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Abstract—A system of two unmanned surface vehicles (USV) 

is proposed for towing a boom, in order to do oil spill 
confinement and displacement operations. The USVs are 
automatically kept in parallel formation. The system works 
autonomously: there is no remote control. Before the operation 
starts, it is specified to the USVs by means of a ground station. 
Some peculiar control problems appear when towing the boom, 
which can be solved considering a lateral error. The paper 
includes experimental results using scaled USVs. (Abstract) 
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I. INTRODUCTION 

We are evaluating the possibility of using two Unmanned 
Surface Vehicles (USVs) for towing a boom, in order to do 
spill over confining and displacement operations 
autonomously. Some advantages of this approach are that these 
operations could be automatically done at any time, also during 
the night or in adverse conditions, with no human risks in case 
of dangerous spill over.  

The paper describes observations and results obtained with 
several types of experiments, using scaled USVs. As it is 
shown, it seems possible to get satisfactory results, provided 
certain criteria and control strategies were adopted. 

From some time ago there is a growing activity for 
translating the advances in robotics to several fields of 
application. For instance, a lot of practical contributions have 
been made concerning submersibles. Likewise, this activity is 
extending now to ships (surface vehicles). In this context, our 
interest focuses on cooperative robotics and mobile robot 
formations. The two ships towing a boom is a very opportune 
scenario, which combines physical cooperation and formation 
control (two ships in parallel). 

The motivation of our work is related to the Prestige 
incident, near Spain. We saw video reports with teams of two 
fisher ships towing booms. Since we are familiar with robotic 
issues, we suspected that there were some control and 
coordination difficulties. In consequence, we decided to build 
two scaled USVs, and to experimentally study what might 
happen. Actually, as it will be described below, some important 
issues appeared, calling for specific control solutions.  

Our system has two USVs and a ground station. There is a 
digital radio link between them. When desired, the ground 
station can interrupt the autonomous behavior of the USVs, and 

then be used for remote control. However, this case is 
infrequent. Normally, the ground station is used for sending 
waypoints and other behavior specifications to the ships, at the 
beginning of any operation, and then it remains most of the 
time in passive mode, just receiving data from the ships. 

The use of scaled ships has many practical advantages for 
new developments. Experiments are relatively easy, non-risky, 
and non-expensive. Since we have been working in several 
research projects with a well-known towing tank facility, called 
‘Canal de Experiencias Hidrodinamicas de el Pardo 
(CEHIPAR)’ near Madrid, we already have experience with 
scaled ships and how to extrapolate results. When the study 
focuses on maneuvers, it is usually convenient to go to small 
scales, for an easy observation of ship motions. For this reason, 
we use scaled zodiacs 1m long.  

The paper [1] and others from the IOSC repository provides 
relevant professional information on the kind of confining and 
displacement operations where we put the focus. It is also 
pertinent to quote scientific literature with points of contact 
with our research. For instance [2, 3]. Some previous work of 
our research group has been published in [4, 5]. 

The paper begins with a description of the research target 
and the experimental system. Then it focuses on formation 
motion control. Then an important section is devoted to boom 
towing (where peculiar control problems appear). Finally, 
experimental results are presented. We are obtaining successful 
results, and we plan to start working with real scale zodiacs. 

II. TARGET OF THE RESEARCH 

Next figure illustrates the kind of operation we want to 
perform in automatic way, using unmanned ships.  

No remote-control
Automatic confinement

 

Figure 1.  An illustrative unmanned operation 

1729

Fr42.22014 13th International Conference on Control, Automation, Robotics & Vision
Marina Bay Sands, Singapore, 10-12th December 2014 (ICARCV 2014)

978-1-4799-5199-4/14/$31.00 ©2014 IEEE
Authorized licensed use limited to: Univ Complutense de Madrid. Downloaded on May 06,2025 at 10:02:00 UTC from IEEE Xplore.  Restrictions apply. 



 

Unless necessary, no human intervention would be required 
during this operation. Via digital radio, an external station (on 
ground or on a ship) will receive GPS and other pertinent data 
in order to supervise the mission. In the beginning of the 
operation, the ground station uses information on the oil spill to 
establish a motion plan for the two USVs. Then, the USVs tow 
the boom towards the objective, trying to minimize the towing 
effort; near the objective the USVs deploy and advance; and 
finally the USVs get closer, confining the spill, and the 
formation comes to a suitable place. It is always possible to 
modify the motion plan during the operation. 

III. EXPERIMENTAL SYSTEM 

The experimental system we have developed has a ground 
station and two identical scaled USVs. More USVs could be 
added in future research. The system is a distributed 
autonomous robotic system, so there is no “central brain” 
controlling the robots, neither humans doing remote control. 
Each USV, using algorithms, decides its own actions. 
Therefore, once the mission is setup and initiated, the USVs are 
able to complete it without any intervention from the ground 
station.  

