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Abstract: Autonomous surface vehicles (ASVs) are seeing a significant development over the
last decade. In recent years, their commercial applications are attracting the attention of many
companies. One of the promising subjects is to develop autonomous tugs for ship berthing.
This paper focuses on the cooperative control of autonomous tugs for ship towing in a berthing
scenario. We propose a multi-layer optimal control strategy for a two-tug towing system to
guarantee a ship reaching a desired position with a desired heading and velocity. In the higher
layer supervisory control, an optimal control method is used to allocate towing forces and
determine towing angles. With the help of these results and geometry relationships, the reference
trajectories of the two autonomous tugs can be calculated online. Based on the reference
trajectories, the trajectory tracking, which is in the lower layer, is addressed. Simulation results
indicate that two autonomous tugs can cooperatively tow the unpowered ship to a desired
position with a desired heading and velocity.

Keywords: Cooperative control, Autonomous surface vehicles, Multi-vessel systems,
Multi-layer optimal control, Ship manipulation

1. INTRODUCTION

Unmanned surface vehicles (USVs) have been developed
since the 1940s, but most of them are remotely con-
trolled vessels(Portmann et al. (2002)). Only during the
last decade have we seen significant development of au-
tonomous surface vehicles (ASVs). Their applications in-
clude early military deployment (Roberts and Sutton
(2006)), latter scientific research (Bertram (2008); Man-
ley (2008)) and now commercial uses (Liu et al. (2016);
Yan et al. (2010)). Starting in 2017, some marine related
companies have already launched future projects to de-
velop the commercial autonomous vessels (Devaraju et al.
(2018)). According to their plans, tugs will be one of the
first vessel classes to become autonomous and the first step
to unmanned autonomous shipping. As such, autonomous
tugs will be a promising research area for emerging com-
mercial applications.

The working process of autonomous tugs involves an ob-
ject manipulation problem applied on the water. Accord-
ing to the way of connection, solutions can be classified
into two categories. The first one is the fixed attachment.
Scholars (Bidikli et al. (2016); Bui et al. (2012); Esposito
et al. (2008); Sartoretti et al. (2016); Smith et al. (2007))
take advantage of a swarm of ASVs to attach in a fixed
way to a large ship or floating platform. These ASVs are
treated as actuators to offer the power for moving the ob-
ject. The object manipulation problem is then transformed
to the control allocation problem (Johansen and Fossen
(2013)). Since this way of object manipulation is a common
practice in robotics, control methods used in robotics can
then be directly applied here. However, when considering
the congested navigation environment and bad weather

conditions, this way is not safe for the manipulated object.
On the one hand, the ASV attachment increases the scale
of the object, which may lead to a collision with other
vessels in the restricted waterways. On the other hand, the
weather disturbances make the motion of the ASV and the
object asynchronous, which may cause the attachment to
break.

Considering the common practice of marine operations
and the performance of tugs (Hensen (2003)), the “soft”
connection is an alternative to the fixed approach to
deal with object manipulation on the water. The object
is transported by ropes or cables connected to multiple
tugs. The manipulation ways are categorized as caging
and towing. Caging manipulation is suitable for liquid
floating objects, the typical application is oil skimming
(Bhattacharya et al. (2011); Giron-Sierra et al. (2014);
Pereda et al. (2011)). The spilled oil is captured and
transported by a boom (the device that can prevent oil
from floating around) through controlling the motion of
two ASVs. Towing manipulation is suitable for a large solid
object, with typical application marine floating facility
transportation. In some research works (Hajieghrary et al.
(2017); Yun and Jian (2018)), the authors take advantage
of a soft connection with cables to control the manipu-
lated unpowered facility tracking a predefined trajectory.
However, for most of the application scenarios like assisted
ship berthing, while guaranteeing the safety of the ship,
not only the position but also the heading and velocity
should be controlled.

