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Multi-Objective Cooperative Control for
a Ship-Towing System in Congested

Water Traffic Environments
Zhe Du , Rudy R. Negenborn , and Vasso Reppa , Member, IEEE

Abstract— This paper proposes a multi-objective cooperative
control method for a ship-towing system in congested water
traffic environments. The control objectives are to coordinate
multiple autonomous tugboats for transporting a ship to: (i) fol-
low the waypoints, (ii) adjust the heading, (iii) track the speed
profile, and (iv) resolve collisions. The problem is tackled by the
design of multiple control agents distributed in two control layers.
Based on the strategy of model predictive control (MPC), the
supervisory controller in the higher layer calculates the towing
angles and forces of the ship, the tug controller in the lower layer
computes the tug thruster forces and moment. The consensus
between the lower and higher layer control is achieved by using
the altering direction method of multipliers (ADMM) that makes
the predicted tug position and heading approach to the desired
tug trajectory. Simulation experiments indicate that the proposed
method coordinates multiple autonomous tugboats to transport
a ship smoothly and effectively and succeeds in multiple control
objectives, in the meantime, the avoidance operation complies
with COLREGS rules.

Index Terms— Multi-objective control, distributed cooperative
control, autonomous surface vessels (ASVs), multi-vessel ship-
towing system.

I. INTRODUCTION

THE trend of the world shipping industry is green, safe,
and efficient, where Autonomous Surface Vessels (ASVs)

play an important role to achieve these objectives [1]. In recent
years, their development has been mitigated from fundamental
research to civil and commercial uses [2]. Meanwhile, with the
increasing complexity of applications, the research of ASVs
has changed from single vessel to multi-vessel systems.

According to the way of connection, multi-vessel sys-
tems are classified into two types: cyber-connected and
physical-connected systems [3]. In the first case, all vessels
are clustered within a safe distance forming a certain for-
mation shape. In the second case, there is a physical link
(through cables or directly by attaching) between vessels, and
a floating object is often involved. The above two multi-vessel
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systems always involve many control objectives, like waypoint
(position) following, heading adjusting, and speed tracking.
In some cases, the distance is also controlled to resolve
collisions. Different from the other three objectives which
are directly related to specific missions, speed control focuses
on improving the motion by smoothing the trajectory. There
is limited research working on this control objective, mostly
focusing on the single vessel system, as shown in Table I.

For the speed control of a single vessel system, the main
research goal is to regulate the surge speed to a constant
value. In [8], scholars propose a backstepping-based adap-
tive speed controller to maintain a reference speed; in [9],
an adaptive model predictive controller is proposed to regulate
the speed of an ASV under the unknown model parameters
of dynamics. Some research works have investigated both
the speed and heading control of the ASV to regulate speed
and heading to make them reach the corresponding reference
values [4], [5], [6], [7].

For the cyber-connected vessel system, the research goal
is formation control. The control objectives are mainly the
position and heading. Authors in [10], [11], and [12] use the
leader-follower strategy to make a swarm of ASVs follow
the trajectory of a (virtual) leader vessel, where the desired
relative position and heading with respect to the leader are the
control objectives of the followers. Some scholars concern the
collision avoidance during the moving process, they design
a changeable formation that can make each vessel avoid
obstacles [13], [14], [15].

For the physical-connected vessel system, the research focus
is the floating object manipulation. Compared to the cyber-
connected system, this type has less ability of maneuvering and
more constraints on dynamics. The control objectives aim for
the transported floating object. In the beginning, scholars work
on transporting the object to the desired position (position
control) [16], [17], [18]. Later on, as the floating object
becomes specific, like a large ship, the heading of the object
requires to be regulated. Authors in [19] and [20] use six
ASVs to attach on a large ship and manipulate it to the desired
position with the desired heading. Some scholars consider that
a floating object is transported for tracking a reference path in
an obstacle environment by one attached ASV and two towed
ASV [21].

It is observed that there is a lack of research focusing
on speed control of the multi-vessel systems. As a typical
application, ship-towing transportation is an important but
also challenging operation in the maritime. Usually, before
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TABLE I

CLASSIFICATION OF MULTI-VEHICLE SYSTEMS AND CONTROL AND AVOIDANCE METHODS

carrying out the towage, speed recommendations are given
for dealing with emergencies [22], [23]. From the viewpoint
of collision avoidance, all the vessels that take actions of
avoidance should comply with standards of global regulations
called “The International Regulations for Preventing Collisions
at Sea”, shortly COLREGS [24]. In the regulation, rules 13-17
are usually considered by scholars, but rule 6, which requests
a safe speed for every vessel, is ignored. Thus, it is necessary
to consider the speed control for a ship-towing system.

From the point of the control architecture shown in Table I,
the research of the single-vessel system adopts both centralized
(for only one control objective) and distributed (for two
control objectives) ones. While for the multi-vessel systems,
the architecture is usually the distributed control, because
compared to the centralized one this architecture is better in
scalable application scenarios and tolerance to failures [25].

