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Dynamic Coordination of Multiple Vessels for Offshore Platform
Transportation

Zhe Du, Rudy R. Negenborn, Vasso Reppa

Abstract— This paper proposes a novel dynamic coordination
control scheme for a physically connected multi-vessel towing
system to transport an offshore platform. The transportation
process is executed by four tugboats, and each of them has a
leading or following role. To render the transportation faster,
the roles of the tugboats can be switched in the towing process.
The dynamic coordination decision mechanism is designed to
allocate in real-time a combination of roles to the tugs by
comparing the position and heading of the offshore platform
to the next waypoint position. A control allocation strategy
is developed to optimally control the position and heading of
the tugboats considering multiple constraints. The reference
trajectory of the tugboats is dynamically calculated based on the
assigned role of each tugboat. A simulation experiment indicates
that the proposed control scheme can enhance the maneuver-
ability of the physically connected multi-vessel towing system
and increase the efficiency of offshore platform transportation.

I. INTRODUCTION
The requirements of ocean renewable energy (wind and

wave energy) motivate the increase of establishing offshore
platforms [1]. Transporting a huge floating object from
inland waters to the open sea is an important but also
hazardous mission. Usually, an offshore platform is manipu-
lated by coordinating several physical-connected tugboats. In
recent decades, the rapid development of autonomous surface
vessels (ASVs) has enabled multi-vessel system missions
in more complex maritime operations [2]. Floating object
transportation is one of the typical applications.

Research on the floating object transportation by multiple
ASVs can be classified into two categories: attached ma-
nipulation and tow-based manipulation. The first category
is based on the idea of object manipulation by multi-robot
systems [3]. In this case, each ASV attaches to the surface of
the object tightly, treated as an actuator. In research work [4],
six ASVs attach to a distressed ship, the control strategy is
based on optimal and adaptive control combining Lyapunov
theory. In [5], authors use the redistributed pseudo-inverse
algorithm, which is based on an optimization method and
adaptive sliding mode control method to achieve a task
of ship berthing by four ASVs. Authors in [6] propose a
distributed model predictive control method for three ASVs
to cooperatively transport a floating object, where two ASVs
symmetrically and tightly connect to the two sides of an
object, and one ASV attaches at the back of the object.

The second category adopts the common practice in
maritime: towing manipulation, which is more suitable for
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dynamic offshore water surface environments. In this case,
each ASV is connected to the object by a towline. Scholars
in [7] focus on the course-keeping control of a cylindrical
drilling platform towing system by designing a reinforce-
ment learning-based control method. In [8], an extended
backstepping control method is proposed to let two ASVs
cooperate to manipulate a large buoyant load tracking a
desired trajectory. In [9], a distributed robust cooperative
trajectory tracking control scheme is devised for a towing
system with four ASVs based on the dynamic surface control
technique, adaptive law, and graph theory. The common
practice of the towing-based manipulation methods (also
for ships [10]–[12]) is to consider that the tugboats have
a fixed role. However, this restrains the maneuverability of
the towing system and delays transportation.

The goal and main contribution of this work is the design
of a control scheme to dynamically coordinate multiple
tugboats by alternating their roles in the transportation of
an offshore platform. The problem is formulated in Section
2. The steps of the dynamic coordination given in Section 3
are: first, allocate a combination of roles to the tugs according
to the relations between the position and heading of the
platform and the next waypoint; then, calculate the reference
trajectory of the tugboats based on the assigned roles of each
tug; finally, compute the control inputs for tugboats to track
their reference trajectories considering multiple constraints.
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.

II. PROBLEM STATEMENT
This work aims to efficiently transport an offshore plat-

form to the desired position using four autonomous tugboats.
The motion of the platform and tugboats is described by the
3-DoF (degree of freedom) hydrodynamic model [13], where
the kinematics and kinetics are expressed as:

η̇ηη∗(t) = RRR
(
ψ∗(t)

)
ννν∗(t)

MMM∗ν̇νν∗(t)+CCC∗
(
ννν∗(t)

)
ννν∗(t)+DDD∗ννν∗(t) = τττ∗(t),

(1)

where ∗ stands for O (offshore platform) or I (tugboat,
I ∈ {A,B,C,D}); ηηη∗(t) = [x∗(t) y∗(t) ψ∗(t)]T ∈ R3 is the
position vector in the world frame (North-East-Down) in-
cluding position coordinates

(
x∗(t), y∗(t)

)
and heading

ψ∗(t); ννν∗(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); RRR ∈ R3×3 is the rotation
matrix from the body frame to the world frame, which is
a function of heading; MMM∗ ∈ R3×3, CCC∗ ∈ R3×3 and DDD∗ ∈
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Fig. 1: Schematic diagram of force for the towing system.