A. The USVs 
Figure 2 give details of one of the USVwe use for the 

experiments. It is built over a 1/15 scaled Wiking hull by 
Kehrer Modellbau Berlin. The equipped vessel measures 1 m 
and weighs 4.8 kg. The propulsion system consists in an 
outboard motor 700-Neodym with propeller. Maximum speed 
is about 1.8 m/s. The ship has no rudder, heading control is 
done by moving the outboard motor. The USV is equipped 
with two boxes containing the servomotor and the electronics. 
Figure 2 shows a photograph of one USV. 

 

Figure 2.  One of the USVs 

The main electronic board, which is inside one of the 
boxes, is designed and mounted by us, for the autonomous 
control and navigation. It is programmed in plain C. This board 
interacts with different modules and sensors, shown in figure 3.  
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Figure 3.  The USV on-board electronics 

The control software consists in a main control loop, which 
receives the on-board sensors data and computes the adequate 
signals for speed and heading control. The control loop is 
cyclically executed 10 times per second. The two outputs of the 
controller are pulse width modulated (PWM) signals, which are 
standard for servo control. 

Note that a real scale USV, perhaps 5m long, would have, 
compared with figure 3, the same kind of units, sensors, 
control, communications, although probably more powerful 
and expensive. We should also say that, since our boxes use 
standard signals, it would be possible to control a real size 
zodiac, or similar, with the same boxes we use for the scaled 
USVs. 

Figure 4 shows an overview of the USV control. 

Heading Control (PID)

Speed Control (PID)

Magnetometer,
DGPS

DGPS

Path, 
trayectory

 

Figure 4.  Overview of the USV control 

According with figure 4, the USV has two feedback control 
loops, using proportional-integral-derivative (PID) strategy, 
one for heading and another for speed. A reference is given in 
terms of a desired path, using a kind of waypoints that will be 
described later on. 

B. The Ground Station 
The ground station software we have developed provides 

the real-time monitoring of all USVs, and is used for the setup 
of the recovery mission: path, oil spill position, desired 
formation. The next figure illustrates the communication 
between the ground station and the USVs. 

 

Figure 5.  Interaction between ground station and USVs 

The communication with the USVs performs through a 
radio link. Every second, the ground station receives status data 
from the robots and it represents them over a satellite-view 
map. It also represents the desired path and the desired position 
of each USV, so it’s easier for the user to detect eventual 
problems during the mission. On the other hand, the ground 
station saves in log files the received data from the USVs, for 
further analysis and playback.  

In case of unexpected problems during the mission, the 
user/monitor can stop the USVs or take control over them, in 
order to prevent damages. 
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One ground-station allows the user to manage a team of 
two or more vessels at the same time and allows configuring 
more recovery teams during the same mission. Therefore, we 
are able to create a set of recovery teams depending of the oil 
spill distribution or size.  

IV. MOTION PATHS 

A typical method for specification of a path is to use a list 
of waypoints. In our case, we preferred to use Dubins paths, 
which are made by joining line segments and circular curves. 
Compared to waypoint lists, the Dubins approach provides a 
simpler solution for curved paths and also it can be easily 
adapted to the vessel’s dynamics. Based on Dubins curves, 
paths are defined by a list of circle centres and radii. 

1
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Figure 6.  Dubins curves 

V. CONCEPT OF THE FORMATION CONTROL 

From the viewpoint of robotics, the recovery team’s 
objective is to maintain the desired formation geometry, all 
over the path during the entire recovery mission. In our 
scenario, we chose the front/line formation, so the two USVs 
are moving in parallel. 

Each USV has a role in the formation: leader or teammate. 
The leader moves with constant velocity and represents the 
formation reference. The team-mate must compute its lateral 
and longitudinal error respecting its desired position, as 
illustrated in figure 7. 

Path

 

Figure 7.  Coordination of the two USVs 

To configure the desired formation geometry each USV 
must have a coordinate in the system marked by the leader’s 
projection on the path and the path orientation in that point. 
This way, we can configure any type of formation geometry, 
adapting it to the desired oil spill confining method. In this 
scenario, we consider a parallel formation. If for example we 
specified a separation of 2m, the formation configuration 
would consist in two coordinates: (-1,0) for the leader and (1, 
0) for the team mate. This means that the leader must maintain 
a separation of 1 m to the left of the path, and the teammate 1m 
to the right of the path.  

When defining a path, it is important to choose adequate 
parameters: curve radius R, formation velocity v and separation 
S. For example, if the curve had a small radius and S was large, 
the USV moving on interior should go very slow and the other 

USV should increase its velocity. This situation might overpass 
the vessel’s limits and the mission could fail. The USVs have 
minimum and maximum velocity limits (vmin, vmax).  