In previous works, the authors have investigated different
control objectives for a ship-towing system: the position
and heading control [3], [26], the distance control (collision
resolution) [27], [28], and the speed control [29]. How-
ever, no research considers how to coordinate properly for
these control objectives to implement all of them effectively.
Therefore, the contribution of this work is to propose a
multi-objective cooperative control scheme for a physical-
connected multi-vessel towing system. Moreover, a set of
key performance indicators is defined to check to what
extent these objectives are achieved. The proposed control
scheme coordinates the multiple autonomous tugboats to make
the floating object follow the waypoints, adjust the head-
ing, track the speed profile, and resolve collisions. In the

meantime, the avoidance operation complies with COLREGS
rules (Rules 6 and 13-17).

The remainder of this paper is organized as follows.
Section II formulates the main problem and the kinematics
and kinetics model of the towing system. The design of the
proposed control scheme and the definition of a set of key
performance indicators are given in Section III. In Section IV,
simulation experiments are carried out for representative situ-
ations to illustrate the potential of the proposed scheme. Con-
clusions and future research directions are given in Section V.

II. PROBLEM STATEMENT AND SYSTEM MODELING

The towing system considered in this paper consists of three
vessels, two ASVs are the tugboats located at the front and
rear of an unpowered ship providing power: the role of the
front one is to increase the speed and adjust the heading of the
ship, and the role of the other one is to decrease the speed and
steady the heading of the ship. The motion of each individual
vessel is represented by the 3-DOF hydrodynamic model [30]:

η̇∗(t) = R
(
ψ∗(t)

)
ν∗(t)

× M∗ν̇∗(t)+ C∗
(
ν∗(t)

)
ν∗(t)+ D∗

(
ν∗(t)

)
ν∗(t)

= τ ∗(t), (1)

where ∗ stands for S (ship) or i (tug, i = 1, 2); η∗(t) =
[x∗(t) y∗(t) ψ∗(t)]T ∈ R

3 is the position vector in the world
frame (North-East-Down) including position coordinates(
x∗(t), y∗(t)

)
and heading ψ∗(t); ν∗(t) = [u∗(t) v∗(t)

r∗(t)]T ∈ R
3 is the velocity vector in the body-fixed

frame containing the velocity of surge u∗(t), sway v∗(t) and
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Fig. 1. Geometrical relationship between the ship and tugs.

yaw r∗(t); R ∈ R
3×3 is the rotation matrix from the body

frame to the world frame, which is a function of heading:

R
(
ψ∗(t)

) =
⎡
⎣cos

(
ψ∗(t)

) − sin
(
ψ∗(t)

)
0

sin
(
ψ∗(t)

)
cos

(
ψ∗(t)

)
0

0 0 1

⎤
⎦ ; (2)

M∗ ∈ R
3×3, C∗ ∈ R

3×3 and D∗ ∈ R
3×3 are the mass

(inertia), Coriolis-Centripetal and damping matrices; τ∗(t) =
[τ∗u(t) τ∗v(t) τ∗r(t)]T ∈ R

3 is the controllable input referring
to the forces τ∗u(t), τ∗v(t) and moment τ∗r(t) in the body-fixed
frame. This model decomposes the motion of a vessel into
forwarding (surge) and steering (sway and yaw) parts. So the
speed control in this paper refers to regulating the magnitude
of the surge velocity.

A. Kinematics of the Towing System

Assuming the desired elongation of the towline ltowi that
guarantees the action of the restoring forces and the collision
avoidance between the transported ship and the two tugs, the
configuration of the towing system can be determined by the
geometrical relationship of the three vessels [26]. As shown
in Fig. 1, the desired position and heading of tug i (ηid (t) =
[xid (t) yid (t) ψid (t)]T, i = 1, 2) are calculated by

ηid(t) = ηS(t)+ (ltowi + lTi )Ei
(
ψS(t), αi (t)

)
+ li H i

(
ψS(t)

) + αi (t)[0 0 1]T, (3)

where ηS(t) is the position and heading of the ship; lTi is
the distance from the center of gravity of the tug to its bow
(lT1 for Tug 1) or stern (lT2 for Tug 2); li is the distance
from the center of gravity of the ship to its stern (l1) or its
bow (l2); αi (t) is the towing angle; Ei ∈ R

3 and H i ∈ R
3 are

the vectors related to the heading of the ship and the towing
angles, formulated as:

Ei = (−1)i

⎡
⎣sin

(
ψS(t)+ αi (t)

)
cos

(
ψS(t)+ αi (t)

)
0

⎤
⎦ , (4)

H i = (−1)i

⎡
⎣sin

(
ψS(t)

)
cos

(
ψS(t)

)
0

⎤
⎦ . (5)

Equations (3)-(5) show that the desired tug trajectory ηid(t)
is calculated based on the ship position vector ηS(t) and the
ship towing angles αi (t).

B. Kinetics of the Towing System

According to the 3-DoF hydrodynamic model (1), the key to
the kinetics of the towing system is to model the controllable
inputs τ∗(t) [3].