Therefore, to fill the gap of the above literatures, we pro-
pose a multi-layer optimal control strategy for ship towing
to manipulate the ship reaching a desired position with
desired heading and velocity. The higher-layer control al-
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ing to the way of connection, solutions can be classified
into two categories. The first one is the fixed attachment.
Scholars (Bidikli et al. (2016); Bui et al. (2012); Esposito
et al. (2008); Sartoretti et al. (2016); Smith et al. (2007))
take advantage of a swarm of ASVs to attach in a fixed
way to a large ship or floating platform. These ASVs are
treated as actuators to offer the power for moving the ob-
ject. The object manipulation problem is then transformed
to the control allocation problem (Johansen and Fossen
(2013)). Since this way of object manipulation is a common
practice in robotics, control methods used in robotics can
then be directly applied here. However, when considering
the congested navigation environment and bad weather

conditions, this way is not safe for the manipulated object.
On the one hand, the ASV attachment increases the scale
of the object, which may lead to a collision with other
vessels in the restricted waterways. On the other hand, the
weather disturbances make the motion of the ASV and the
object asynchronous, which may cause the attachment to
break.

Considering the common practice of marine operations
and the performance of tugs (Hensen (2003)), the “soft”
connection is an alternative to the fixed approach to
deal with object manipulation on the water. The object
is transported by ropes or cables connected to multiple
tugs. The manipulation ways are categorized as caging
and towing. Caging manipulation is suitable for liquid
floating objects, the typical application is oil skimming
(Bhattacharya et al. (2011); Giron-Sierra et al. (2014);
Pereda et al. (2011)). The spilled oil is captured and
transported by a boom (the device that can prevent oil
from floating around) through controlling the motion of
two ASVs. Towing manipulation is suitable for a large solid
object, with typical application marine floating facility
transportation. In some research works (Hajieghrary et al.
(2017); Yun and Jian (2018)), the authors take advantage
of a soft connection with cables to control the manipu-
lated unpowered facility tracking a predefined trajectory.
However, for most of the application scenarios like assisted
ship berthing, while guaranteeing the safety of the ship,
not only the position but also the heading and velocity
should be controlled.

Therefore, to fill the gap of the above literatures, we pro-
pose a multi-layer optimal control strategy for ship towing
to manipulate the ship reaching a desired position with
desired heading and velocity. The higher-layer control al-
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1. INTRODUCTION

Unmanned surface vehicles (USVs) have been developed
since the 1940s, but most of them are remotely con-
trolled vessels(Portmann et al. (2002)). Only during the
last decade have we seen significant development of au-
tonomous surface vehicles (ASVs). Their applications in-
clude early military deployment (Roberts and Sutton
(2006)), latter scientific research (Bertram (2008); Man-
ley (2008)) and now commercial uses (Liu et al. (2016);
Yan et al. (2010)). Starting in 2017, some marine related
companies have already launched future projects to de-
velop the commercial autonomous vessels (Devaraju et al.
(2018)). According to their plans, tugs will be one of the
first vessel classes to become autonomous and the first step
to unmanned autonomous shipping. As such, autonomous
tugs will be a promising research area for emerging com-
mercial applications.

The working process of autonomous tugs involves an ob-
ject manipulation problem applied on the water. Accord-
ing to the way of connection, solutions can be classified
into two categories. The first one is the fixed attachment.
Scholars (Bidikli et al. (2016); Bui et al. (2012); Esposito
et al. (2008); Sartoretti et al. (2016); Smith et al. (2007))
take advantage of a swarm of ASVs to attach in a fixed
way to a large ship or floating platform. These ASVs are
treated as actuators to offer the power for moving the ob-
ject. The object manipulation problem is then transformed
to the control allocation problem (Johansen and Fossen
(2013)). Since this way of object manipulation is a common
practice in robotics, control methods used in robotics can
then be directly applied here. However, when considering
the congested navigation environment and bad weather

conditions, this way is not safe for the manipulated object.
On the one hand, the ASV attachment increases the scale
of the object, which may lead to a collision with other
vessels in the restricted waterways. On the other hand, the
weather disturbances make the motion of the ASV and the
object asynchronous, which may cause the attachment to
break.

