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Summary

Autonomous surface vessels (ASVs) are the future of maritime shipping. But to be able
to act within the vicinity of other vessels a collision avoidance system is necessary. This
system must adhere to the International Regulations for Preventing Collision at Sea (COL-
REGS).

In this project a COLREGS compliant collision avoidance system using simulation-
based model predictive control, have been implemented on ReVolt model-scale ship. The
system was tested using four different scenarios: head-on, crossing from starboard, cross-
ing from port and overtaking. Results from simulations were satisfactory, yielding pre-
dictable COLREGS compliant behaviour in all four cases. All simulations were done
using liner prediction and ideal conditions.

Real life testing of the collision avoidance system on ReVolt was also conducted. The
vessel showed promising results taking action to avoid collision, but with mixed perfor-
mance on acting reliable and complying to COLREGS. Improvements to increase perfor-
mance would be to perform more realistic simulations before further sea-trials, in combi-
nation with a need for further tuning.
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CAS = Collision avoidance system
COLAV = Collision avoidance
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LOS = Line of Sight
MPC = Model Predictive Control
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ROS = Robot Operating System
SBMPC = Simulation based model predictive control
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Chapter 1
Introduction

1.1 Motivation

A lot of research have been done to come up with solutions that would reduce the amount
of work needed to be done by humans, to save time and ease the workload. After the
industrial revolution, machines started taking over a lot of the hard work previously done
by humans. In modern times automated systems, nearly independent of humans interac-
tion, have been invented. In contrast to earlier times the new motivation for automated
systems is speed of execution, high quality work, environmental friendliness and cost-
effectiveness. One of many fields where this technology will make immense improve-
ments is the marine shipping industry.

At least 75% of all marine accidents are caused by human error [20], which leaves
big room for improvement. A possible solution is the introduction of autonomous sur-
face vessels (ASVs). ASVs will be important in the shipping industry, helping to move
some of the load off the roads. In 1960, two thirds of the domestic shipping was done
by ships, but now the amount is reduced substantially [23]. At the same time the road
transport has increased. In 2017 the total shipping performed with trucks in Norway was
21.4 billions ton-kilometers [24]. The increase is due to the easy, reliable and cheap avail-
ability of road transport. For these reasons there is a need to make domestic short distance
shipping cheaper and more reliable at sea, hopefully leading to reduced shipping by trucks.

The ideal autonomous ship has no crew, hence removing the man-made risk of acci-
dent, but at the same time introducing other kinds of hazards that need to be assessed.
The no crew feature allows for optimization of the boat structure by removing the crew
facilities freeing more space for payload. This will also lead to economical savings, as
there is no need to pay crew salary, as well as the added income from additional payload.
Furthermore there is fewer people interested in working at sea, making it hard to hire the
necessary crew for shipping purposes. This issue is understandable as it is unappealing to
be bounded inside a ship for two weeks straight, with minimal contact with friends and
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Chapter 1. Introduction

family. Hence the need for autonomous ships will emerge regardless of all other benefits
[36].

For autonomous surface vessels to be accepted they need to be at least as safe as a
conventional vessel. The first step towards that is a good guidance, navigation and control
systems. And secondary, as the ASV will be navigating in waters with other ships present,
a crucial part is a reliable collision avoidance system, to avoid dangerous situations and
act predictable for other manned ships.

1.2 Background and previous work
A comprehensive historical background of work done within collision avoidance and path
planning is given in the review articles [29] and [31]. Including methods both with and
without compliance to the International Regulations for Preventing Collision at Sea (COL-
REGS). In [27] collision avoidance methods based on both local and global path planning
algorithms are discussed. The global methods can only handle static environments, hence
the local methods are the way to go for avoiding collision in the dynamical changing en-
vironment experienced at sea. By combining the two methods an algorithm guaranteeing
that it gets from A to B without colliding with dynamical obstacles appearing along the
way could be achieved.

A hybrid approach based on a modified version of the Dynamic Window (DW) algo-
rithm with path planning provided by the Rapidly-Exploring Random Tree algorithm is
proposed in [21]. The original DW method predict vehicle movement along a constant-
radius ache, designing a space of velocities called the dynamic window. This space is
further reduced by including vehicle dynamic, limiting control offsets to only velocities
possible to reach within the next time interval and that are safe with regards to collision.
The system proposed in [21] with its enhancements preformed well in both simulations
and the full-scale experiments they where able to complete. Another purely local method
is Velocity Obstacle (VO) implemented by [30]. This algorithm designs a velocity space
including all velocities eventually leading to collision. It is a simple algorithm not depen-
dent on the vessel dynamic. Full-scale testing was conducted, showing promising result
for collision avoidance in compliance with COLREGS.

The methods currently existing do not scale very well according to [18]. Lacking the
ability to handle dense traffic with multiple dynamic obstacles, while considering both the
ship model and the environmental disturbances. Further pointing out that including such
complex scenarios into already existing algorithms would be non-trivial. [18] proposes a
possible solution based on model predictive control, where a ship model in concurrence
with environmental disturbances is used to predict the ship’s trajectories. The predictions
are done with a finite set of possible control behaviour, which are evaluated based on col-
lision risk, hazard, operational constraints and objectives. The paper describes the over all
structure of the collision avoidance systems as well as including COLREGS compliance
into the cost calculations. The simulations performed shows promising result also han-
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1.3 Problem Description

dling multiple obstacle scenarios. This articles is the background for this project, further
explored in [15].

1.3 Problem Description
The scope of this project is to implement and test collision avoidance on the ReVolt model-
scale ship. Carried out by firstly implementing Simulation-Based MPC into ReVolts ex-
isting code base. For testing, virtual objects will be used, consequently a way of adding
them will be implemented using the Qt software platform. Then simulation testing should
be conducted, using DNV GLs simulator called CyberSea. When the performance of the
algorithm is confirmed, real life testing on the physical ReVolt will be executed. To en-
hance the algorithm further, collision avoidance with land and ground should be added to
the system.

1.4 Contribution
The main contributions of this project are the implementation and testing of the simulation-
based MPC algorithm. The code have been added into ReVolt’s already excising code-base
and satisfactory behaviour confirmed in simulations. Furthermore, results from collision
avoidance experiments in Trondheimsfjorden are obtained.

1.5 Outline
Chapter 2 provides the necessary theoretical background needed for this project. In
Chapter 3 ReVolt, the experimental platform, is presented. Chapter 4 describes the SB-
MPC algorithm and the implementation of it. The simulations are presented in Chapter 5
and the real life experiments in Chapter 6. A discussion of the results is given in Chap-
ter 7, whilst further work is proposed in Chapter 8. Finally followed by a conclusion in
Chapter 9.
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Chapter 2
Theory

2.1 3DOF Ship model
This section presents the 3-Degrees of Freedom (3DOF) model using the notation used in
Society of Naval Architects and Marine Engineers (SNAME), shown in table 2.1.