For the manipulated ship, the controllable inputs (τ S(t)) are
the forces and moment from the towing lines applied by the
two tugs (seen in Fig. 1), which can be expressed as:

τ S(t) = τ S1(t)+ τ S2(t) =
2∑

i=1

BS
(
αi (t)

)
Fi (t), (6)

where Fi (t) is the towing forces; B ∈ R
3 is the configuration

matrix which is a function of the towing angle:

BS =
⎡
⎣ cos

(
αi (t)

)
sin

(
αi (t)

)
li sin

(
αi (t)

)
⎤
⎦ (i = 1, 2). (7)

For the i -th tug, the controllable inputs denoted by τ i are the
thruster forces and moment (omnidirectional forces generated
by azimuth thrusters [31]), expressed as:

τ i (t) = Bi
(
βi (t)

)
F ′

i (t)+ τ Ti (t), (8)

where Bi ∈ R
3 is the configuration matrix of the tug i , which

is a function of the tug angle βi (t):

Bi =
⎡
⎣ cos

(
βi (t)

)
sin

(
βi (t)

)
lTi sin

(
βi (t)

)
⎤
⎦ (i = 1, 2); (9)

βi (t) is the deviation between the actual and desired heading
of the tugs, calculated by:

βi (t) = ψS(t)+ αi (t)− ψi (t); (10)

τTi (t) ∈ R
3 is the forces and moment to move the tug i ; F ′

i (t)
is the force applied through a controlled winch onboard the
tugboat to the towline (seen in Fig. 1). Assuming no force loss
on the towline, then F ′

i (t) ≡ Fi (t). In this work, we do not
consider the bottom-level winch control and the detailed model
of the force Fi as a function of the elastic elongation and the
generalized stiffness that depends on the material, diameter
and the strand construction of the towline [32].

III. MULTI-OBJECTIVE CONTROL SCHEME

The basic idea of the multi-objective cooperative control
scheme is to design controllers with different objectives dis-
tributed in two control layers.

As shown in Fig. 2, in the higher-layer, according to the
desired position, heading ηSd(t) and speed νSd(t) of the
ship output from the ship reference system, the obstacle
information ηob(t), and the current states of the ship ηS(t),
νS(t), the supervisory controller (located on the ship) carries
out the tasks of waypoints following, speed profile tracking,
and collision resolution for the transported ship. Meanwhile,
it outputs the predicted ship surge speed uSP(t), the predicted
towing forces FiP (t), and the desired tug trajectory ηid(t)
(which is a function of the predicted towing angles αiP (t)).
The tug controller (located on the tugs) uses this data, the
obstacle information, and the current states of tugs ηi (t), ν i (t)
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Fig. 2. System control diagram.

to perform the tasks of trajectory and surge speed tracking, and
collision resolution. In order to reach a consensus between
the lower-layer and higher-layer control, the tug controller
first outputs the predicted tug position and heading ηiP (t) and
shares them with the supervisory controller. Then, both higher
and lower layer controllers update the corresponding data to
make the predicted tug position and heading approach to the
desired tug trajectory as much as possible (ηiP (t) → ηid(t)).
When the consensus is achieved, the tug controller outputs the
thruster forces and moment τ i (t) to the tug system. Based
on the calculated thruster propulsion, the two autonomous
tugs cooperatively provide manipulating forces and moment
(τ S1(t), τ S2(t)) to make the ship achieve multiple objectives.

A. Ship Reference System

The ship reference system is to provide the reference
position, heading, and surge speed of the manipulated ship,
which are determined by comparing between the detection
distance dD and obstacle distance dob(t), expressed as:{

ηSd(t) = ηSq, νSd(t) = νSq dob(t) > dD

ηSd(t) = ηSn, νSd(t) = νSn dob(t) ≤ dD

dob(t) = min
{

dSj (t), d1 j (t), d2 j (t)
}
, (11)

where ηSq and νSq are the predefined position and velocity
references of waypoint q; ηSn and νSn are the new (updated)
position and velocity references; dSj (t), d1 j (t), and d2 j (t) are
the distances from the obstacle j to the manipulated ship,
to the tug 1, and to the tug 2, respectively. Such a definition
of the obstacle distance dob(t) in (11) is the reason that the
three vessels in the towing system are indivisible systems, the
risk from the obstacles should be alert by the closest vessel.

The new reference ηSn is calculated based on the
COLREGS Rules 13-17, where Rules 13 to 15 provide

definitions and operations of the situations of overtaking,
head-on, and crossing that a single vessel may encounter;
Rule 16 describes the generic actions that the give-way vessels
should take; Rule 17 indicates the actions that the stand-on
vessels should take. While for the multiple vessels in the
towing system, the above operations can be equivalently con-
verted to taking advantage of the waypoint clockwise altering
to calculate the new position and heading, expressed as:

ηSn =
⎡
⎣xSn

ySn
ψSn

⎤
⎦ =

⎡
⎣xSq−1

ySq−1
ψSq

⎤
⎦ + r

⎡
⎣sin(θ)

sin(θ)
θ/r

⎤
⎦

r =
∥∥∥∥
[

xSq−1
ySq−1

]
−

[
xSq

ySq

]∥∥∥∥
2

, (12)

where xSq−1 and ySq−1 are the coordinates of the last
waypoint q − 1; xSq and ySq are the coordinates of the
current waypoint q; r is the distance between the above
two waypoints; ψSq is the current predefined heading along
the waterway direction; θ is the altering angle satisfying
0◦ < θ < θmax, where the lower boundary is for clockwise
rotation, and the upper boundary is defined based on spatial
constraint (θmax = arctan(d(t)/ l(t)), where l(t) is the distance
between two waypoints; d(t) is the minimum distance from
the predefined path to the edge of the spatial boundaries).