In order to maintain the vessels inside limits, the parameters 
chosen for the mission setup must respect some constraints. To 
find these constraints, we consider that in a curve, both vessels 
must have the same angular velocity w in order to move in 
parallel (w1 – interior vessel, w2 – exterior vessel). 
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The specified formation velocity must allow the vehicles to 
increase and decrease their velocity and must consider the 
mission characteristics.  

maxmin vvvv boom ���
 

To avoid losing heading control due to low propulsion, a 
large curve radius is recommended. To avoid the exterior 
vessel go at maximum speed, once the radius is chosen, the 
separation must not overpass a maximum limit.  
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VI. USV MOTION CONTROL 

We have developed for the USVs a GNC (Guidance, 
Navigation and Control) on-board system. Figure 8 shows the 
control loop executed by each vessel and represents the GNC 
three main modules. 
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Figure 8.  Autonomous on board GNC system 

The Guidance module determines the desired state of the 
vessel, depending of its current state, the desired path and the 
formation state. The Navigation module determines the current 
state. The path is set by the user as previously described. The 
cooperation data shared between the team members gives the 
formation state. Through a radio link, the vessels communicate 
their current position and velocity.  

The Navigation module is in charge of receiving the sensors 
data and obtaining, with adequate processing, the current state 
of the vessel. The measurements –which include noise and 
errors- come from two on-board sensors. The digital 
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magnetometer (10 times per second) offers the current heading, 
and the GPS receiver (5 times per second) gives the location 
and velocity.  

The Control module, depending of the current state’s errors, 
computes the system’s outputs as two PWM signals, which 
govern the actuators, propeller force and rudder angle, in order 
to track the guidance commands and maintain the vessel stable.  

 

A. Motion errors 
Water, wind, and boom cause motion errors. For example, 

leaving a vessel with fixed rudder, it does not mean that it will 
go straight. Figure 9 shows the three types of errors we 
consider: lateral, longitudinal and heading error. The projection 
of the leader on the path represents the centre of the formation 
reference system, so the leader has no longitudinal error.  
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Figure 9.  Errors suffered by the formation: lateral (ex), longitudinal (ey), 
heading (eh) 

The lateral error (ex) represents the error respecting to the 
desired trajectory. The heading error (eh) is the error respecting 
to the path’s orientation (straight segment) or path’s tangent 
(curve segment). 

The longitudinal error (ey) is the distance the teammate 
should travel from its current position to the desired one, 
maintaining the required separation with the path. We want the 
USVs to maintain the desired path, without shortcuts in the 
curves, so we don’t consider the longitudinal error as the linear 
distance between the current and the desired position. 
Therefore, the longitudinal error depends of the teammate’s 
position, the leader’s position and the path’s geometry. 

B. Motion control 
The target of the two PID controllers (for heading, and for 

velocity) is to minimize these errors and maintain the desired 
formation.  

1) Velocity control 
Five times per second the on-board GPS receiver gives a 

new position, the USV computes the longitudinal error (ey), and 
the PID velocity control computes the PWM signal for the 
engine as follows: 

(t)e
dt
dK)d(eK(t)eKbaseengine ydyiypPWMPWM ���� 



 

In the straight sections of the path, the same engine PWM is 
used in both vessels. In a curve, figure 10, the teammate must 
change its base PWM in order to obtain the same angular 
velocity. Therefore, we added a feed-forward component to the 

velocity controller that must compute the base PWM 
considering the leader’s velocity (v1), the curve’s radius (R) and 
the formation’s geometry (S1, S2). Using the next equations, the 
teammate can find its desired velocity (v2). 
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Figure 10.  Internal and external velocities along a curve 

Once we obtain the teammate desired velocity, we can 
compute the required base PWM in the curve. It is assumed 
that at lower speeds, the velocity is linearly proportional to the 
PWM width. It is also known that there is a PWM width 
threshold (an offset), so a narrow PWM will be insufficient for 
the engine to move. To compute the base PWM we use the next 
formula. 

offset
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2) Heading control 
The heading control actuates ten times per second, based on 

the digital compass. The corresponding PID control simply 
uses a weighted sum of the lateral and heading error, described 
previously. 

VII. BOOM TOWING 

We arrive now to an important aspect of the research. When 
both USVs tow a boom, some specific control problems appear 
due to the physical interaction. 

Supposing that the boom is attached to the USV stern, a 
torque will be exerted on the vessel that, if there is no 
counteraction, will make the ship deviate. The result would be 
that the distance between both USVs will continuously 
increase, opening the boom more and more. We suppose that in 
real operations, human pilots will spontaneously react against 
the torque due to the boom. However, in the case of USVs, 
they are normally prepared for individual action, and no control 
law is incorporated for compensating this effect.  