DOF Forces and
moments

Linear and
angular velocities

Positions and
Euler angles

Motion in the x direction (surge) X u x

Motion in the y direction (sway) Y v y

Rotation about the z axis (yaw) N r ψ

Table 2.1: The notation of SNAME (1950) for marine vessels. Only showing the relevant 3DOF.
[14]

For the purpose of this project I will only be concerned with the motion in the horizon-
tal plane described by the motion components in surge, sway and yaw. Meaning I neglect
the dynamics associated with roll p, pitch q and heave w, giving p = q = w = 0. This
results in the following 3DOF model [14]:

η̇ = R(ψ)ν (2.1a)
Mν̇ + C(ν)ν +D(ν)ν = τ , (2.1b)

where ν =
[
u v r

]T
is velocity of the vessel and η =

[
N E ψ

]T
is the pose

given in the earth-fixed North-East-Down (NED) reference frame. M is the system inertia
matrix, C(ν) is the Coriolis and centripetal matrix andD(ν) is the damping matrix. τ is
the generalized force vector. The kinetic equation of motions is reduced to one principal
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Chapter 2. Theory

rotation about the z-axis presented in equation 2.1, where R(ψ) is the rotation matrix
transforming the body-fixed velocities into the world-fixed frame:

R(ψ) =

cos (ψ) − sin (ψ) 0
sin (ψ) cos (ψ) 0

0 0 1

 . (2.2)

τ contains the forces resulting from the vessel’s actuator and is in this case given as:

τ =

τXτY
τN

 =

 Fx
Fy
lrFy

 , (2.3)

where τX and τX are the forces along x- and y-axis, and τN is the moment around the
z-axis. Fx and Fy represent forces in x- and y-direction respectively, and lr is the arm the
moment is acting on.

In addition to assuming no vertical motion we assume that the craft has homogeneous
mass distribution and symmetry about the xz-plane such that Ixy = Iyz = 0, where Ixy
and Iyz are products of inertia. Also letting the body-frame coordinate origin coincide
with the center of the ship(CO), such that yg = xg = 0 where xg and yg are the distances
from CO to center of gravity (CG) in respectively x- and y-direction.

Based on these assumptions in addition to some added simplifications we can de-
fine matrices M = MA +MRB and C(ν) = CA(ν) + CRV (ν). The subscript RB
stands for rigid-body and A stand for added mass, hence the inertia matrix is built up of
the rigid-body mass of the vessel as well as the added mass. Added mass comes from the
water displacement when accelerating or decelerating. SettingMA = 0 to keep the model
simple, resulting in:

M = MRB =

m 0 0
0 m 0
0 0 Iz

 , (2.4)

where m is the vessel mass and Iz is the moment of inertia about the z-axis. The Coriolis
matrix C(ν) is also constructed from a rigid-body part and an added mass part. For
simplicity also setting the hydrodynamic Coriolis and centripetal matrix C(ν)A = 0,
leaving the following matrix:

C(ν) = CRB(ν) =

 0 0 −mv
0 0 mu
mv −mu 0

 (2.5)

The damping matrix is contructed by a linear and a nonlinear part and is defined by:
D(ν)ν = DLν +DNL(ν)ν to keep it simple for this thesis. The linear and nonlinear
matrices are defined repectivly:
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2.2 Controllers

DL = −

Xu 0 0
0 Yv Yr
0 Nv Nr

 (2.6)

DNL(ν) = −

X|u|u|u|u+Xuuuu
3

Y|v|v|v|v + Yvvvv
3

N|r|r|r|r +Nrrrr
3

 , (2.7)

where all parameters are defined in table 2.1 above.

2.2 Controllers

The autopilot consist of two controllers, one for heading and one for speed. The head-
ing controller is a PID controller with feedforward term based on the first order Nomoto
model, and the speed controller is a PI controller with feed forward term and a reference
model supplying desired velocity. Both controllers implemented on ReVolt are designed
by Albert Havnegjerde in [16].

Heading controller

The objective of the heading controller is to track both heading and yaw rate, which error
states are given by ψ̃ , ψd − ψ and r̃ , rd − r, where ψd is desired heading and rd is
desired yaw rate. These are both time-varying and supplied by a reference model, while ψ
and r are the associated measurements. The heading control law is formulated as:

τδ = τδ,FF + τδ,FB , (2.8)

which consist of a feedforward term (τδ,FF ) and a feedback term (τδ,FB) respectively
given as:

τδ,FF =
T

K

(
ṙd +

1

T
rd

)
, (2.9)

where K and T are the gain and time constant from the Nomoto model, which the
feedforward term is based on.

τδ,FB = −
(
Kpψ̃(t) +Ki

∫
0

tψ̃(τ)dτ +Kdr̃(t)

)
(2.10)

Kp, Ki and Kd are the proportional, integral and derivative controller gains.
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Speed Controller

The control objective is to track the desired surge reference speed uref . This is done by
minimizing surge speed error ũ(t) , ud(t) − uf (t), where ud(t) is the time-varying,
desired surge speed given by a second order reference filter and uf (t) is the low-pass
filtered measurement of velocity. The control law is given by:

τm = τm,FF + τm,FB . (2.11)

τm,FF is the feedforward term and is given by:

τm,FF = Mu̇d + σ(ud), (2.12)

whereMu̇d is the inertia term and σ(ud) is the steady-state polynomial damping term.
Further is τm,FB the feedback term which is given by:

τm,FB = Kpũ(t) +Ki

∫ t

0

ũ(τ)dτ, (2.13)

where Kp and Ki are the proportional and integral gain of the controller.

2.3 Line-of-sight guidance
Line-of-sight (LOS) guidance is a path-following algorithm which calculates a desired
course angle. The control objective is minimize the cross-track error which is the shortest
distance from own-ship to the desired path. In this case a lookahead-based steering is used
giving desired course angle as:

χd(e) = χp + χr(e) (2.14)

where
χp = αk = arctan 2(yk+1 − yk, xk+1 − xk) (2.15)

x and y are the coordinates of the waypoints in the desired path. Both the desired path
and the actual path taken are rotated relative to the xn which is the relative North axis. αk
represents the rotation between North and the desired path. χr(e) is given by:

χr(e) = arctan

(
−e
∆

)
, (2.16)

where e is the cross-track error and ∆ is the lookahead distance. ∆ > 0 and a rule
of thumb is to set it to 1.5-2.5 ship lengths [14]. From (2.16) it is evident that a small ∆
yields a big χr(e), and hence a more aggressive convergence to the desired path. Taking
ocean current into consideration we need do account for the sideslip-angle β. Sideslip is
the difference between course and heading angle. When having velocity measurements
available the new output from the algorithm is:

ψd = χd − β (2.17)
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2.4 Model Predictive Control

where β can be calculated as:

β = arcsin
( v
U

)
(2.18)

v is sway velocity and U is the speed over ground.