Considering the common practice of marine operations
and the performance of tugs (Hensen (2003)), the “soft”
connection is an alternative to the fixed approach to
deal with object manipulation on the water. The object
is transported by ropes or cables connected to multiple
tugs. The manipulation ways are categorized as caging
and towing. Caging manipulation is suitable for liquid
floating objects, the typical application is oil skimming
(Bhattacharya et al. (2011); Giron-Sierra et al. (2014);
Pereda et al. (2011)). The spilled oil is captured and
transported by a boom (the device that can prevent oil
from floating around) through controlling the motion of
two ASVs. Towing manipulation is suitable for a large solid
object, with typical application marine floating facility
transportation. In some research works (Hajieghrary et al.
(2017); Yun and Jian (2018)), the authors take advantage
of a soft connection with cables to control the manipu-
lated unpowered facility tracking a predefined trajectory.
However, for most of the application scenarios like assisted
ship berthing, while guaranteeing the safety of the ship,
not only the position but also the heading and velocity
should be controlled.

Therefore, to fill the gap of the above literatures, we pro-
pose a multi-layer optimal control strategy for ship towing
to manipulate the ship reaching a desired position with
desired heading and velocity. The higher-layer control al-
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Fig. 1. Towing system and the control objective.

locates the towing forces and determines the towing angles
based on the desired states of the ship. According to the
results, the reference trajectories of the two autonomous
tugs can be calculated online, and the lower-layer control
tracks these two online trajectories.

The paper is organized as follows: Section 2 describes the
main problem and transfers it into a mathematical model.
The design of the multi-layer control approach is given in
Section 3. In Section 4, simulation experiments are carried
out to illustrate the potential of the proposed method.
Conclusions and future research directions are given in
Section 5.

2. PROBLEM STATEMENT

Consider a towing system that consists of one ship and two
tugs as shown in Fig. 1. The forward Tug 2 and aft Tug
1 are connected to the Ship by a towline. In the berthing
scenario the ship is assumed to have no power, so the power
sources (control inputs) of the system come from the two
tugs. The control objective is to move the ship from the
initial states (position, heading and velocity) to the desired
states.

Assuming no environmental disturbances, a simplified 3-
DOF (degree of freedom) vessel model is considered in
this paper. The kinematics and kinetics can be expressed
as (Fossen (2011)):

η̇(t) = R(ψ(t))ν(t)

Mν̇(t) +C(ν(t))ν(t) +Dν(t) = τ (t),
(1)

where η(t)=[x(t) y(t) ψ(t)]T∈R3 is the position vector in
the world frame (North-East-Down) including ship posi-
tion coordinates (x(t), y(t)) and heading ψ(t); ν(t)=[u(t)
v(t) r(t)]T∈R3 is the velocity vector in the Body-fixed
frame containing the velocity of surge u(t), sway v(t) and
yaw r(t); R∈R3×3 is the rotation matrix from the body
frame to the world frame, which is a function of heading;
M∈R3×3, C∈R3×3 and D∈R3×3 are the Mass (inertia),
Coriolis-Centripetal and Damping matrix, respectively;
τ (t)=[τu(t) τv(t) τr(t)]

T∈R3 is the controllable input
referring to the forces τu(t), τv(t) and moment τr(t) offered
by actuators in the Body-fixed frame.
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Fig. 2. Schematic diagram of the physical system: (a) Ship;
(b) Tug.

2.1 Dynamics of the Ship

In this work, we assume that the ship cannot move by
itself. The power that move the ship is the forces from the
towlines applied by the two tugs (as shown in Fig. 2 (a)),
which can be expressed as:

τ (t) = −B(α1(t))F1(t) +B(α2(t))F2(t), (2)

where F1(t) and F2(t) are the towing forces of the aft (Tug
1) and forward (Tug 2), respectively. We assume there is
no force loss on the towline. B is the configuration matrix
which is a function of the towing angle (αi(t)), expressed
as:

B =




cos(αi(t))

sin(αi(t))

li sin(αi(t))


 (i = 1, 2), (3)

where li is the distance from the center of gravity of the
ship (G) to the ship stern (l1) or the ship bow (l2).