The new reference νSn is updated according to the
COLREGS Rule 6. This rule suggests a safe speed for every
vessel to make sure it can take proper and effective action
to avoid collisions. Although Rule 8 points out that altering
only the course may be the most effective action to avoid a
close-quarters situation with sufficient sea room, this is in the
case of a single vessel. For a physical-connected multi-vessel
system, a safe speed can guarantee more response time for
such a motion-restricted system taking actions of avoidance.
Thus, the updated speed profile is defined as:

νSn =
⎡
⎣uSn
vSn
rSn

⎤
⎦ =

⎡
⎣au

1
1

⎤
⎦
⎡
⎣uSq

vSq

rSq

⎤
⎦ , (13)

where uSq , vSq and rSq are the current surge, sway and
yaw speed profiles, respectively; au is the speed reduction
coefficient and 0 < au < 1. From (13), the speed profile
update is to slow down the surge speed. The value of au

is determined by the relative position, course, and velocity
between the ship and obstacles, which belongs to the research
of the risk assessment and is out of the scope in this paper.

B. Supervisory Controller

The control objectives of the supervisory controller are
to make the ship follow waypoints, track speed profile,
and resolve collision; the control inputs include two towing
angles and two towing forces; while the constraints include
the ship dynamics, the actuator saturation, and the system
configuration. For the collision resolution task, it is required
to take actions in advance for such a low maneuverability
system. Thus, this is a problem of multiple objectives, multiple
inputs, and multiple constraints with required predictive action.
Based on the above analysis, the model predictive control
(MPC) is applied as the control strategy.
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The core of the MPC-based controller is to design the
optimizer, which solves the following optimization problem
to get control inputs of the ship US:

min
τ S

HP∑
h=1

JS(k + h| k), (14)

subject to i) Ship dynamics, ii) Actuator saturation, iii) Con-
figuration restriction,
where HP is the length of the prediction horizon; k is
the current time instant; h is the hth time prediction step;
JS(k + h| k) are the prediction made at k about the cost
function of the ship at k + h. Before discussing the optimizer
constraints i) to i i i), the performance function JS is first
designed as:

JS(k) = eT
ηS
(k)W S1 P S(k)eηS (k)

+ eT
νS
(k)W S2eνS(k)

+ WS3

n∑
j=1

(
dSj (k)− dSsafe

)−2

eηS(k) = ηSP
(k)− ηSd

(k)

eνS(k) = νSP(k)− νSd(k), (15)

where ηSP
(k) ∈ R

3 and νSP(k) ∈ R
3 are the predicted position

and velocity of the ship; n is the number of obstacles; dSsafe is
the safe distance between the ship and obstacles (dSsafe < dD),
the details of the calculation can be found in [27]. The terms
W S1, W S2 and WS3 are the weight coefficients: W S1 =
diag(wSx wSy wSψ) and W S2 = diag(wSu wSv wSr) are
the positive diagonal matrices, WS3 is the positive scalar;
P S(k) is the ship weight factor. The performance function (15)
contains three parts: the position error is minimized to achieve
waypoints following, the velocity error is minimized to track
the speed profile, the reciprocal distance error is minimized to
keep away from the obstacles.

At the beginning of the waypoint following process, the
value of the position error between the manipulated ship and
the waypoint is maximum. In order to make the manipulated
ship approach the waypoint for reducing the position error, the
supervisory controller forces the front tugboat to increase the
towing force to increase the speed of the platform. As the
ship gradually approaches the waypoint, the position error
is getting smaller, and the speed of the platform is reduced
accordingly. The supervisory controller, on the other hand,
has to regulate the speed of the manipulated ship to track the
speed profile. Thus, minimizing the position error and velocity
error simultaneously is the main conflict of the used multiple
objectives in this work. Thus, the ship weight factor P S(k)
is designed to normalize the order of magnitude between the
position and velocity errors, and to reduce the sensitivity of
the controller to the waypoint distance, expressed as:

P S(t) =
⎡
⎣ 1/

(
dSp(t)+ d0

)
1/

(
dSp(t)+ d0

)
1

⎤
⎦

dSp(t) =
√(

xS(t)− xSdp

)2 + (
yS(t)− ySdp

)2
, (16)

where dSp(t) is the distance from current position of the
ship

(
xS(t), yS(t)

)
to the current waypoint Wp coordinates

(xSdp, ySdp); d0 is a small positive real number, which is
to prevent the denominator in (16) is zero when the current
position of the ship is exactly located on the current waypoint
(dSp(t) = 0).