2.4 Model Predictive Control

Model Predictive Control (MPC) is one of the most widely accepted modern control strate-
gies because of its sensible compromise between speed of computation and optimality. An
overall description of MPC would be that it predicts future behaviour using a model and a
given hypothetical future input. Then only the first input of the predicted optimal control
sequence is applied to the actual system [8].

for t = 0, 1, 2, ... do
Compute an estimate of the current state x̂t based on the measured data up until
time t.
Solve a dynamic optimization problem on the prediction horizon from t to
t+N with x̂t as the initial condition.
Apply the first control move ut from the solution above

end
Algorithm 1: Output feedback MPC procedure [13]

The algorithm solves an optimization problem over and over at each time step. It has
a moving horizon, meaning that the prediction horizon will move one step at each time
step. An important part of the algorithm is how to find the initial value xt. This can be
done using the predicted value xt+1, predicted at time t or by doing state estimate based
on available measurements. The reason for doing the latter is that our prediction will not
account for disturbances and modeling error, hence it can easily give a bad estimate of the
actual initial value [13].

The main challenges of MPC relates to computational complexity and convergence.
As collision avoidance (COLAV) scenarios can get extremely complex, it may lead to
non-convex optimization problems. Such problems can exhibit local minimums and be
hard to solve, making conventional MPC not optimal for COLAV. Therefor model formu-
lation, discretization, control trajectory parameterization, constraints and objectives need
to be considered carefully, along with issues like dependability [17]. In the basic MPC
algorithm presented above we assume that the plant used for prediction is the same that
is to be controlled. This is generally not a valid assumption as there will be unmeasured
noise in the system. We need to have a guaranty for feasibility and convergence, as not
getting a result is unacceptable. Robust MPC is a solution to this [5].

Robust MPC utilizes the concept of optimizing over a finite set of possible control
behaviour, and can be as simple as picking between a discrete number of outputs based
on cost comparison e.g. [4], but most approaches incorporates optimization over control
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Chapter 2. Theory

parameters to enhance the performance. Using this method we completely avoid numeri-
cal optimization, assuring feasibility and a resulting system that could be able to perform
in real-time. This approach will reduce the degrees of freedom possible to control, hence
imposing responsibility of performance on to picking a decent set of possible control be-
haviour.

2.5 International regulations for avoiding collisions at sea
(COLREGS)

Rules for preventing collision at sea have been in existence for several hundred years, but
they have only been of statutory force in the last century. The once we follow today have
emerged from years of development and came in to effect in 1972. They are called the
international regulations for avoiding collision at sea or COLREGS. COLREGS is divided
into five parts, Part A - general, Part B - steering and sailing rules, Part C - lights and
shapes, Part D - sound and light signals and lastly Part E - exemptions [9]. Part B is the
most relevant for this project and more specific rules 6, 8, 13, 14, 15, 16 and 17. The rest
of this section provides an overview of these rules [3].

Rule 6 - Safe speed

Every vessel shall at all times proceed at a safe speed so that she can take proper and effec-
tive action to avoid collision and be stopped within a distance appropriate to the prevailing
circumstances and conditions. Visibility, traffic density, weather, water depth and more
must be taken into account when determining a safe speed.

Rule 8 - Action to avoid collision

For a vessel in risk of collision, action to avoid it shall be taken with accordance to the rules
of part B. Any alteration of course and/or speed to avoid collision shall be large enough
to be readily apparent and made in ample time. The action shall result in passing at a safe
distance.

Rule 13 - Overtaking

Any vessel overtaking any other shall keep out of the way of the vessel being overtaken. It
is deemed a overtake vessel when it comes up with another vessel from a direction more
than 22.5 degrees abaft her beam.

Rule 14 - Head-on situation

When to power-driven vessel are meeting on reciprocal courses we have a head-on situa-
tion and each shall alter her course to starboard, so they both pass on port side.
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2.5 International regulations for avoiding collisions at sea (COLREGS)

Rule 15 - Crossing situation

There is a crossing situation if two power-driven vessels are crossing in a way that involve
risk of collision. Then the vessel which has the other on her starboard side, is deemed the
give-way vessel and should avoid collision as well as try to avoid passing in front of the
other vessel.

Rule 16 - Action by give-way vessel

A give-way vessel shall as far as possible take a substantial and early action to avoid
collision.

Rule 17 - Action by stand-on vessel

The stand-on vessel should keep her speed and course. However when it becomes apparent
that the give-way vessels actions alone is not enough to avoid collision, the stand-on vessel
should take action as well. This rule do not relieve the give-way vessel of her obligations.
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Chapter 3
Experimental Platform

3.1 ReVolt concept

ReVolt, an efficient, safe and environmentally friendly short sea shipping concept, de-
signed by DNV GL to help explore how much improvement is possible by utilizing state
of the art technology. It is designed to be an unmanned, zero emission ship for the fu-
ture, transporting cargo along the Norwegian coast at a low cost. As well as lowering
costs ReVolt is set to reduce the number of fatalities caused by human error, introducing
opportunity for an autonomous system. Such a system requires sensors for situational
awareness, guidance, navigation and control as well as collision avoidance systems.

Figure 3.1: Concept ReVolt [33]

13



Chapter 3. Experimental Platform

The concept ship has an optimal speed of 6 knots, cargo capacity at 100 TEU and and
operational range of 100 nautical miles. The hull was designed with a straight vertical
bow to minimizing resistance and optimize ship efficiency. At the low cruising speed of
the vessel, the only resistance to overcome will be hull friction and some environmental
forces like waves and wind. The propulsion system is fully electrical and consists of two
stern pods for the main propulsion and one retractable bow thruster for manoeuvring. [22]

3.2 ReVolt test platform

In 2014 a 1:20 scale model of the ReVolt was built, delivered by Stadt Towing Tank. The
model has the same thruster configuration and hull design as the concept vessel. Septem-
ber 2018, a skeg was added in the aft of ReVolt. The skeg is an additional fin which will
aid the directional stability, which was strongly lacking. The enhancements resulted in
ReVolt being considerable less difficult to control.

Figure 3.2: ReVolt test platform

ReVolt as it is today has a maximum speed of about 1.5ms and the thruster angle is
restricted at ±45◦ offset to each side during transit. These restrictions influence ReVolts
maneuverability. It classifies as a slow system, and because of the restrictions the turning
radius is quite vast. There will also take some time from the offset in desired course angle
is given until it is reached. All factors to be considered while designing the control systems.