2.2 Dynamics of the Tugs

In order to meet the flexibility in ship berthing assisting,
the actuator system of the tug generally contains two stern
azimuth thrusters and one bow tunnel thruster, known
as the ASD tug (Hensen (2003)). With the help of three
thrusters, the tug can obtain omnidirectional forces and
moments. So the control inputs of the tugs consist of the
reaction towing force and the thrusters (as shown in Fig. 2
(b)). The kinetics of the tugs can be expressed as:

Miν̇i(t) +Ci(νi(t))νi(t) +Diνi(t)

= τFi(t) + τi(t) (i = 1, 2),
(4)

where τi(t)=[τui(t) τvi(t) τri(t)]
T∈R3 is the forces

τui(t), τvi(t) and moment τri(t) offered by tug thrusters;
τFi(t)∈R3 is the reaction towing force, expressed as:

τFi(t) = Bi(βi(t))Fi(t)

Bi =




cos(βi(t))
sin(βi(t))

lTi sin(βi(t))


 (i = 1, 2),

(5)

where Bi is the configuration matrix of the tugs; βi(t) is
the tugging angle; lTi

is the distance from the center of
gravity of the tug (Gi) to the tug stern (lT2

) or the tug
bow (lT1

).

Based on the above modelling, it can be seen that the link
between the ship system and the tug system is the towing
force Fi(t). For the ship, the towing force provides power
to move. The effect of F1(t) is to increase the ship speed
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locates the towing forces and determines the towing angles
based on the desired states of the ship. According to the
results, the reference trajectories of the two autonomous
tugs can be calculated online, and the lower-layer control
tracks these two online trajectories.

The paper is organized as follows: Section 2 describes the
main problem and transfers it into a mathematical model.
The design of the multi-layer control approach is given in
Section 3. In Section 4, simulation experiments are carried
out to illustrate the potential of the proposed method.
Conclusions and future research directions are given in
Section 5.

2. PROBLEM STATEMENT

Consider a towing system that consists of one ship and two
tugs as shown in Fig. 1. The forward Tug 2 and aft Tug
1 are connected to the Ship by a towline. In the berthing
scenario the ship is assumed to have no power, so the power
sources (control inputs) of the system come from the two
tugs. The control objective is to move the ship from the
initial states (position, heading and velocity) to the desired
states.

Assuming no environmental disturbances, a simplified 3-
DOF (degree of freedom) vessel model is considered in
this paper. The kinematics and kinetics can be expressed
as (Fossen (2011)):

η̇(t) = R(ψ(t))ν(t)

Mν̇(t) +C(ν(t))ν(t) +Dν(t) = τ (t),
(1)

where η(t)=[x(t) y(t) ψ(t)]T∈R3 is the position vector in
the world frame (North-East-Down) including ship posi-
tion coordinates (x(t), y(t)) and heading ψ(t); ν(t)=[u(t)
v(t) r(t)]T∈R3 is the velocity vector in the Body-fixed
frame containing the velocity of surge u(t), sway v(t) and
yaw r(t); R∈R3×3 is the rotation matrix from the body
frame to the world frame, which is a function of heading;
M∈R3×3, C∈R3×3 and D∈R3×3 are the Mass (inertia),
Coriolis-Centripetal and Damping matrix, respectively;
τ (t)=[τu(t) τv(t) τr(t)]

T∈R3 is the controllable input
referring to the forces τu(t), τv(t) and moment τr(t) offered
by actuators in the Body-fixed frame.
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2.1 Dynamics of the Ship

In this work, we assume that the ship cannot move by
itself. The power that move the ship is the forces from the
towlines applied by the two tugs (as shown in Fig. 2 (a)),
which can be expressed as:

τ (t) = −B(α1(t))F1(t) +B(α2(t))F2(t), (2)

where F1(t) and F2(t) are the towing forces of the aft (Tug
1) and forward (Tug 2), respectively. We assume there is
no force loss on the towline. B is the configuration matrix
which is a function of the towing angle (αi(t)), expressed
as:

B =




cos(αi(t))

sin(αi(t))

li sin(αi(t))


 (i = 1, 2), (3)

where li is the distance from the center of gravity of the
ship (G) to the ship stern (l1) or the ship bow (l2).