R3×3 are the mass (inertia), Coriolis-Centripetal and damping
matrices, respectively; τττ∗(t) = [τ∗u(t) τ∗v(t) τ∗r(t)]T ∈ R3 is
the controllable input referring to the forces τ∗u(t), τ∗v(t)
and moment τ∗r(t) in the body-fixed frame. Fig. 1 is the
schematic diagram showing the forces on the towing system.
The controllable inputs of the platform denoted by τττO(t) are
the forces from the towlines applied by four tugs. We define
two roles for these tugs: Role A and B are leading tugs,
whose role is to accelerate the speed and adjust the heading
of the platform; Role C and D are following tugs, whose role
is to slow down the speed and stabilize the heading of the
platform. Thus, τττO(t) is expressed as:

τττO(t) = τττOA(t)+ τττOB(t)+ τττOC(t)+ τττOD(t)

= BBBOA

(
αA(t)

)
FA(t)+BBBOB

(
αB(t)

)
FB(t)+

BBBOC

(
αC(t)

)
FC(t)+BBBOD

(
αD(t)

)
FD(t),

(2)

where FA(t) ∼ FD(t) are the towing forces, αA(t) ∼ αD(t)
are the towing angles, which can be seen in Fig. 1; BBBOA ∼
BBBOD ∈R3 are the platform configuration matrices, which are
the function of towing angles:

BBBOA =

 sin(αA(t))
− cos(αA(t))

0.5Lsin(αA(t))−0.5W cos(αA(t))

 (3)

BBBOB =

 cos(αB(t))
sin(αB(t))

0.5W sin(αB(t))−0.5Lcos(αB(t))

 , (4)

BBBOC =

 − sin(αC(t))
cos(αC(t))

0.5Lsin(αC(t))−0.5W cos(αC(t))

 , (5)

BBBOD =

 − cos(αD(t))
− sin(αD(t))

0.5W sin(αD(t))−0.5Lcos(αD(t))

 , (6)

where L and W are the length and width of the platform.
The controllable inputs of the tugboats denoted by τττ I(t)

are the thruster forces and moment (omnidirectional forces
generated by azimuth thrusters [14]). For tug A and B,
the effects from the towing lines are the drag forces, their
controllable inputs are expressed as:

τττ I(t) = τττTI (t)−BBBT
(
βI(t)

)
F

′
I (t) (I = A,B); (7)

for tug C and D, the effects from the towing lines are the
propulsive forces, their controllable inputs are expressed as:

τττ I(t) = τττTI (t)+BBBT
(
βI(t)

)
F

′
I (t) (I = C,D), (8)

where τττTI (t) ∈ R3 are the thruster forces and moment of
the tug I; F

′
I (t) is the force applied through a controlled

winch onboard the tugboat to the towing line. Assuming no
force loss on the towing line, then F

′
I (t)≡ FI(t). The winch

onboard can control the length of the towline to enable it
tight. Since the scope of this work focuses on the high-level
control, the low-level winch control is not considered.

The term BBBT ∈ R3 is the tug configuration matrix, which
is a function of the tug angle βI(t) (shown in Fig. 1):

BBBT =

 cos
(
βI(t)

)
sin

(
βI(t)

)
0

 (I = A,B,C,D). (9)

III. DYNAMIC COORDINATION CONTROL

The control diagram is shown in Fig. 2. The dynamic
coordination decision system determines the role of each
tugboat g(i, t) according to the coordinates of the current
waypoint j (xwp( j),ywp( j)) and the current position vector
of the platform ηηηO(t), where g(i, t),(i ∈ {1,2,3,4}) is a tag
function for tugboats to distinguish the roles A, B, C, D. The
control allocation system uses the above calculated data and
the information of the current position and velocity from the
four tugboats and the platform to compute the thruster forces
and moment for each tugboats τττTi(t). Finally, each tugboat
provides the towing forces and moment τττOi(t) to the offshore
platform system for executing the transportation mission.