The vessel is a scale-model, testing in a full scale environment, obviously leading to
some challenges. Waves, wind and ocean current have 20 times the effect on the test plat-
form compared to the concept model, as the configuration of the boat is design to be full
scale. There are probably many unknown effects of this problem, but the most evident and
known difficulty is weather conditions. With ReVolts low maximum speed, there is not
much extra power to be used when sailing in rough waters, hence the propulsion is close
to zero when sailing up against bigger waves or large ocean current. Also immense waves
from the sides increase the risk of ReVolt actually capsizing. Based on this assessment
ReVolt is best tested in calm water, where environmental factors have minimum effect.
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3.2 ReVolt test platform

3.2.1 Components
This section presents the existing components on the ReVolt. The main components are
the embedded computer, motors with associated electronic speed controllers (ESC), the
global positioning system (GPS), the Xsens and the two Arduinos controlling the motors.
This year new batteries where inserted to increase possible testing time. There is also need
for a more powerful embedded computer, in order to do the real time calculations neces-
sary for an autonomous surface vessel.

Name Placement Model
Motor controller Bow Robbe NavyControl535R
DC-motor Bow Robbe Roxxy Starmax 48
Linear actuator Bow Firgelli L16
Servo Bow HiTEC HS-5485HB
H-bridge Bow L293NE
Motor controller (ESC) 2 x Stern Robbe Roxxy Control 900
AC-motor Stern Robbe Roxxy BL-outrunner 5055-45
Stepper motor 2 x Stern Nanotec PD2-N41
Current measurment sensor 2 x Stern, 1 x bow Phidgets 1122 0
Inductive sensor 2 x Stern XS618B1PAL2
Xsens Top middle Xsens MTi-G-710
Vector Middle Hemisphere VS330
Antenna 2 x Stern Hemisphere A45
Water sensor Under batteries Homemade
Embedded computer Middle port side Tank 720
Hard drive Middle port side Verbatim 500GB
4G router Stern port side TP-Link MR200
Arduino Uno Bow Arduino Uno R3
Arduino Mega Stern Arduino Mega
Battery 2 x Middle Exide EP650
Relay Middel starboard side -
RC remote - Spektrum DX6i
RC receiver Stern Spektrum AR610
Light beacon Stern -

Table 3.1: Main components on the ReVolt

Others are working on adding both Lidar and video camera systems to ReVolt, making
it possible to design an obstacle detection system in the future. With the current equipment
available, ReVolt do not have whats necessary for doing object detection and tracking, both
with regards to sensors and the computational power of the embedded computer. An auto-
matic identification system (AIS) receiver would also be a possible wanted component to
increase reliability on the object detection system.
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Chapter 4
Maritime collision avoidance

To achieve a fully autonomous system we need a way of avoiding collision with other
ships, obstacles and land. This have to be done in a safely manner, guided by the Inter-
national Regulations for Preventing Collisions at Sea (COLREGS). These rules specify
actions to be taken when ships operate in near proximity of other vessels. Preventing dan-
gerous situations with a high risk of collision, and ensuring reliable and predictable actions
for everyone around. A good amount of approaches to this problem have been presented,
both with and without COLREGS compliance. Simple collision avoidance (COLAV) algo-
rithms like velocity obstacle [12] and dynamic window [11] do not incorporate COLREGS
directly. This is not sufficient for a ship to be fully autonomous among other manned
ships. Examples of methods capable of incorporating COLREGS compliance are fuzzy
logic [19], evolutionary path planning based algorithms [10], interval programming [6],
2D grid maps [32] and presumably many others.

4.1 COLAV based on model predictive control

Collision avoidance based on model predictive control (MPC) have been used in several
different settings like autonomous vehicles [28], cars [35], or in autonomous aerial vehi-
cles [25] [34]. Further some elements of optimization and optimal control have been used
at sea before [21], but the use of MPC for ship collision avoidance in compliance with
COLREGS was first proposed by Johansen et al. [18], and that method is called simula-
tion based model predictive control (SBMPC). Afterwards the concept has been utilized
in other COLAV methods. In [7] they further develop the method by implementing a
MPC algorithm for mid-level COLAV using nonlinear programming, while [15] uses the
SBMPC with COLREGS compliance to improve performance and robustness of COLAV,
and reduce dependability on knowing the exact guidance method. Further in [26] the al-
gorithms is adapted to a system with less freedom to change its propulsion.
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Chapter 4. Maritime collision avoidance

4.2 SBMPC architecture

Figure 4.1: System architecture and information flow including SBMPC. Blue boxes represents the
already existing code-base on ReVolt. Green is the added SBMPC structure and the yellow is the
additional necessities for testing. Inspired by [18].

The proposed architecture for SBMPC in [18] allows for a highly modular system, as
the COLAV algorithm is separate from both the mission planer and the autopilot. This
makes SBMPC easy to add on to already existing systems, increasing opportunity for real
life testing on already existing ships. Figure 4.1 illustrates the overall structure of a systems
using SBMPC. The algorithm’s input is the sensor data and planned trajectory in form of a
list of waypoints. Using this information the COLAV system searches for a collision free
and COLREGS compliant path to take. This path should be as close to the nominal path
as possible, without being hazardous. The COLAV system then outputs control offsets in
form of a course offset and a adjustment to the speed. This course and speed adjustment
combination is what defines a scenario in SBMPC.

The SBMPC algorithm is realized by a finite horizon and finite scenario minimization
problem. The objective functions is defined by the ship plant model, and the constraints
are formed by environmental forces, model uncertainty, weather, obstacle trajectory un-
certainty, hazard and operational cost. Collision avoidance could be a complex problem,
which may yield non-convex optimization problems without a solution. The key here is
the finite scenario part, which makes the optimization problem deterministic and therefor
always yields a result. To formulate our problem in this manner we use theory from robust
MPC described in section 2.4, which is carried out using a discrete set of possible control
offsets and speed adjustments. Having a deterministic problem is important as not getting
a result would be unacceptable in real life situations. A drawback of the proposed solution
is the reduction in degrees of freedom, making the selection of the set of possible control
offsets a very important design decision.

Moreover we recognize from figure 4.1 that the systems is dependent on a set of in-
formation. In order to support collision avoidance we have to assume availability of the
following:

• List of obstacle’s position and velocities

• List of waypoints for desired path and desired speed
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4.3 COLAV with SBMPC

• Own ship’s state

• Mathematical model of own-ship

4.3 COLAV with SBMPC
Making SBMPC work for collision avoidance is based on some assumptions. It is assumed
that the collision avoidance system (CAS) is working in real-time, meaning it is able to
compute the best control input faster than real time. Solving the optimization problem
is done using a receding horizon, with re-optimization every 5 seconds, utilizing new
information from the sensors. All the scenarios are evaluated and a cost is calculated
based on collision hazard and compliance with COLREGS. Then the scenario related to
the lowest cost is chosen and the associated control offsets sent to the autopilot. The cost
function uses velocities and line-of-sight vectors to express the COLREGS rules, as well
as distance and speed to evaluated collision hazard. The general overview of the COLAV
module is as follows:

1. For each pair of course and speed offset, the trajectory of both the ship and the
obstacles are predicted.

2. The cost function is applied to the same set of control behaviours, calculating the
cost using the associated ship and obstacle trajectories.

