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Abstract: Everyday about 90% of cargos are delivered by ships, and thousands of vessels enter and depart  the 

international container harbors such as Shanghai, Singapore, Hong Kong, Busan, Rotterdam, etc. Maneuvering at

harbor is known as the most sophisticated and difficult procedure, because the effectiveness of actuators during low 

speed berthing is reduced. In this paper, a new berthing method is discussed. Tugboats are combined with damper 

systems to ensure safe berthing. A mathematical model describing the interaction between unactuated ship, tugboats 

and damper systems is presented. An optimal controller is designed to maneuver the ship without oscillation and 

overshoot. MCL (Marine Cybernetics Lab) model ship is used to evaluate the efficiency of the proposed approach 

through MatLab simulation.
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1. Introduction

Compared with other ship maneuvers such as 

autopilot for steering, trajectory tracking, path 

following, dynamic positioning of station keeping, 

ship berthing maneuver is the most complicated 

procedure which involves both human experience 

and intensive control operations. In this process, 

the ship has to follow the given path at low 

speed to prevent collisions. Moving in confined 

waters with dead slow velocity significantly 

reduces the controllability of actuators such as 

main propeller, rudder, etc. The hydrodynamic 

coefficients of the ship also change. Besides the 

relatively large effect of environment disturbance 

also has an effect on the ship.

Hence, since the early 1990’s, automatic 

berthing approaches have been studied by many 

researchers1-3). Because the hydrodynamic 

coefficients change a lot when the ship moves 

from open sea into harbor, a number of authors 

have sought to develop intelligent control 

strategies independent of the dynamic model.  

These include fuzzy4,5) and artificial neural 

network6-9) control theory, etc10,11). The other 

studies for ship berthing use optimal12-15) and 

adaptive control theory16). However, these methods 

do not guarantee stability analysis, especially for 

critical safety berthing system. To overcome these 

drawbacks and achieve automation solution, we 

propose a new approach to ship berthing by using 
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Fig. 1 Ship berthing system

tugboats and damper systems.

Our damper system is designed as semi-active 

fender. It includes a damper mounted on a truck 

as described in figure 1. The damper is powered 

via hydraulics. This design method provides the 

mobility for this type of fender. It can move to 

any place on the harbor, start up and operate 

rapidly. The damper systems contact the ship 

from the beginning to the end of the berthing 

phase and are combined with tugboats to 

maneuver the ship to the harbor safely.

In this paper, we assume that none of the 

ship’s actuators are used. It means that the ship 

is considered as an unactuated system. Tugboats 

and damper systems control the movement of the 

ship. The mathematical model of the system is 

presented. An optimal controller is designed to 

undertake the performance of the ship and avoid 

overshoot which can damage the ship as well as 

the harbor. 

The remainder of this paper is structured as 

follows. In section II, we provide the dynamic 

system of the ship considered in the horizontal 

plane. And the ship model is reduced to 2DOF 

linear maneuvering model (sway-yaw subsystem). 

In section III, an optimal state feedback control 

with an integrator is presented. In section IV, the 

effectiveness of the proposed approach is 

evaluated through the model ship simulations.

Conclusions and future studies are summarized 

and discussed in section V.

2. System Description

With the assumptions that the ship has 

homogeneous mass distribution as well as the 

center of gravity coincides with center of 

geometry, 0gy  ; the speed and ship steering 

equations of motion in surge, sway and yaw17) are 

described as follows:
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where m  is the mass of  the ship, zI
 is the 

inertia moment around z axis, gx
 
is the center of 

gravity. ,  ,  X Y N are external forces in surge, 

sway and external moment in yaw. ,  ,  u r
 are 

surge, sway velocity and yaw rate.

Based on additional assumptions that the sway 

velocity ,u
 the yaw rate 

  and the rudder angle 
  are small, the nonlinear ship equations of 
motion can be expressed as speed and steering 

equation as described as:
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where 0u
 is the mean forward speed.

With considering of low speed maneuvering 

(the ship from the starting point to the desired 

final point in eY
 direction), the linear steering 

equations are used and the surge velocity is 

assumed to be small such that 0 0u  . The 

system equations are rewritten as follows:

 g

z g

m x r Y

I r mx N





  


 

 


 
                       (3)

In this paper, the propulsion(main) system is 

replaced by tugboats and damper systems to 

prevent ship collision (see figure 2).

By using the linear theory18), the hydrodynamic 

force and moment can be described as:
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Fig. 2 Ship motion with the assistance of tugboat 

and damper system
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where ,  ,  ,  v r v rY Y N N     are added mass terms, 

,  ,  v rY Y  ,  v rN N
 are radiation induced forces and 

moments, ,  y n 
 
are vector control force and 

moment in y  and z  direction.

Let .
T

y n      Vector control force and 

moment   is the result of combined efforts of 
two tugboats and two damper systems. Vector   
is defined as follows:

 T f                          (5)

where the vector  1 2 1 2

T

t t d df F F F F
 
presents 

thrusts produced by tugboats and damper 

systems. The geometrical configuration matrix 

 T   is defined as follows:
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where angles 1 2 1 2,  ,  ,  t t d d   
 define the force 

direction of tugboats and damper systems. These 

are measured clockwise and relative to x  axis of 

the body fixed coordinate frame. 