A. Dynamic Coordination Decision Mechanism

The mechanism of the dynamic coordination decision is
based on the relative position between the platform and the
current waypoint. As shown in Fig. 3, when the angle θO
from the heading of the platform to the direction of the
current waypoint is within a certain value and the waypoint
is at the front of the platform, (Fig. 3 (a)), the front
tugboats 1 and 2 are assigned as the leading tugs (Role
A and B), the behind tugboats 3 and 4 are assigned as
the following tugs (Role C and D); when the angle θO is
over the certain value and the waypoint is at the direction
of the right side of the platform (Fig. 3 (b)), the right-side
tugboats 2 and 3 are appointed as the leading tugs (Role
A and B), the left-side tugboats 4 and 1 are appointed as
the following tugs (Role C and D).

The calculation of the angle from the heading of the
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Fig. 2: Control diagram of the dynamic coordination of four
tugboats to transport an offshore platform.
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Fig. 3: Alternating roles between tugboats.

platform to the direction of the waypoint is expressed as:

θO(t) = arctan
(

xwp( j)− xO(t)
ywp( j)− yO(t)

)
−ψO(t), (10)

where (xO(t),yO(t)) are the coordinates of the platform.
There are four role combinations according to the angle θO,
and the range for each combination is 90◦. The different role
combinations are shown in Fig. 4.

Each role corresponds to a specific reference trajectory of
the tugboat, which is calculated through the desired kinemat-
ics configuration of the towing system. For the leading roles
A and B (as shown in Fig. 5), the key to coupling the motion
of the platform and the tugboats are the following angles:

γ = arctan
(W

L

)
δA(t) = 90◦− γ −ψO(t)
δB(t) = γ −ψO(t),

(11)

Role A Role B

Role C Role D

1 2

43

Platform

1

2

3

4

Role C Role D

Role A Role B

1 2

43

Role D

Role A

Role B

Role C

1

2

4

3

Role B

Role C

Role D

Role A

1

2

4

3 45 45

Fig. 4: Four role combinations of the tugboats. The number
within the circle indicates the tugboat with an assigned role
(A, B, C or D). The green circle stands for the waypoint.
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Fig. 5: Desired geometrical configuration of the system.

where γ is the platform configuration angle; δA(t) and δB(t)
are the linking angles of role A and B. The reference position
and heading of the tugboats then are expressed as:

ψAd(t) = αA(t)+ψO(t)−90◦

xAd(t) = xO(t)+LO cos
(
δA(t)

)
+Ltow cos

(
ψAd(t)

)
yAd(t) = yO(t)−LO sin

(
δA(t)

)
+Ltow sin

(
ψAd(t)

)
,

(12)

ψBd(t) = αB(t)+ψO(t)

xBd(t) = xO(t)−LO sin
(
δB(t)

)
+Ltow cos

(
ψBd(t)

)
yBd(t) = yO(t)+LO cos

(
δB(t)

)
+Ltow sin

(
ψBd(t)

)
,

(13)

where Ltow is the desired length of the towline (all the
towlines are assumed the same value); LO is the distance
from the centre of gravity of the platform to its towing point,
calculated by:

LO =

√
(0.5L)2 +(0.5W )2. (14)

For the following roles C and D, the key angles are:
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δC(t) = 90◦− γ −ψO(t)
δD(t) = γ −ψO(t),

(15)

where δC(t) and δD(t) are the linking angles of role C and
D. The reference position and heading of the tugboats then
are expressed as:

ψCd(t) = αC(t)+ψO(t)−90◦

xCd(t) = xO(t)−LO cos
(
δC(t)

)
−Ltow cos

(
ψCd(t)

)
yCd(t) = yO(t)+LO sin

(
δC(t)

)
−Ltow sin

(
ψCd(t)

)
,

(16)

ψDd(t) = αD(t)+ψO(t)

xDd(t) = xO(t)+LO sin
(
δD(t)

)
−Ltow cos

(
ψDd(t)

)
yDd(t) = yO(t)−LO cos

(
δD(t)

)
−Ltow sin

(
ψDd(t)

)
.

(17)

Besides, it is seen in Fig. 5 that the tug angle βI(t) in
(9) can be solved by the towing angle, tugboat heading, and
platform heading:

βA(t) = αA(t)+ψO(t)−90◦−ψA(t)
βB(t) = αB(t)+ψO(t)−ψB(t)
βC(t) = αC(t)+ψO(t)−90◦−ψC(t)
βD(t) = αD(t)+ψO(t)−ψD(t).