3. Choose the control behaviour set corresponding to the lowest cost, and apply the
first control input.

4. Repeat when new sensor information is available.

4.3.1 Prediction of trajectories
To predict the trajectory of the own-ship both linear- and Euler prediction can be uti-
lized. Both will be discussed here, but Euler prediction with the 3DOF model explained
in section 2.1 is the preferred method. However, for simplicity only linear, straight line
prediction is used in this case. Also taking into consideration that this would most likely
also be necessary for the current ReVolt on-board computer to be able to compute the con-
trol offsets in real-time. Even though one of the advantages of MPC is the possibility to
include all the vessel dynamics, steering and propulsion systems and weather-, wind- and
ocean current information, we will still get a satisfactory result using a simplified system.
The reason for this is our small, some what easy to maneuver test platform.

On the other hand, when applying this method to a bigger ship with slow dynamics,
like the ReVolt concept ship described in section 3.1, the 3DOF model is not even good
enough. We would need to take all the environmental forces into consideration and use a
6DOF model with less or none simplifications because of the slower dynamics. For the
purpose of this project, the linear prediction will be sufficient. Keeping in mind that it do
not take ReVolts slow turning into the calculations, expecting the course changes to hap-
pen instantaneously. Euler prediction is a first order numerical procedure that calculates
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the shape of an unknown curve given a initial value and differential equation. Hence it
tries to take the model dynamics into account when calculating the predicted path of the
own-ship, resulting in a much more accurate prediction.

Predicting our own path has its challenges, but at least we know the ship dynamics
and the input. It is a much greater challenge to predict the path of the obstacles, which
is one of the significant concerns when implementing collision avoidance. Knowing only
current position, heading and speed the easiest approach is to use linear prediction for the
obstacles as well, given no information what so ever on the vessel model. As we update
our prediction every 5 seconds in the SBMPC method this solution will provide enough
accuracy, and combined with our safety margins the overall systems will work sufficiently
for this purpose.

The linear prediction is given by the following equations:

x̂i+1 = x̂i + (t− t0) · ûi (4.1)

ŷi+1 = ŷi + (t− t0) · v̂i (4.2)

where t0 is the time of the measurements and t is some future point in time. ûi is the
assumed speed in x-direction and v̂i in y-direction.

4.3.2 Selection of control law behaviour
To decide control behaviour a lot of different scenarios are evaluated. A scenario consist
of the current state of the own ship, its desired control behaviours and the predicted path of
the obstacles. The control behaviour is either constant on the prediction horizon or change
p number of times. Johansen et. al. [18] states a minimum of sets that should be evaluated,
which is the base for the choices used in this project:

• Course offsets at {−90,−75,−60,−45,−30,−15, 0, 15, 30, 45, 60, 75, 90} in de-
grees.

• Keep speed, slow forward and stop commands. Represented as {1, 0.5, 0}.

The original suggestion of the speed set included backwards propulsion, which is omit-
ted here to reduce computations as driving backwards is unwanted behaviour. With all
combinations of these we have 13 ·3 = 39 possible control behaviours, assuming that they
are kept constant over the prediction horizon. If you choose to change control behaviour
on the horizon the number of possibilities quickly increase, and with one change you al-
ready have 392 = 1521 different possible control behaviours. Hence the computational
cost increase equally rapid. If there is access to enough computational power, allowing
change in course on the horizon would likely increase performance, if not, a bigger set of
control values could be an alternative enhancement. For this project the proposed mini-
mum of course offsets are used.
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4.3.3 COLREGS compliance
As for the road the sea have its own set of rules, called COLREGS - International Regu-
lations for Preventing Collisions at Sea. When performing COLAV it is important for the
autonomous surface vessel (ASV) to follow those rules, making the actions taken logical
and predicable for operators of other vessels. The CAS uses the available information
illustrated in figure 4.2 and specified in table 4.1 to evaluate the situational hazard with re-
spect to COLREGS. Furthermore, the COLREGS compliant control action with the lowest
risk is chosen.

Figure 4.2: Main information for hazard evaluation in scenario k at time t [18]

Parameter Description

~vo
k(t) Predicted velocity of own-ship in scenario k

~vi(t) Predicted velocity of obstacle with index i

~Li
k
(t)

Unit vector in LOS direction for own-ship to the obstacle
with index i in scenario k

dko,i(t)
Predicted distance between own-ship and obstacle
with index i at time t in scenario k

dcli The largest distance where COLREGS apply

Table 4.1: Parameter description for hazard calculations with respect to COLREGS [18]

The blue curve is the predicted path of ReVolt, and the red for the obstacle, both based
on the most recent measurements. The blue and red dots denote the predicted position at
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some future point in time, t. The vectors attached to them represent the predicted veloc-
ities at that time, denoted ~vo

k(t) and ~vi(t). The black vector is the Line-of-sight (LOS)

vector, denoted ~Li
k
(t). It is a unit vector which represents the direction from ReVolt to

the obstacle. Along with these vectors the distance between the ships is needed, denoted
dko,i(t), as well as a distance representing the COLREGS “area”, denoted dcli . Utilizing
these five parameters we can evaluate the risk at a time t in a scenario k. Descriptions of
how COLREGS connect to the scenarios, could be described by different boolean parame-
ters. These parameters are valid when the own-ship and the obstacle is within COLREGS
perimeters, meaning the distance between them is less than dcli . All expressions below are
obtained from [18] and the parameters used are described in table 4.1:

• CLOSE: When dko,i(t) ≤dcli , ReVolt is said to be CLOSE to the obstacle i.

• OVERTAKEN: ReVolt is said to be OVERTAKEN by obstacle i if

~vo
k(t) · ~vi(t) > cos(68.5◦)|~vok(t)||~vi(t)|

• STARBOARD: Obstacle is STARBOARD of ReVolt if the bearing angle of ~Li
k
(t)

is larger than ReVolts heading.

• HEAD-ON: Obstacle i is HEAD-ON if it is CLOSE to ReVolt and:

|~vi(t)| > 0.05

~vo
k(t) · ~vi(t) < − cos (22.5◦)|~vok(t)||~vi(t)|

~vo
k(t) · ~Li

k
(t) > cos (φahead)|~vok(t)|

where the angle φahead is to be selected.