The ship dynamics (the first constraint) is represented by
the prediction model, which determines the predicted position
and velocity of the ship. They are calculated by discretizing
the dynamic model (1) with a sample time Ts :

ηSP
(k + 1) = ηSP

(k)+
∫ (k+1)Ts

kTs

R
(
ψS(t)

)
νS(t)dt

νSP(k + 1) = νSP(k)+
∫ (k+1)Ts

kTs

M−1
S

[
− C S

(
νS(t)

) ·
× νS(t)− DS

(
νS(t)

)
νS(t)

+
2∑

i=1

BS
(
αi (t)

)
Fi (t)

]
dt . (17)

The actuator saturation (the second constraint) stem from
the physical laws and maritime practice [31]. For all k over
the prediction horizon:

−αi max ≤ αi (k) < αi max (18)

0 ≤ Fi (k) ≤ Fi max (19)

|α̇i (k)| ≤ ᾱi (20)∣∣Ḟi (k)
∣∣ ≤ F̄i , (21)

where αi max is the maximum value of towing angle; Fi max is
the maximum value of towing force that the two towing lines
withstand; ᾱi and F̄i are the maximum change rate value of
towing angle and force, respectively.

The configuration restriction (the third constraint) is to
provide desired trajectories for tugs and reach the consensus
between the higher and lower-level control to achieve the dis-
tributed control architecture. The desired position and heading
of tugs are calculated by (3), the process of reaching the
consensus is illustrated in subsection III-D.

Remark (Multi-Objective Optimization in MPC): The ways
to solve multi-objective optimization problems can be clas-
sified into two categories: Scalarization-based methods and
Pareto-based methods [33]. The first methods usually consider
an overarching objective function to express all the objective
components. These methods are computationally efficient but
they do not always find solutions because of the objective con-
flicts. The Pareto-based methods search the optimal solutions
space first and then choose an optimal solution from the Pareto
optimal set. They can cope with the objective conflicts, but the
search process requires a high computation burden.

For the multi-objective cooperative control problems in
the framework of MPC, the Scalarization-based methods are
usually applied. To ensure the existence of the solutions, the
weights and constraints in the cost function are adjusted.
Research works in [34] propose a dynamic weight adjusting
strategy for the control objectives of trajectory tracking and
driver’s commands matching to address the conflict between
the driver and the automation. In [35], scholars replace the
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hard constraints with soft constraints for the battery state of
charge for the aircraft microgrids to improve the feasibility of
the solution of the mixed-integer linear programming (MILP)-
based MPC algorithm. Authors in [36] propose a dynamic
weight tuning strategy according to the inter-vehicular
states to optimize the responsiveness of collision avoid-
ance during the transitional maneuver for improving the
feasibility.

In this work, in order to realize the online calculation of
control inputs, the Scalarization-based method is used to speed
up the computation process. However, as mentioned above,
Scalarization methods create objective conflicts. In our case,
this conflict happens between the position and velocity errors.
For that, we design the weight factor P S(k) to solve it.

C. Tug Controller

The control objectives of the tug controller are to make
the tugs track their trajectories, track the predicted ship surge
speed, and resolve collisions; the control inputs are thruster
forces and moment containing three elements; while the con-
straints include the tug dynamics, the actuator saturation, and
the system configuration. Thus, the control strategy also adopts
the MPC.

The optimization of solving control inputs of the tug i is
expressed as:

min
τ Ti

HP∑
h=1

Ji (k + h| k), (22)

subject to i) Ship dynamics, ii) Actuator saturation, iii) Con-
figuration restriction,
where the performance function Ji is designed as:

Ji (k) = eT
ηi
(k)W i1eηi (k)+ eT

νi
(k)W i2eνi (k)

+ Wi3

n∑
j=1

(
di j (k)− disafe

)−2

eηi (k) = ηiP (k)− ηid (k)

eνi (k) = νiP (k)− ν id (k), (23)

where ηSP
(k) ∈ R

3 and ν iP (k) ∈ R
3 are the predicted position

and velocity of the tug i ; ν id (k) = [uSP(t) 0 0]T ∈ R
3 is the

desired velocity of the tug i ; n is the number of obstacles; disafe
is the safe distance between the tug i and obstacles; W i1, W i2
and Wi3 are the weight coefficients: W i1 = diag(wix wiy wiψ)
and W i2 = diag(wiu wiv wir ) are the positive diagonal
matrices, Wi3 is the positive scalar.

The dynamics constraint is calculated by discretizing the
predicted tug dynamic model with a sample time Ts :

ηiP (k + 1) = ηiP (k)+
∫ (k+1)Ts

kTs

R
(
ψi (t)

)
νi (t)dt

νiP (k + 1) = ν iP (k)+
∫ (k+1)Ts

kTs

M−1
i

[
− C i

(
ν i (t)

) ·
× ν i (t)− Di

(
νi (t)

)
νi (t)+ Bi

(
βi (t)

)
F ′

i (t)

+ τTi (t)
]
dt . (24)

The tug actuator saturation for all k over the prediction
horizon and i = 1, 2:

−τ i max ≤ τ i (k) ≤ τ i max (25)

τ i max is the maximum value of the thruster forces and
moment.

The configuration restriction is used to achieve the distrib-
uted control architecture, illustrated in the next subsection.