(18)

B. Control Allocation Strategy

The control allocation system has two aims: (1) allocates
the efforts to provide multiple control inputs τττOi(t) to the
platform; (2) calculates the thruster forces and moment of
each tug τττTi(t) to provide the corresponding towing force and
track its reference trajectory. The control constraints of the
towing system include the dynamics of the platform and tugs,
the saturation of the towline and thrusters, and the restriction
of the system configuration. Thus, considering the towing
system is characterized by multiple control inputs and control
constraints, the optimal control method is used to achieve
control allocation and trajectory tracking.

The key to the problem then changes to the design of the
cost function. For the offshore platform, the control objective
is to track the waypoint, while its heading is not considered.
So the cost function is designed as:

JO(t) = wPOeeeT
PO
(t)eeePO(t)+wVOVVV T

OC
(t)VVV OC(t), (19)

where wPO and wVO are the weight coefficients of the
platform (positive scalar); eeePO(t)∈R2 and VVV OC(t)∈R2 are
the position error and linear velocity of the platform, re-
spectively, expressed as:

eeePO(t) = [xOC(t) yOC(t)]
T − [xwp( j) ywp( j)]T

VVV OC(t) = [uOC(t) vOC(t)]
T,

(20)

where xOC(t), yOC(t) and uOC(t), vOC(t) are the calculated
position and linear velocity of the platform.

The control objective of the tugboat is to track its reference
trajectory, which contains the tug’s position and heading, so
the cost function is designed as:

Ji(t) = wPieee
T
ηi
(t)eeeηi(t)+wViννν

T
iC(t)ννν iC(t), (21)

where wPi and wVi are the weight coefficients of the tugboat i
(positive scalar); ννν iC(t)∈R3 is the calculated velocity vector;
eeeηi(t)∈R3 is the position and heading error of the tugboat i,
expressed as:

eeeηi(t) = ηηη iC(t)−ηηη id(t), (22)

where ηηη iC(t)∈R
3 and ηηη id(t)∈R

3 are the calculated and ref-
erence position vector (position and heading) of the tugboat
i, respectively.

The terms xOC(t), yOC(t), uOC(t) and vOC(t) in (20) are
constrained by the platform dynamics, calculated by (1) –
(6); the vectors ννν iC(t) in (21) and ηηη iC(t) in (22) are con-
strained by the tugboat dynamics, calculated by the (1) and
(7) – (9). The calculation of ηηη id(t) = [xid(t) yid(t) ψid(t)]T

is introduced in the previous section.
Then, the framework of the control allocation can be

formulated as:

J∗(t) = min
τττO(t),τττ i(t)

(
JO(t)+

4
∑

i=1
Ji(t)

)
, (23)

Subject to (i ∈ {1,2,3,4}),
0◦ ≤ αi(t)≤ 90◦ (24)

0 ≤ Fi(t)≤ Fimax (25)
−τττ imax ≤ τττ i(t)≤ τττ imax (26)

|α̇i(t)| ≤ ᾱi (27)∣∣Ḟi(t)
∣∣≤ F̄i (28)

|τ̇ττ i(t)| ≤ τ̄ττ i, (29)

where Fimax is the maximum value of towing force that the
two towing lines withstand; τττ imax is the maximum value
of the thruster forces and moment; ᾱi, F̄i and τ̄ττ i are the
maximum change rate value of the towing angles, the towing
forces and the thruster forces and moment, respectively.

IV. SIMULATION EXPERIMENT

The simulated offshore platform is a virtual model based
on [15] with the weight mO = 3.345 kg and enlarged width
and length W = 1.2 m, L = 1.6 m. The simulated tugboat is
a virtual model based on [16] with the weight mO = 16.9 kg
and shrunk length li = 0.6 m. For the platform in the towing
system, Ltow = 1.5 m, Fimax = 0.3 N, and ᾱi = 5◦/s, F̄i =
0.01 N/s; for the each tugboat in the towing system, τττ imax =
[2 N 2 N 1 Nm]T and τ̄ττ i = [1 N/s 1 N/s 0.5 Nm/s]T.