• CROSSING: ReVolt is CROSSING the obstacle if it is CLOSE and:

~vo
k(t) · ~vi(t) < cos(68.5◦)|~vok(t)||~vi(t)|

To indicate a violation of COLREGS the boolean parameter µki (t) ∈ 0, 1 is used, as in
[18]. The rules taken into account here is mainly rules 14 (head-on) and/or 15 (crossing),
resulting in the following expressions:

µki (t) = RULE 14 or RULE 15

RULE 14 = CLOSE & STARBOARD & HEAD-ON

RULE 15 = CLOSE & STARBOARD & CROSSING & NOT OVERTAKEN

Additionally rule 13 is implicitly taken into account by requiring ReVolt to be NOT OVER-
TAKEN, as the overtaking vessel is the one that should keep out of the way. This expres-
sion only consider rules 13, 14 and 15, whilst the remaining rules described in section
2.5 are relevant as well. Hence these will be attempted followed by tuning the parameters
described in the next section.
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4.3.4 Hazard Evaluation Criterion
The hazard calculations is mostly based on three parameters. There are two collision
hazard parameters taking different parts of the available information into considerations.
The third is the COLREGS part of the hazard. The combination of these parameters can
be expressed as the following cost function:

Hk(t0) = max
i

max
t∈D(t0)

(Cki (t)Rki (t) + κiµ
k
i (t)) + f(Pk, χkca) (4.3)

where t0 is the current time and κ is a tuning parameter. The remaining parameters will
be further described below.

The first part of the equation is composed of C, R and µ representing the risk of
collision. R is the collision risk factor given as:

Rki (t) =


1

|t− t0|p
(
dsafei

dko,i(t)
)q, if dko,i(t) ≤ d

safe
i

0, otherwise

(4.4)

where t0 is the current time, and t > t0 is the time of the prediction. The risk factor
is only calculated when the ships are inside the perimeter of dsafei . The value of dsafei

together with q ≥ 1 must be chosen carefully to make the system comply with rule 16 of
COLREGS. Implying that ReVolt will have to take actions preventing collision, along with
staying well clear of the obstacles. dsafei also incorporate staying away from ships that are
fishing, sailing or appear to not be under command. The risk factor is additionally depen-
dent on time, and will reduce the cost of risk appearing further into the future unlike more
close in time hazards. The time dependence is weighted by p ≥ 1

2 . Factoring time into
the cost function is important as there is less time to act at close in time hazards. Further
will the short-term prediction be more accurate than the long-term, based on utilization of
a linear prediction function. Hence there should be put less emphasis on hazards further
into the future, because of possible uncertainties, which is taken into account by the time
dependent factor 1

|t−t0|p .

The cost associated with collision, denoted C, is the next part of the equation, and is
calculated as:

Cki (t) = Kcoll
i (t)|~vok(t)− ~vi(t)|2 (4.5)

This cost factor is scaled by the relative kinetic energy of ReVolt and an obstacle, and is
most important if collision with all obstacles is unavoidable. It is weighted by Kcoll

i (t)
which may depend of several different conditions, like obstacle size, the right to stay on
and/or responsibility to keep out of the way.

Lastly µki represents the cost connected to COLREGS. It is a boolean variable weighted
proportionally by κi.

The second part of the hazard equation is f(Pk, χkca) which is given as:

(P, χca) = kP (1− P ) + kχχ+ ∆P (P − Plast) + ∆χ(χca − χca,last) (4.6)
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where ∆P , χ and ∆χ are penalty functions and kp and kχ are positive tuning parameters
that influence the priority of keeping nominal speed and course. Hence this part of the
hazard function is making sure there is not an unnecessary high offset from the nominal
course and speed. It also make sure the ship get back to the original path after the collision
hazard is over. χ and ∆χ are asymmetric to ensure compliance with COLREGS rules
14, 15 and 17, and are presented in more detail below. f(Pk, χkca) favors a straight line
drive with constant cruising speed, making actions taken more predictable for others that
might be in near proximity of the ship. This favouring is utilized in the two last terms of
f(Pk, χkca) which make sure to not change control offset too often. Hence there have to
be a significant change in cost for the ship to take action. This will also prevent oscillations.

∆χ is called the course penalty function and forces the ship to favour turning to star-
board side, fulfilled by having an asymmetric cost. This ensures an algorithm working
towards COLREGS compliance. The function is stated below:

∆χ =


K∆χ,port(χca − χca,last)2, if turn to port

K∆χ,starboard(χca − χca,last)2, if turn to starboard

0, otherwise

(4.7)

χ is similar to ∆χ, but depends on the size of the offset instead of change in offset.
This function started out symmetric, simply penalizing large offsets from nominal control.
During implementations it was proven that this function sometimes overpowered other
terms in the cost function, leaving us with strange and unwanted behaviour. Hence the
need for the asymmetric function stated below. The added asymmetry works equally to
∆χ, and improved the behaviour significantly.

χ =

{
Kχ,port(χca)2, if turn to port

Kχ,starboard(χca)2, if turn to starboard
(4.8)

4.3.5 Implementations

The implementations in this project are based on the code written by Inger B. Hagen in
her MSc thesis Collision Avoidance for ASVs Using Model Predictive Control [15]. The
code is reused, and changed to fit with the already existing system on ReVolt. There were
some challenges along the way as the original code is written with respect to the coordinate
system east-north-up (ENU) while the ReVolt system is based on north-east-down (NED),
hence some modifications was needed to join the two code bases correctly. Moreover the
need to send correctly formatted information into the CAS, was a challenge.

As virtual objects are used in this project, instead of relying on working sensory sys-
tems, their path must be decided. The only input available is the initial values of heading,
speed and position. For simplicity a straight line path was chosen for all obstacles, and the
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new position of the obstacle is calculated every time step using equations 4.1 and 4.2.

There are a lot of parameters affecting the COLAV algorithm, and to get the desired
behaviour with respect to both risk and COLREGS they need to be tuned carefully. The
parameters are presented in table 4.2 below, and are the ones chosen after a substantial
amount of trial and error. They give an acceptable behaviour of the algorithm, which will
be discussed more excessively later on.

Parameter Value Description
T 300.0 [s] Prediction horizon
DT 0.5 [s] Time step used for trajectory prediction
P 1 Weight on time to evaluation situation
Q 4 Weight on distance to obstacle at evaluation time
DCLOSE 200.0 [m] Distance where COLREGS comply
DSAFE 40.0 [m] Distance to obstacles that is considered safe
KCOLL 0.1 Weight on collision cost
φAH 68.5 [deg] Angle specifying if obstacle is ahead
φOT 68.5 [deg] Angle specifying if an obstacle overtaking the ship
φHO 22.5 [deg] Angle specifying if an obstacle head on the ship
φCR 68.5 [deg] Angle specifying if an obstacle crossing the ship
κ 3.0 The cost of not complying with COLREGS
KP 10 Cost of having a speed offset from nominal speed
KχSB 2.5 Cost of course offset from nominal course to starboard side
KχP 10 Cost of course offset from nominal course to port side
K∆P

0.5 Cost of changing speed
K∆χSB 0.5 Cost of changing course to starboard side
K∆χP 0.9 Cost of changing course to port side

Table 4.2: Parameters in the COLAV algorithm used during testing
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Chapter 5
Simulation

All simulations were conducted in a simulator framework called CyberSea, provided by
DNV GL. It provides a setup which gives a distinct separation between the different mod-
ules, letting the control system lie entirely outside the simulator. The advantage with this
structure is that the control system should not be able to tell the difference between the
real marine vessel and the simulated one. Testing is done using the exact code that will be
run on actual ReVolt, together with the same Remote control system.