D. Distributed Control Architecture

The distributed control architecture is achieved by using
the Altering Direction Method of Multipliers (ADMM). This
is an approach of dividing a global optimization problem
into several small local optimization problems and reach-
ing a consensus among multiple agents [37]. For our case,
three optimization problems need to be solved in different
controllers, and the configuration restriction requires to be
considered for each controller to reach a global consensus.
Thus, based on the ADMM, the iteration procedure at time
instant k can be formulated as follows:
τ s

Ti
(k) : = arg min

τTi (k)

(
Ji
(
τTi (k)

) + λs−1
i (k)T

[
gi
(
τTi (k)

)
− fi

(
τ s−1

S (k)
)] + (ρi/2)

∥∥∥gi
(
τTi (k)

)
− fi

(
τ s−1

S (k)
)∥∥∥2

2

)
, (26)

τ s
S(k) : = arg min

τ S(k)

(
JS
(
τ S(k)

) +
2∑

i=1

(
−λs−1

i (k)T fi
(
τ S(k)

)

+ (ρi/2)
∥∥∥gi

(
τ s

Ti
(k)

) − fi
(
τ S(k)

)∥∥∥2

2

))
, (27)

λs
i (k) : = λs−1

i (k)+ ρi

(
gi
(
τ s

Ti
(k)

) − fi
(
τ s

S(k)
))
, (28)

where λi (k) is the lagrange multiplier (dual variable); ρi is
the penalty parameter; s is the iteration, ·s stands for the
corresponding variable at the sth iteration; fi

(
τ S(k)

)
stands

for the calculation function of ηid (k), and gi
(
τTi (k)

)
stands

for the calculation function of ηiP (k).
The termination criterion is provided based on the following

residuals:∥∥∥Rs
pri,i (k)

∥∥∥
2

=
∥∥∥gi

(
τ s

Ti
(k)

) − fi
(
τ s

S(k)
)∥∥∥

2
≤ εs

pri,i (k),∥∥Rs
dual,i (k)

∥∥
2

=
∥∥∥ fi

(
τ s

S(k)
) − fi

(
τ s−1

S (k)
)∥∥∥

2
≤ εs

dual,i (k),

(29)

where Rs
pri,i and Rs

dual,i are the primal and dual residual at
iteration s; εs

pri,i > 0 and εs
dual,i > 0 are the feasibility

tolerances, determined by

εs
pri,i (k) = √

nsε
abs

+ εrel max

{∥∥gi
(
τ s

Ti
(k)

)∥∥
2,

∥∥ fi
(
τ s

S(k)
)∥∥

2

}
,

εs
dual,i (k) = √

nsε
abs + εrel

∥∥λs
i (k)

∥∥
2, (30)

where ns is the size of the variable τTi ; ε
abs > 0 and εrel > 0

are the absolute and relative tolerance, respectively.
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The penalty parameter ρi is usually designed to be variable
according to the comparison of the primal and dual residuals
to increase the speed of convergence:
ρs

i

=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

min{2ρs−1
i , ρi max} if

∥∥∥Rs
pri,i (k)

∥∥∥
2
> 10

∥∥Rs
dual,i (k)

∥∥
2

max{ρs−1
i /2, ρi min} if

∥∥∥Rs
pri,i (k)

∥∥∥
2
< 10

∥∥Rs
dual,i (k)

∥∥
2

ρs−1
i otherwise

(31)

where ρi max and ρi min are the maximum and minimum values
of the penalty parameter.

Therefore, the distributed cooperative control scheme for
a ship towing system is summarized in the Algorithm
chart.

Algorithm -Distributed Cooperative Control Scheme

Input: Obstacle position ηob(k); Current ship position and
velocity ηS(k), νS(k); Current tug position and velocity
ηi (k), ν i (k).

Step 1: Compute a collision free path and safe speed
using (11) - (13).

For s = 1 : S (S is the maximum number of iterations)
Step 2: Calculate the thruster forces and moment of the

tug τ s
Ti
(k) in each tug local controller according to (22) -

(26). Then send the results to the supervisory controller.
Step 3: Calculate the manipulation forces and moment

for the ship τ s
S(k) in the supervisory controller according

to (14) - (21) and (27).
Step 4: Update the Lagrange multiplier λs

i (k) based on
the results from Step 2 and Step 3 according to (28).

Step 5: Update the primal εs
pri,i (k) and dual εs

dual,i (k) tol-
erances according to (30), then check the primal Rs

pri,i (k)
and dual Rs

dual,i (k) residuals to see whether they meet the
termination criteria according to (29);

Step 6: If (29) is not satisfied, then updated the penalty
parameter ρs

i and back to Step 2; otherwise, jump out of
the iteration.

End

Output: Thruster forces and moment of the tug τ s
Ti
(k);

Manipulation forces and moment for the ship τ s
S(k).

E. Key Performance Indicators

Since there are multiple objectives for the designed con-
trollers, it is necessary to define the following key performance
indicators (KPIs) for checking to what extent these goals are
achieved.