2.2 Dynamics of the Tugs

In order to meet the flexibility in ship berthing assisting,
the actuator system of the tug generally contains two stern
azimuth thrusters and one bow tunnel thruster, known
as the ASD tug (Hensen (2003)). With the help of three
thrusters, the tug can obtain omnidirectional forces and
moments. So the control inputs of the tugs consist of the
reaction towing force and the thrusters (as shown in Fig. 2
(b)). The kinetics of the tugs can be expressed as:

Miν̇i(t) +Ci(νi(t))νi(t) +Diνi(t)

= τFi(t) + τi(t) (i = 1, 2),
(4)

where τi(t)=[τui(t) τvi(t) τri(t)]
T∈R3 is the forces

τui(t), τvi(t) and moment τri(t) offered by tug thrusters;
τFi(t)∈R3 is the reaction towing force, expressed as:

τFi(t) = Bi(βi(t))Fi(t)

Bi =




cos(βi(t))
sin(βi(t))

lTi sin(βi(t))


 (i = 1, 2),

(5)

where Bi is the configuration matrix of the tugs; βi(t) is
the tugging angle; lTi

is the distance from the center of
gravity of the tug (Gi) to the tug stern (lT2

) or the tug
bow (lT1

).

Based on the above modelling, it can be seen that the link
between the ship system and the tug system is the towing
force Fi(t). For the ship, the towing force provides power
to move. The effect of F1(t) is to increase the ship speed
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and alter the heading, the effect of F2(t) is to decrease
the ship speed and stabilize the course. For the tugs,
the towing force is an external effect which needs to be
compensated. Thus, the function of the tug thruster forces
and moment τi(t) can be separated into two parts: one is
to offer the power to tow the ship (compensate the towing
force), another is to offer the power to move the tug itself.

3. MULTI-LAYER CONTROL ARCHITECTURE

According to the characteristics of the towing system and
the control objective, a multi-layer control architecture is
used (Zheng et al. (2017); Chen et al. (2018)). The towing
system is divided into a physical layer and a control layer.
The physical layer contains all the hardware equipment,
including hull, actuators (thrusters), towlines, computers,
sensors, etc. The control layer refers to the software,
including the controller and computation unit.

The goal of the controller is to manipulate the ship to
a desired place with desired heading and velocity, i.e.
η = ηd,ν = νd. Based on the dynamics equations of the
ship and tugs ((1)∼(5)), the control layer is designed as a
two-layer structure (shown in Fig. 3).

Tug 1
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Tug 1 System
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Fig. 3. System control diagram.

In the higher-layer, the goal (ηd,νd) and measured
(η(t),ν(t)) ship states are used by the supervisory con-
troller to output the desired towing angles (αi) and forces
(Fi). Then, these results are deployed by the reference sys-
tem to calculate the desired trajectory (ηid) for each tug.
In the lower-layer, based on the calculated tug reference
trajectories, the two tug controllers input proper forces
and moment (τi) into the tug systems to compensate the
desired towing forces and move the tugs.

The details of the two control approaches and the reference
computation process in the higher-layer are given below.

3.1 Supervisory Controller

The objective of the supervisory controller is to determine
the towing forces (Fi(t)) and angles (αi(t)) that make the

ship reach the desired states (ηd,νd), given that all the
constraints of the ship (plant) and the towing forces and
angles (control input) are satisfied, in an optimal way.

The cost function of the supervisory controller is defined
as:

J(t) = w1e
T
η (t)eη(t) + w2e

T
ν (t)eν(t)

eη(t) = ηC(t)− ηd

eν(t) = νC(t)− νd,

(6)

where eη(t)∈R3 and eν(t)∈R3 are the position and ve-
locity error, respectively; w1 and w2 are the weight co-
efficients and they are constant and positive scalars;
ηC(t)∈R3 and νC(t)∈R3 are the calculated ship position
and velocity, respectively. The calculated ship states sat-
isfy the ship dynamics constraints ((1)∼(3)):

η̇C(t) = R(ψC(t))νC(t)

ν̇C(t) = M−1[−C(νC(t))νC(t)−DνC(t)−
B(α1(t))F1(t) +B(α2(t))F2(t)],

(7)

Apart from the dynamics constraints, according to the
physical law and tug practical operation (Hensen (2003)),
the towing forces and angles have to satisfy saturation
constraints:

αi ∈ [−π/2 , π/2]

Fi ∈ [0 , Fimax] (i = 1, 2),
(8)

where Fimax is the maximum value of towing force that
the two towlines withstand.