To set up the different test cases and send necessary initial information to CyberSea,
the Remote control station, made with Qt [2], is used. The system was originally designed
by Albert Havnegjerde in his master thesis Remote Control and Path Following for the
ReVolt Model Ship [16] and is reused and enhanced to accommodate the needs of this
project. The change done to the system is adding the possibility to design and display
dynamic obstacles, making Qt usable for setting up COLAV test cases. Figure 6.5 show
the user interface for the remote control station. A test case is designed by first drawing
up the path for ReVolt to follow, done by right-clicking the map at the desired waypoint
positions. Next the ’Design Obstacle’ button is pushed, seen in figure 6.5, and the desired
initial values are set. For this project only single obstacle cases were tested, but the system
is designed to easily increase to an unlimited number of obstacles. All necessary scenario
information is transferred to the control system via transmission control protocol (TCP).

The obstacles used for this project are virtual, removing the need for sensors like cam-
era and lidar. This decreases the complexity of the problem, releasing time to focus on the
COLAV algorithm instead of sensor fusion, object detection and tracking. Initial position
is set relative to ReVolt using distance in meters in North and East directions. Speed and
heading are also chosen, and kept constant throughout the scenario. The obstacles behave
in a straightforward manner and go in a straight line, keeping constant speed and heading,
no matter what. Hence the objects will not perform evasive maneuvers in cases where they
are designated keep-way vessel, thus not following COLREGS. This leaves ReVolt with
the full responsibility of avoiding collision.
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(a) Overview of the remote control station.

(b) Closer look at the “Add obstacle” tab.

Figure 5.1: Remote control station designed in Qt.

As widely known, simulations will never be accurate enough to compete with real
world testing. Hence there will always be some difference in behaviour, that is hard to
predict. The simulations performed in this thesis is conducted in optimal conditions, with
no weather, noise or other disturbances. The simulators allows for adding such conditions,
but for the purpose of this project the most straightforward simulations were utilized, to
focus on getting the desired behaviour. Bearing this in mind when examining results from
testing on actual ReVolt.

All simulations are completed using the linear prediction, instead of Euler prediction
as discussed in section 4.3.1. This simplification was mostly done to avoid the possible
risk of ReVolt not being able to perform the heavier computations. As there were little
time to test this theory, I chose linear prediction based on Inger B. Hagens conclusion in
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[15]. She had concerns about run-time on the on-board computer, and therefor chose to
evaluate linear prediction in comparison to Euler. In her simulation results for the simpler
test cases, there are little to no difference between the two. Using Euler prediction is re-
served for future work. Even though linear prediction is less accurate, it will be sufficient
for the small scale testing conducted in this thesis, but would likely not be for full scale
testing with many quickly moving obstacles.

5.1 Head-on
Head-on situations are likely the simplest scenarios. To comply with COLREGS ReVolt
should, as early as possible, make an evasive maneuver to starboard side. Both vessels
are supposed to turn to their starboard side, but as the obstacle is trivial it will not act and
continue straight forward. Two scenarios were constructed with different initial distance,
respectively 300 and 600 meters. The purpose of this is to study the different phases of the
scenario, seeing how it will react both close to collision and when there is no immediate
risk. In this particular situation ReVolt move from south to north and the obstacle from
north to south. Both ships keep a constant speed of 1 m/s.

The results from the simulation with 300 meters initial distance are presented in figure
5.2. The over all performance is quite satisfactory, ReVolt avoids collision with minimum
distance of about 37 meters. The change in course offset is step-wise until the obstacle
have passed, then no offset is given to get back to nominal path immediately. This be-
haviour is expected as ReVolt get further away from nominal path the desired course angle
from the LOS guidance (described in section 2.3) will increase accordingly. As this is not
accounted for during calculations there is a need for a step-wise increase in course offset
to keep following the predicted optimal path. The reason for the slight offset to the desired
path at the end is the quite big look-ahead distance of 40 meters causing it to take some
time before getting all the way back on track. The speed is kept constant through the entire
scenario.

Figure 5.3 shows the results from the other head-on scenario starting at 600 meters
distance. ReVolt avoids collision with a safe distance of about 43 meters, which is ad-
equate. In the beginning of the case there are oscillations between zero and 30 degrees
control offset, causing unwanted behaviour. When the ships gets close enough together
the oscillations stops and the case is pretty much the same as the previous one, with 300
meters initial distance. After this the behaviour is as expected.

The reason for these oscillations originates in tuning. There have to be a balance
between the prediction horizon and the parameter dclose for this to work. If they are un-
balanced ReVolt will start avoiding collision without taking COLREGS into account, and
when the predicted path get within the perimeter of where COLREGS apply it might have
to change its mind to comply with COLREGS. When the distance between the vessels is
large this will happen on and off until they are so close that the unbalance between the
parameter do not lead to a disturbance in the system.
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(a) Plot of the positions and desired paths of
ReVolt and obstacle.
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(b) Plot of the closest position between ReVolt
and the obstacle.
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(c) Plot of ReVolts chosen offset in course (radians) and speed (m/s), together
with desired course (radians) from the guidance law.

Figure 5.2: Head-on scenario with initial distance of 300 meters.
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(c) Plot of ReVolts chosen offset in course (radians) and speed (m/s), together
with desired course (radians) from the guidance law.

Figure 5.3: Head-on scenario with initial distance of 600 meters.
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5.2 Crossing from starboard
In a crossing situation when the obstacles approaches ReVolt from starboard side, ReVolt
will be named keep-way vessel and the obstacle stay-on vessel. ReVolt is sailing from
south to north and the obstacles is coming from east going west. Both ships have a speed
of 1 m/s.

900 1000 1100 1200

East [m]

400

450

500

550

600

650

700

750

800

N
o
rt

h
 [
m

]

Revolt

Obstacle

Revolt desired path
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(c) Plot of ReVolts chosen offset in course (radians) and speed (m/s),
together with desired course (radians) from the guidance law.

Figure 5.4: Crossing scenario from starboard side.
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The correct actions to be taken in this situation according to COLREGS is that the
keep-way vessel should pass behind the crossing vessel. Meaning ReVolt have to make an
evasive maneuver to its starboard side. From figure 5.4 it is clear that that is exactly what is
executed in the simulations, leading to a smooth change in path avoiding the collision with
minimum distance of 34 meters. The course changes are predictable and ReVolt returns
quickly back to nominal path, giving an overall satisfactory behaviour.