• Ship Waypoints Following.
This performance is reflected by the minimum error
percentage of distance from the position of the ship to
each waypoint q (q ∈ {1, 2, . . . N}, N is the number of

waypoints), expressed as:

ePq =
min

{√(
xS(k)− xSdq

)2 + (
yS(k)− ySdq

)2
}

√(
xSdq−1 − xSdq

)2 + (
ySdq−1 − ySdq

)2
,

(32)

where (xSdq−1, ySdq−1) is the last waypoint coordinates
and (xSd0, ySd0) stands for the origin coordinates (when
q = 1). The smaller ePq indicates better following
performance between waypoint q − 1 and q .

• Ship Heading Adjusting
At each waypoint, there is the desired heading to guide
the ship sailing along the waterway. When encountering
obstacles, the tugboats should manipulate the ship taking
avoidance operations for safety while the desired head-
ing becomes unimportant. Thus, different from the first
indicator, what we are concerned about is the heading of
the ship at the destination, so the KPI is expressed as:

eψ = ∣∣ψS(kN )− ψSdN

∣∣ , (33)

where ψSdN is the desired ship heading at the destination;
kN is the settling time satisfying:

dSD < 0.25LS; ψS < 1◦; uS < 0.01 m/s;
vS < 0.01 m/s; rS < 0.001 rad/s.

where dSD is the distance between the ship and the
destination; LS is the length of the ship.
The smaller value of the eψ shows the better performance
of the heading adjusting.

• Ship Speed Profile Tracking
As the speed profile is time-varying, this KPI is calcu-
lated by the root-mean-square error (RMSE), which is
expressed as:

eu =
√∑kN

k=1 (uS(k)− uSd(k))2

kN
, (34)

where the smaller value of the eu illustrates better per-
formance of speed profile tracking.

• Consensus reaching
The performance of the consensus reaching can be indi-
cated by the maximum error percentage of the towline
elongation. If the elongation keeps its desired value,
the consensus between the higher layer and lower layer
control is well achieved. So the KPI is expressed as:

eli =
∣∣∣∣∣max

{
lti (k)

} − ltowi

ltowi

∣∣∣∣∣ , (35)

where lti (k) is the distance from the towing point of the
tug i to the towing point of the ship. The smaller the eli
is, the better this performance of consensus reaching is.

• Ship and Tugs Collision Resolution
The performance of the collision resolution is reflected
by the minimum distance between the three vessels and
the obstacles, expressed as:

D∗ = min {d∗(t)} /L∗, (36)
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TABLE II

PARAMETERS OF THE CONTROL SYSTEM

where L∗ is the length of the vessel. This KPI normalizes
the distance by eliminating the effect of the vessel length.
The larger of D∗ shows the better performance.

These KPIs will be used in the next section to see the
performance of the proposed control scheme.

IV. SIMULATION EXPERIMENTS AND RESULTS ANALYSIS

Simulation results are presented in this section to show the
performance of the proposed control method applied to small
scale vessels. Simulation experiments are carried out using
Matlab 2018b. The model of the two tugs are represented by
the “TitoNeri” developed by TU Delft [38], while the ship is
represented by the “CyberShip II” [39]. The parameters of the
vessel model and the towing system can be found in [26], the
parameters of the control system are given in Table II, and
the simulation settings are shown in Table III.

To highlight the importance of speed control for the towing
process, we compare two scenarios, I and II. In scenario I,
no speed profile is provided, the control objectives are the
ship waypoint following, the ship heading adjusting and the
towing system collision resolution. In scenario II, the proposed
cooperative control scheme is used to manipulate the ship.

Fig. 3 shows the towing process of the two scenarios.
In general, the trajectories in scenario II are smoother than
those in scenario I, especially in the steering process (stage
Wp1 → Wp2 and stage Wp3 → Wp4). In the first case of
collision avoidance (detailed trajectories are shown in the
top box), the static obstacle is successfully bypassed by the
towing system in both scenarios. In the second case (detailed
trajectories are shown in the bottom box), the towing system
takes actions of starboard-side steering to avoid the dynamic
obstacle in both scenarios, which complies with COLERGS
rules. But we can infer from the trajectories that the towing
system in scenario II has fewer fluctuations in the avoidance

TABLE III

SIMULATION SETTINGS

process. Comparing the time of arriving at each waypoint,
scenario II has better efficiency than scenario I. Thus, although
the two scenarios succeed to manipulate the ship to the desired
states, scenario II (the proposed control scheme) shows better
motion quality (smoother trajectories) and time efficiency.

The time-varying error of the ship position and the ship
heading are shown in Fig. 4. In Fig. 4 (a), there are five
curves for each scenario standing for the five times of waypoint
following. At the end of each curve, the percentage error
closes to zero, especially after the fifth blue dotted curve (the
destination-point following task in Scenario II) reaches the red
dashed line, its value is stable at zero. Fig. 4 (b) shows that
the ship in both scenarios achieves the desired heading, but
the oscillations in Scenario I are more than in Scenario II.