Furthermore, the performance of the trajectory tracking in
the lower-layer is related to the quality of the tug reference
trajectory, which is affected by the change rate of the
towing angles and forces. Thus, a saturation constraint
of the change rate for the two towing angles and forces is
set to make the reference trajectory smooth:

|α̇i| ≤ ᾱi∣∣∣Ḟi

∣∣∣ ≤ F̄i (i = 1, 2),
(9)

where ᾱi and F̄i are the maximum change rate value of
towing angle and force, respectively.

3.2 Reference determination

The objective of Reference System in the system control
diagram (Fig. 3) is to calculate the expected trajectories,
which form a reference for the lower-layer controllers, for
two tugs. The desired geometry relationship between the
ship and tug is used for the computation (as shown in
Fig. 4 and Fig. 5).

According to the relationship in Fig. 4, the desired position
and heading of Tug 1 can be expressed as:[

x1d

y1d
ψ1d

]
=

[
x
y
ψ

]
+

[− sin(ψ)
− cos(ψ)

0

]
l1+

[− sin(ψ + α1)
− cos(ψ + α1)

0

]
(ltow1 + lT1) +

[
0
0
1

]
α1,

(10)

where ltow1
is the length of the towline 1.
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According to the relationship in Fig. 5, the desired position
and heading of Tug 2 can be expressed as:[

x2d

y2d
ψ2d

]
=

[
x
y
ψ

]
+

[
sin(ψ)
cos(ψ)

0

]
l2+

[
sin(ψ + α2)
cos(ψ + α2)

0

]
(ltow2

+ lT2
) +

[
0
0
1

]
α2,

(11)

where ltow2
is the length of the towline 2.

It can be seen from (10) and (11) that the reference
trajectory of two tugs are related to the position state
of the ship ([x y ψ]T) and the towing angle (αi). Thus, the
desired position vector of the tug can be expressed as:

ηid =



xid

yid
ψid


 = fi(ηE, αi), (12)

where ηE is the expected trajectory of the ship calculated
from the supervisory controller; fi stands for (10) (i=1)
and (11) (i=2).

3.3 Tug Controller

The objective of the tug controller is to determine the
thruster forces and moment (τi(t)) for a tug to track the

Tug 1 1

1
1d

towline

(a)

Tug 22

towline
2d

2

(b)

Fig. 6. Relationship among tugging angle βi, desired tug
heading ψid and actual tug heading ψi: (a) Tug 1; (b)
Tug 2.

real-time reference trajectories (ηid(t)) . The cost function
of this controller is defined for Tug i as:

Ji(t) = (eηi(t))
Teηi(t)

eηi(t) = ηiC(t)− ηid(t),
(13)

where eηi(t) is the position error; ηiC(t) is the calculated
tug position, which satisfies the tug dynamics constraints
((4) and (5)):

η̇iC(t) = Ri(ψiC(t))νiC(t)

ν̇iC(t) = Mi
−1[−Ci(νiC(t))νiC(t)−DiνiC(t)

+Bi(βi(t))Fi(t) + τi(t)],

(14)

According to the relationship among tugging angle βi,
desired tug heading ψid and actual tug heading ψi (shown
in Fig. 6), the tugging angle can be expressed as:

βi = ψid − ψi, (15)

In addition, the forces and moment of the thrusters have
to satisfy saturation constraints:

τi ∈ [−τimax , τimax] (i = 1, 2) (16)

where τimax is the maximum value of the thruster forces
and moment.

4. SIMULATION RESULTS

In this section, simulation results are presented to show
the performance of the proposed control method when
applying these to scale ship models.

4.1 Simulation setup

The two tugs are represented by the “TitoNeri”, which
is developed by TU Delft (Haseltalab and Negenborn
(2019)). The ship model considered is the “CyberShip
II ”, which has been developed by NTNU (Skjetne et al.
(2004)).