Let us do a simple analysis of the problem. Assume that the 
boom has a V shape. The left part of figure 11 depicts how the 
tension FB exerted by the boom on the USV stern can be 
decomposed into two forces: the perpendicular component FP 
that causes the torque TP on the ship, and the longitudinal 
component FT that slows down the vessel. The φ angle is the 
angle between the path and the boom. In general, the ship will 
be able to counteract a maximum torque TM. 

d1

d2

R
S1S2
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Figure 11.  Perpendicular force due to the boom (left); critical angle (right) 

The relationships between forces are as follows: 
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The right part of figure 11 depicts how TP increases in 
function of φ. In the case of our USV it has been noticed that 
TM  has a value as represented in the figure. There will be a 
certain value of φ, which we call the critical angle, for which 
TP and TM intersect. Above the critical angle, the ship will be 
unable to counteract TP. 

A. Lateral compensating control 
As said before, the USVs have a heading control that 

combines lateral and heading control. The lateral part 
compensates for errors in lateral distance between the USV and 
the path. If enough power is assigned to this control part, it will 
counteract the effect of TP, and then the boom will be kept in a 
static V shape. 

B. Tug-of-war situation 
During our experiments, before the lateral compensating 

control was included, the tug-of-war situation has been met 
several times. Figure 12 depicts what happens. Once the critical 
angle is reached, our simulations show that the velocity of 
USVs will increase (less traction effort), and rapidly the two 
ships will enter into tug-of-war. Experiments confirm these 
predictions. 

It is important to highlight that the USVs were under 
conventional heading control, which was unable to avoid the 
problem. Lateral error compensation should be added. 

 

Figure 12.  Tug-of-war situation 

Once a tug-of-war situation is met, some special 
maneuvering will be required to get back to the desired 
formation. 

VIII. THE CONFINEMENT MANEUVER 

The confinement maneuver consists in two formation 
transitions, figure 13.  

 

Figure 13.  Confinement maneuver 

The first transition starts when approaching to the oil spill 
position at a certain distance d1, so the two USV must open the 
boom. This means passing from the current geometry to a 
parallel formation with larger separation. This separation has 
an upper limit depending of the boom length, to avoid reaching 
the critical angle. Once the oil spill has been trapped, there is a 
second transition for the ships to get closer. 

IX. EXPERIMENTAL RESULTS 

Our experiments take place in a large pond. Figure 14 
shows a photograph of the two USVs towing a simulated 
boom, 16m long, and a third vessel. This vessel is intended to 
maintain the V shape and is also useful for experiment 
initialization, by reverse towing the system to a desired initial 
place. 

 

Figure 14.  The two USVs towing the boom and dragging another ship to 

maintain a V shape. 

The path defined for experiments has two Dubins curves 
centers (HL1 and HL2), so that it’s formed by straight segments 
of 70 m, and two 180º curves with a 15 m radius. 

Figure 15 shows a Google Earth capture of the GPS traces 
of the two USVs during a towing experiment. The blue line 
represents the leader’s trace and the red line represents the 
teammate’s trace.  

From a record of the GPS data acquired by the USVs, we 
can study in more detail how the formation control performs 
along time. Figure 16 shows, for example, the results of the 
experiment displayed above. Empty triangles represent desired 
positions; filled triangles the real behavior. 

1733
Authorized licensed use limited to: Univ Complutense de Madrid. Downloaded on May 06,2025 at 10:02:00 UTC from IEEE Xplore.  Restrictions apply. 



 

 

Figure 15.  GPS traces of the two USVs during a towing experiment 
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Figure 16.  Behavior of the USV formation, during the boom towing 
experiment. 

The experiment took place a windy day, the wind being 
parallel to the pond border, so towing effort was larger when 
going North-East. The formation performed well. 

In order to force a tug of war situation, we lowered the 
lateral compensation control. The ships started to separate. 
When reaching the turning maneuver, the tug-of-war quickly 
appeared. Figures 17 and 18 reproduce this case. 
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Figure 17.  When there is no lateral compensation control,  
ships separate until tug-of-war. 
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Figure 18.  Evolution of lateral and heading errors corresponding to figure 17 

For a first study of the spill over confinement maneuver, we 
made a short trial. It worked well, as shown in figure 19, 
although we plan to use in the future smoother transitions. 

Next part of the research will focus on automatic planning 
of the complete operation. 

-30 -20 -10 0 10 20
-15

-10

-5

0

5

10

15

20

25

30

35

East [m]

N
o
rt

h
 [

m
]

 

Figure 19.  A confinement maneuver. 
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