The time-varying linear velocities of the ship are shown
in Fig. 5. The ship in Scenario II tracks the predefined
surge profile from 0.15 m/s decreasing to 0.09 m/s and
finally fixing at 0 m/s (Fig. 5 (a)). It is noticed that in
the second collision avoidance case when the surge speed
profile is updated (decreased from 0.09 m/s to 0.06 m/s), the
ship still successfully tracks the new desired speed (around
530-620s). However, in Scenario I, the ship surge velocity
shows five jagged shape changes. These “jags” come from the
decreasing of the position errors in each waypoint following,
which motivates the surge speed to vary from the highest to
the lowest. When the towing system performs the steering
operations, the ship sway velocity adjusts to high values in
both scenarios (Fig. 5 (b)), but the oscillation in Scenario II
is much smaller than Scenario I. Thus, there are frequent
fluctuations of the trajectories for scenario I in Fig. 3 (a).

Fig. 6 shows the time-varying distance from the towing
point of the two tugs to the towing point of the ship. The
magnitude of the distance in Scenario I has large fluctuations
at each waypoint changing, while in Scenario II, the distance
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Fig. 3. Towing process.

Fig. 4. Performance of the ship waypoint following (a) and the ship heading adjusting (b), the red dashed line is the desired value, the black solid curve
stands for Scenario I, the blue dotted curve stands for Scenario II.

Fig. 5. Time-varying linear velocities of the ship (the red dashed line is the final desired value, the black solid curve stands for Scenario I, the blue dotted
curve stands for Scenario II).

change is always within a small range around the desired
towline elongation (1 m).

Fig. 7 shows the normalized distance from the vessels in
the towing system to the obstacles. From the static obstacle
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Fig. 6. Time-varying distance from the towing point of the tug to the towing point of the ship (the red dashed line is the desired value, the black solid curve
stands for Scenario I, the blue dotted curve stands for Scenario II).

Fig. 7. Normalized distance from the vessels to the obstacles (the red solid line is the ship, the green dashed line is the tug 1, the blue dotted line is the
tug 2).

Fig. 8. Control inputs of the ship (the red dashed line is the boundary given in the constraints, the black solid line stands for Scenario I, the blue dotted
line stands for Scenario II): (a) Towing angles and forces; (b) Change rate of the towing angles and forces.

distance (Fig. 7 (a) and (b)), the duration of the close distance
between the three vessels and the obstacle in Scenario I is

longer; from the dynamic obstacle distance (Fig. 7 (c) and (d)),
the minimum distance from the ship and tug 1 to the obstacle
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TABLE IV

CONTROL PERFORMANCE WITH FIVE KPIs

is larger than Scenario II. The time varying control inputs
of the ship and their change rates are shown in Fig. 8.
It can be seen that the values of these variables are within
the boundary in both scenarios, which satisfies the actuator
saturation constraints defined in (18) – (21).

The control performances quantified by the KPIs defined in
subsection III-E are shown in Table IV, we can infer that:

1) Each distance error in Scenario II is smaller than I,
except the eP4. The reason may come from the larger
steering areas of avoiding the dynamic obstacle, meaning
that the towing system in Scenario II obtains safer
avoidance operations coming with the cost of space.

2) The heading error in both scenarios is quite small,
so they have good performance in ship heading adjust-
ing.

3) The RMSE of the surge speed in Scenario II is small,
indicating the objective of the ship speed profile tracking
is well achieved.

4) The error of the towline elongation in Scenario II is
one-fifth of that in Scenario I, so the performance of
consensus reaching in Scenario II is much better.

5) The minimum normalized distances from the three ves-
sels to the obstacles in Scenario II are larger than in
Scenario I, indicating that the towing process in Scenario
II is safer.

Therefore, from the above results, the proposed control
scheme succeeds multiple control objectives and shows better
motion quality and time efficiency.

V. CONCLUSION AND FUTURE RESEARCH

This work focuses on multi-objective cooperative control of
a multi-vessel ship-towing system. An ADMM-based multi-
layer MPC approach with speed regulation is proposed to
coordinate autonomous tugboats for manipulating a large
ship to follow the waypoints, adjust the heading, track the
speed profile, and resolve collisions in congested water traffic
environments.

Such a complex multi-objective control problem is solved
by the design of different controllers distributed in two layers.
In the higher layer, the supervisory controller calculates the
predicted towing forces and angles for the ship objectives
of waypoint following, speed profile tracking, and collision
resolution. The tug controller in the lower layer computes

the thruster forces and moment for the tug system for the
tug objectives of trajectory, surge speed tracking and collision
resolution. The consensus between the lower-level and higher-
level control is achieved by using the ADMM method through
the iterations to make the predicted tug position and heading
output by the tug controller approach to the desired tug
trajectory output by the supervisory controller as much as
possible. Simulation experiments indicate that the proposed
control scheme coordinates multiple autonomous tugboats
to transport a floating object smoothly and effectively and
succeeds in multiple control objectives, in the meantime, the
avoidance operation complies with COLREGS rules.

Future research will focus on the optimization of the pro-
posed method: First, to consider the effect of environmental
disturbances on the towing system to improve the robustness;
Second, to formally analyze the feasibility of the proposed
method (including environmental disturbances); Third, to val-
idate its performance by applying it through actual model test
experiment.
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