The parameters of the vessels and towing system are given
in Table 1 and 2, respectively. The values of the weight
coefficients for the controller are chosen as w1 = 1, w2 =
150, which means that the controller puts more penalties
on velocity to make the towing trajectory smoother.

The initial position of the ship is located at the origin with
zero degree of heading and no speed. The coordinates of
the desired position are (xd, yd) = (40, 25), and the desired
heading is ψd = 90◦ with no speed.
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According to the relationship in Fig. 5, the desired position
and heading of Tug 2 can be expressed as:[

x2d

y2d
ψ2d

]
=

[
x
y
ψ

]
+

[
sin(ψ)
cos(ψ)

0

]
l2+

[
sin(ψ + α2)
cos(ψ + α2)

0

]
(ltow2

+ lT2
) +

[
0
0
1

]
α2,

(11)

where ltow2
is the length of the towline 2.

It can be seen from (10) and (11) that the reference
trajectory of two tugs are related to the position state
of the ship ([x y ψ]T) and the towing angle (αi). Thus, the
desired position vector of the tug can be expressed as:

ηid =



xid

yid
ψid


 = fi(ηE, αi), (12)

where ηE is the expected trajectory of the ship calculated
from the supervisory controller; fi stands for (10) (i=1)
and (11) (i=2).

3.3 Tug Controller

The objective of the tug controller is to determine the
thruster forces and moment (τi(t)) for a tug to track the

Tug 1 1

1
1d

towline

(a)

Tug 22

towline
2d

2

(b)

Fig. 6. Relationship among tugging angle βi, desired tug
heading ψid and actual tug heading ψi: (a) Tug 1; (b)
Tug 2.

real-time reference trajectories (ηid(t)) . The cost function
of this controller is defined for Tug i as:

Ji(t) = (eηi(t))
Teηi(t)

eηi(t) = ηiC(t)− ηid(t),
(13)

where eηi(t) is the position error; ηiC(t) is the calculated
tug position, which satisfies the tug dynamics constraints
((4) and (5)):

η̇iC(t) = Ri(ψiC(t))νiC(t)

ν̇iC(t) = Mi
−1[−Ci(νiC(t))νiC(t)−DiνiC(t)

+Bi(βi(t))Fi(t) + τi(t)],

(14)

According to the relationship among tugging angle βi,
desired tug heading ψid and actual tug heading ψi (shown
in Fig. 6), the tugging angle can be expressed as:

βi = ψid − ψi, (15)

In addition, the forces and moment of the thrusters have
to satisfy saturation constraints:

τi ∈ [−τimax , τimax] (i = 1, 2) (16)

where τimax is the maximum value of the thruster forces
and moment.

4. SIMULATION RESULTS

In this section, simulation results are presented to show
the performance of the proposed control method when
applying these to scale ship models.

4.1 Simulation setup

The two tugs are represented by the “TitoNeri”, which
is developed by TU Delft (Haseltalab and Negenborn
(2019)). The ship model considered is the “CyberShip
II ”, which has been developed by NTNU (Skjetne et al.
(2004)).

The parameters of the vessels and towing system are given
in Table 1 and 2, respectively. The values of the weight
coefficients for the controller are chosen as w1 = 1, w2 =
150, which means that the controller puts more penalties
on velocity to make the towing trajectory smoother.

The initial position of the ship is located at the origin with
zero degree of heading and no speed. The coordinates of
the desired position are (xd, yd) = (40, 25), and the desired
heading is ψd = 90◦ with no speed.
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Table 1. Parameters of “CyberShip II ” and
“TitoNeri”.

Vessel
Length
(m)

Width
(m)

Mass
(kg)

Actuators

CyberShip
II

1.255 0.29 23.8

1. Two stern pro-
pellers with two
rudders; 2. One
bow thruster

TitoNeri 0.97 0.30 16.9

1. Two stern
azimuth thrusters;
2. One bow
thruster

Table 2. Parameters of the towing system.

