= ⊗ .   

By the Leibnitz formula, the error can be written as:  

 

( ) ( ) .
t

t T
e e t T e w dw

−
− − = ∫& & &&

  

(9)

Combine (2) and (9),  which leads to   

 

( ( ) ).
t

p d a t T
e K e K e K e e w dw

−
= − − + − ∫&& & & &&

 

(10)

Define ,
TT Te eδ  =  &  , therefore (10)yields:  

 

( ) .
t

t T
A B w dwδ δ δ

−
= − ∫ &

  

(11)

where
0 0 0

, .
0p d a a

I
A B

K K K K
   

= =   − − +   
  

Proof：Considering the positive definite candidate Lyapunov function for the delayed system as: 

 

( ) ( ) .
tT T

t T
V H w P w dwδ δ δ δ

−
= + ∫

  

(12)

where ,H P are positive definite matrix. Then the derivative of the Lyapunov function yields  

 ( )2
2

( ( ) ) (t ) (t )

( ) (t ) (t ) (t )

( ) (t ) (t ).
4

tT T T

t T
T T T T

T T

V H A B w dw P T P T

HA P HB T T P T HB
HBHB HA P T P T

δ δ δ δ δ δ δ

δ δ δ δ δ δ δ δ

δ δ δ ε δ
ε

−
= − + − − −

≤ + + − − − − −

≤ − − − − − − − −

∫ &&

  

(13)

By adjusting 2, , , ,A B H P ε to insure that 
2

2
0 0.4

HBHB HA P and P εε− − − > − >  So that 

0V ≤& .  
Hence, all errors in the whole system are bounded, and it can be shown 

( )lim 0, lim 0
t t

t Tδ δ
→∞ →∞

= − = , then lim 0, lim 0
t t

e e
→∞ →∞

= =& ,and combine (15),(19) with(6), it can be seen that 

the position  converges to synchronization, which means lim , limi j ij i dit t
dη η η η

→∞ →∞
− = = , and the 

velocity achieves synchronization , which means that lim i j di djt
η η η η

→∞
= = =& & & & . 

Simulations  

To validate the effectiveness of the proposed synchronization control law, some simulations are 
carried out, the mathematical model of vessels are the CyberShipΙΙ.  

The directed communication topology of vessels is shown in Fig.1. And the weighted adjacency 
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matrix of the communication graph is

0 1 1 1
1 0 0 0

0.5
1 0 0 1
1 1 1 0

A

 
 
 = ×
 
 
 

. The communication delays are 

chosen 1T s= . The controller parameters 

are { } { } { } { }0.5 1,1,1 , 15,15,18 , 0.5 1,1,1 , 0.8 1,1,1pi di i iK diag K diag K diag diag= × = = × Γ = × . 

The simulation results are shown in     Fig. 2-Fig. 7 The synchronization error of lateral velocity   

Fig. 8. And the meaning of vesselij is the vessel i and vessel j . The trajectories of four vessels in the 

North-East coordinate as shown in     Fig. 2, the synchronization error are shown in      Fig. 
3-Fig. 7 The synchronization error of lateral velocity   Fig. 8. From the movement of the vessels, it can 
be seen with the designed controller, the four vessels can follow the desired trajectory of tracking 
while maintaining the synchronization between the adjacent vessels, which can perform 
collaborative tasks at sea. 
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Fig. 1 The communication topology of vessels    Fig. 2 The movement curve of each vessel 
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     Fig. 3 The synchronization error in north    Fig. 4 The synchronization error in the east 
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Fig. 5 The synchronization error of yaw   Fig. 6 The synchronization error of longitudinal velocity 
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Fig. 7 The synchronization error of lateral velocity   Fig. 8 The synchronization error of yaw velocity 

From the synchronization errors of vessels, it can be seen that when considering communication 
delays, the synchronization errors between vessels eventually tends to zero. And the designed 
synchronization motion controller is robust to constant communication delays. 

Conclusions  

In this paper, a synchronization control approach for controlling vessels is presented. The 
controller can be seen a nonlinear PD controller. And based on the graph theory, the synchronization 
errors among vessels are added to the controller. From the simulations, it can be seen that the whole 
error of the closed-loop system is ultimately bounded. Therefore, the proposed control scheme can 
achieve synchronization of vessels. In the future work, it is expected that only position and yaw 
angle of the vessels are available, it may be potential to apply the synchronization control law to 
non-holonomic system. 
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