Distances 1 2 1 2,  ,  ,  t t d dl l l l
 are 

x  location of the 

contact points between tugboats, damper systems 

and the ship in the body fixed coordinate frame. 

From equations (3) and (4), we can write the 

equation of motion according to:

M D                            (7)

where
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is the system inertia matrix, and TM M . 



터그보트와 댐퍼 협조제어를 통한 선박접안시스템 설계에 관한 연구

10   유공압건설기계학회지 2014. 9

- -

- -
r

r

Y Y
D

N N




 
  
                            (10) 

is the damping matrix of ship.

3. Control System Design

Equation (7) can be rewritten as:

A B                          (11)

where
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Based on an assumption that heading angle   

is sufficiently small, v   or     ,
T T

y r   

where y  and y  denote the center position and 

its derivative of ship in y  direction,   and   
denote the heading angle and yaw rate.

Let  Tx y r 
 
or  Tx y y   

 
is 

the state vector, then the corresponding 

state-space model is obtained as follows:

c c c

c

x A x B u

y C x

 
 



                       (13)

where

11 12

21 22

0 1 0 0

0 0
,

0 0 0 1

0 0

c

a a
A

a a

 
 
 
 
 
 

11 12

21 22

0 0

,
0 0c

b b
B

b b

 
 
 
 
 
   

(14)

1 0 0 0

0 1 0 0 .

0 0 1 0
cC

 
   
    

cu  .                                 (15)

To keep the ship berthing without overshoot 

and oscillation, an optimal state-feedback control 

Fig. 3 Ship berthing system with optimal control

with an integrator is designed based on LQ 

control theory19).    

The controller is formulated as shown in figure 

3.

Let   
T

iz x x , where ix
 is the integrator output. 

State space system with the plant and augmented 

integrator is described as follows:
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With given weighting matrices Q
 and R , the 

solution of the LQR set point regulation problem 

is:

1 T
c iu R B Pz                         (18)

where P  is obtained by solving the Algebraic 

Riccati equation. Then this forms the state 

feedback law:

  1 2

T

c iu Kz K K x x    .       (19)

4. Simulation Results

Computer simulations have been done to 

evaluate the performance of the ship motion 

control with tugboats and damper systems and 

the optimal state feedback controller.
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A model ship in our laboratory (MCL: Marine 

Cybernetics Lab) is used in simulation. The ship 

has a mass of 21.5[kg], a length of 2[m] and a 

breath of 0.4[m]. It is assumed that the center of 

gravity coincides with the origin. At low speed 

maneuvering, the model parameters are given as 

following. The inertia matrix, including 

hydrodynamic added inertia is

g r
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where

41.7,m Y 
0.65g rmx Y  , 5.26.z rI N   (21)

The linear low-frequency damping matrix is 

assumed to be symmetrical
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N N
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where - 6.7Y  , - - 0.5rN Y  
 and 

- 1.78rN  .

In the berthing phase, the ship moves along the 

eY  direction from the starting point (0,1) with 

10[deg] initial heading angle on the right to the 

desired final point (0,0) with 0[deg] in yaw angle 

near the harbor on the left. The tugboats are 

attached on the right side of the ship. The 

damper systems on the left side of the ship are 

used to avoid the collision between the ship and 

harbor.

The moment arms in yaw of tugboats and 

damper systems are 1 0.6tl  [m], 2 0.6tl  [m], 

1 0.4dl  [m], 2 0.4dl  [m].

And using the assumptions 1 2 90[deg]t t     

and 1 2 90[deg],d d  
 the geometrical configuration 

matrix is rewritten as follows:

 
1 2 1 2

1 1 1 1

t t d d

T
l l l l


  

     .                (23) 

Figures 4～7 show the time responses during 

berthing. The designed controller guarantees the 

Fig. 5 Ship motion (distance to the berth) 

Fig. 6 Ship velocity during berthing

Fig. 7 Ship heading angle during berthing
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Fig. 8 Thrusts of tugboat #1 and damper system 

#1

Fig. 9 Thrusts of tugboat #2 and damper system 

#2

good performance of ship motion without 

oscillation, overshoot and steady state error. The 

velocity is kept under limit 0.5[m/s] defined by 

us. Based on the ship performance, it is ensured 

that the ship can move to the berth without 

collision.

Figures 8 and 9 depict the performance of 

tugboats and damper systems during berthing. 

The resulting thrusts of tugboats satisfy the 

given constraint about limited pushing force.

5. Conclusions

In this paper, we proposed a new approach for 

ship berthing with the assistance of tugboats and 

damper systems. A linear quadratic integral 

controller was designed to maneuver the ship 

automatically. The efficiency of the proposed 

approach was evaluated through simulation of the 

model ship in Mat Lab environment. It showed 

good performance and revealed the possibility of 

testing the model in real condition. The 

combination of mooring systems and damper 

systems will be studied to find out suitable 

solution for various ship berthing situations. 
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