The weight coefficients in cost function (19) and (21) are
set as: wPO = 1; wVO = 100; wPi = 1; wVi = 1. We define two
scenarios with the same control parameters and objectives to
simulate the transportation process except that: the towing
system in Scenario I applies the control scheme that the tag
function g(i) is constant for each tug i; while in Scenario II
the system uses the proposed control scheme.

As shown in Fig. 6, four time-sampled states of the towing
system illustrate the towing processes in two scenarios. From
t1 = 0s to t2 = 135 s, the platform and four tugs have the
same trajectories which is the straight path, and tug 1 and 2
are the leader tugs, tug 3 and 4 are the follower tugs. After
reaching the waypoint, the four tugboats keep their previous
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(b) Towing process in Scenario II

Fig. 6: Four time-sampled states of the towing system.

configurations in Scenario I; while in Scenario II, because
of the waypoint changing, tug 1 and tug 3 change their roles
to become follower and leader tug, respectively.

From t2 to t3, the four tugboats of the towing system
manipulate the platform with different configurations in two
scenarios, and at time instant t3 the configurations are differ-
ent between Scenario I and II. t4 is the settling time, at which
the states of the ship satisfy the following conditions: i) the
distance from the current position to the desired position
is less than half length of the ship; ii) the surge and sway
velocities are less than 0.01 m/s. It can be seen that the

Platform                 Tug 1                      Tug 2
Tug 3                      Tug 4                      Desired

(a) Position of the platform and tugboats: the top two figures are
Scenario I, the bottom two figures are Scenario II.

(b) Linear velocities of the platform and tugboats: the top two figures
are Scenario I, the bottom two figures are Scenario II.

Fig. 7: Time-varying of the states for the platform and four
tugboats in two scenarios.

platform achieves its destination in both two scenarios, but
the time cost in Scenario II is less.

The time-varying of the states for the platform and four
tugboats in two scenarios are shown in Fig. 7. Fig. 7 (a) is
the changes of position. It can be seen that the coordinates
of the platform reach the desired values in two scenarios, but
Scenario II reaches the values first. In addition, the positions
of four tugs in Scenario II have big changes around 135s,
which is the time instant of waypoint changing. Fig. 7 (b) is
the changes of linear velocity. The velocities of the platform
reach their desired values in two scenarios, and after the
waypoint changing (135 s), the velocities of four tugs also
reflect big changes in Scenario II, which leads to the increase
of the platform velocities. The above position and velocity
changes explain the reason for the less time cost of the
towing process in Scenario II.

The values of the towing angles and forces are seen in
Fig. 8, which satisfy the saturation constraints. Due to the
tug role switching in Scenario II, the magnitude changes of
the towing angles in this scenario are shown greater than
those in Scenario I. As for the towing forces, except for F4
that has no changes in both scenarios, the rate changes of
the other three forces in Scenario II are higher than those
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Scenario I                 Scenario II 

(a) Value of the four towing anglesScenario I                 Scenario II 

(b) Value of the four towing forces

Fig. 8: Time-varying of the control inputs for the platform
in two scenarios.

in Scenario I. This explains the bigger changes of the linear
velocities in Scenario II. It is noticed that the magnitudes
of these forces are small because the weight of the tugboat
is 5 times of the platform, there is no need much forces to
manipulate the platform. It can also be seen from Fig. 8 that
there are not many fluctuations in towing angles and forces,
even in switching between leaders and followers.

V. CONCLUSIONS AND FUTURE RESEARCH

This paper proposed a dynamic coordination control
scheme for the transportation of an offshore platform with
a physically connected multi-vessel towing system. The
dynamic coordination decision mechanism and the control
allocation strategy formed the core of the proposed scheme.
The decision mechanism was designed through the rela-
tions of current platform states and next waypoint position,
and four role combinations were defined for dealing with
different scenarios. Based on the assigned tug roles, the
corresponding real-time reference trajectory of the tugboats
was calculated for motion coupling between the platform
and tugboats. The control allocation strategy was developed
by the optimization method to track the dynamic reference
trajectory of tugboats considering multiple constraints. A
simulation experiment indicated that the proposed control
scheme can enhance the maneuverability of the physically

connected multi-vessel towing system and increase the effi-
ciency of offshore platform transportation.

Future research will focus on dealing with environmental
disturbances and designing a distributed control architecture
for the offshore platform towing system.
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