Length of towline ltow1 = 1m ltow2 = 1m

Distance from the ship
centers of gravity

l1 = 0.67m l2 = 0.585m

Distance from the tug
centers of gravity

lT1 = 0.5m lT2 = 0.5m

Maximum values of the
towing forces

F1max = 3N F2max = 3N

Maximum values of the
thruster forces

τ1max = 5N τ2max = 5N

Maximum rate of change
of towing angles

ᾱ1 = 5◦/s ᾱ2 = 5◦/s

Maximum rate of change
of towing forces

F̄1 = 1N/s F̄2 = 1N/s

t = 0 s

t = 25 s

t = 50 s

t = 83 s

t = 120 s

t = 170 s

t = 240 s

t = 350 s

t = 707 s

TitoNeri

CyberShip II

Fig. 7. Simulated towing process.

4.2 Results and discussion

The towing process is shown in Fig. 7, and the time-
varying states of the ship are shown in Fig. 8.

As seen in Fig. 7, the ship (red one) is moved from position
(0, 0) to position (40, 25) by the two autonomous tugs (the
green and blue one), and its heading is changed from 0 to
90 degree during the process. The goal of ηd is achieved. It
can be also found that for the first 350 s, the towing system
has already done most of the route. However, the rest little
part of the route also takes about 350 s (from 350 s to 707
s) to achieve the final goal. The reason is that as the ship

Fig. 8. Position (x, y), heading ψ and velocities (u, v, r) of
the ship.

Fig. 9. Time-varying states of two tugs.

Fig. 10. Position errors of the three vessels.

approaches the goal, its velocity has to be decreased and
finally becomes zero. What the controllers do in the rest
little part of the route is to regulate the ship velocity. This
can be seen in Fig. 8 the time-varying velocities. Thus,
the goal of νd is also achieved. In addition, Fig. 9 shows
the time-varying states of the two tugs, which reflects that
when the ship gradually reaches the goal, the two tugs also
converge to the specific states.

The performance of trajectory tracking can be assessed by
the position errors (ex = x− xd, ey = y − yd) of the three
vessels as shown in Fig. 10. It can be seen that all the
errors converge to 0. The maximum position error for the
ship is less than 0.01 meters, and for the tugs is less than
0.2 meters. Considering the length of the ship and tugs,
this value of maximum errors can be accepted.

5. CONCLUSIONS AND FUTURE RESEARCH

This paper focuses on the cooperative control of au-
tonomous tugs for ship towing in a berthing scenario.
We propose a multi-layer control strategy for the towing
system to guarantee the ship reaches a desired position
with desired heading and velocity. In the supervisory con-
troller, a control method is used to allocate the towing
forces and determine the towing angles. By combining
the geometry relationships, the reference trajectories of
the two autonomous tugs can be calculated online. Based
on the reference, the trajectory tracking, which is in the
lower layer control, is addressed. Simulation experiments
illustrate the performance of the proposed control method.
The results indicate that the two autonomous tugs can
cooperatively tow an unpowered ship to a desired position
with desired heading and velocity.

This paper is a conceptual step toward autonomous tug-
assisted motion control using simplified model-scale ves-
sels. Future research will focus on the following issues: 1)
actual model tests of the model-scale vessels; 2) robustness
of the towing system for the environmental disturbances;
3) collision avoidance of the towing system for the complex
traffic environment; 4) uncertainties of the towing system.
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This paper focuses on the cooperative control of au-
tonomous tugs for ship towing in a berthing scenario.
We propose a multi-layer control strategy for the towing
system to guarantee the ship reaches a desired position
with desired heading and velocity. In the supervisory con-
troller, a control method is used to allocate the towing
forces and determine the towing angles. By combining
the geometry relationships, the reference trajectories of
the two autonomous tugs can be calculated online. Based
on the reference, the trajectory tracking, which is in the
lower layer control, is addressed. Simulation experiments
illustrate the performance of the proposed control method.
The results indicate that the two autonomous tugs can
cooperatively tow an unpowered ship to a desired position
with desired heading and velocity.

This paper is a conceptual step toward autonomous tug-
assisted motion control using simplified model-scale ves-
sels. Future research will focus on the following issues: 1)
actual model tests of the model-scale vessels; 2) robustness
of the towing system for the environmental disturbances;
3) collision avoidance of the towing system for the complex
traffic environment; 4) uncertainties of the towing system.
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