5.3 Crossing from port
This scenario with the obstacle crossing in from port side is a more complex situation than
crossing from starboard. The reason for this is that ReVolt now is the stand-on vessel and
the obstacle should keep way, according to COLREGS. But as mentioned earlier the ob-
stacles will just keep straight on, making no effort to avoid collision. Hence ReVolt has to
take actions regardless. As the ships get closer to collision the cost of actually colliding
will dominate the cost of obeying to COLREGS, forcing ReVolt to do an evasive maneuver.

In this particular case Revolt is sailing from south to north, and the obstacle is com-
ing in from the west, going east. The nominal speed of both vessels are still 1 m/s. The
simulation results of this scenario is presented in figure 5.5 below. ReVolt end up avoiding
collision by turning to starboard side and passing in front of the crossing obstacle. It is
not trivial what the optimal course of action is here, but the one chosen by the algorithm
is a good one as the minimal distance between the vessels is 147 meters, which is a safe
distance. The most important part is that ReVolt take action early and stick with it. The
act of being predictable is regarded less dangerous than for example crossing in front of
the obstacle like carried out here. Furthermore, this particular action keeps opportunities
open for the crossing obstacle to alter its course to starboard as it should have done in the
first place. For ReVolt to change speed during this scenarios would just further complicate
the situation.
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(c) Plot of ReVolts chosen offset in course (radians) and speed (m/s), together
with desired course (radians) from the guidance law.

Figure 5.5: Crossing scenario from port side.
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5.4 Overtaking
Overtaking can happen both ways, either ReVolt is overtaking the obstacle or the obstacle
is overtaking ReVolt. Both cases will not be evaluated, due to ReVolt low top speed. Hence
there might be more suitable to “overtake” a static object. According to COLREGS the
vessel overtaking another vessel should be the one to keep well out of the way, and avoid
collision. As the virtual obstacles still will not change course, ReVolt have to take actions
in both cases. COLREGS do not specify which side of the obstacle passing should take
place while overtaking, but as all other rules states to keep to starboard side, that would
be the natural action here as well. The code is already implemented to favours offset to
starboard side.

In this situation were ReVolt is overtaking the stationary obstacle ship, it is the one
who should give way. ReVolt is going north with nominal speed around 1.4 m/s, and the
obstacle is staying put at an initial distance of 200 meters in front of ReVolt. Figure 5.6
shows the results where ReVolt takes action to starboard side keeping out of the way with
minimum distance between the ships of about 40 meters. The result is as expected, and
should easily translate into overtaking slowly moving obstacles.

When the situations is the other way around and the obstacle is overtaking ReVolt, the
obstacle should avoid collision. But as that will not happen ReVolt once again have to
take the necessary action to avoid collision. The scenario is equal to the last, but this time
the speed of ReVolt is 1 m/s and the obstacle sails at 3 m/s. This case is again split into
two different scenarios with initial distance of respectively 300 and 600 meters. Figure
5.7 show the first case, where the behaviour is as expected and collision is avoided with
a minimum distance of 45 meters. ReVolt also manages to get back to the original path.
Figure 5.8 shows the larger case with 600 meters initial distance. Here as with the head-on
situation there are initial oscillations until a certain distance between the ship is reached.
From that point on it acts as in the smaller case, avoiding collision at at safe distance of 43
meters, and getting back on nominal path. This is caused by the same parameter unbalance
described in the head-on section (5.1).
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Figure 5.6: Overtaking scenario with obstacle initial position 200 meters in front of ReVolt.
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Figure 5.7: Overtaken scenarios with initial distance of 300 meters.
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Figure 5.8: Overtaken scenarios with initial distance of 600 meters.
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Chapter 6
Experiment

This section describes the experiments conducted with the physical ReVolt. This includes
on-land preparations, tuning of heading controller, validation of the guidance system as
well as the actual COLAV testing.

6.1 Test plan
The plan for testing was quite simple and the goal was to get proof of concept. Testing as
many cases as possible to get validation of the obtained results from simulations. During
testing performed prior to this project, problems with the heading controller was discov-
ered, and hence it needed to be assessed before further testing could start. Satisfactory
performance of the guidance system also had to be confirmed.

All test cases performed during the experiments were composed of one obstacle, sail-
ing at constant speed and course. The prepared scenarios where head-on, crossing from
both starboard and port side as well as overtaking. Testing was planned to begin in
Dorabassenget (marked test area 1 in figure 6.1) and after initial verification moved outside
the breakwater towards Munkholmen (marked test area 2 in figure 6.1) to have more room.
To be able to interact and watch over ReVolt while testing a following boat borrowed from
Gunnerus was utilized.
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Chapter 6. Experiment

Figure 6.1: Map showing utilized test area in Trondheimsfjorden. [1]

Figure 6.2: Launched ReVolt ready for testing. Accompanied by the R/V Gunnerus Workboat, used
as following boat.
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6.2 Preparations

Before the actual sea trials could begin there was some work needed to be done on Re-
Volt. Last time ReVolt was tested was late August 2018 and since then some changes had
been done. Several other students were also working on ReVolt simultaneously, making
unknown changes. Hence we discovered trouble with both the GPS and IMU when per-
forming system tests before launching ReVolt into the water. The IMU was not working
at all, resulting in more troubles throughout the system. As the COLAV algorithm is not
dependent on attitude, getting all other necessary data from the GPS, including yaw angle,
the IMU was removed from the code. GPS troubles were connected to missing signals,
solved by activating them manually. In addition to this the RC controller entered synchro-
nization mode, which we were not able to get out of due to lack of equipment. For these
reasons testing were delayed, but after fixing the controller all problems were solved and
ReVolt was ready.

Experiments were conducted on November 15th 2018 at Dorabassenget and just out-
side the breakwater by Munkholmen. Before the actual COLAV tests could begin it was
necessary to tune the heading controller as well as making sure the guidance system, de-
signed by Albert Havnegjerde [16], was still working satisfactory. Tuning the heading
controller was necessary as ReVolt got new motors this summer, and some other changes
has been done both physically and in the code. After an extensive amount of time used
on tuning, we had to move on due to the possible lack of daylight and battery power. The
result was a slightly under damped heading controller, which with more time should be
tuned to perfection for more accurate results.

Figure 6.3: Me programming changes to ReVolt, while its raining. Protecting the computer from
water damage with a Jervenduk.

41



Chapter 6. Experiment

Then we moved on to validate that the Line-of-Sight guidance law was working prop-
erly. Firstly there were some troubles with ReVolt oscillating back and fourth over the
path, which most likely mainly comes from the not perfectly tuned heading controller. It
could also result from parameters needing to be tuned internally in the guidance law. We
tried changing the look-ahead distance from 40m to 12m which gave a more satisfactory
result, but still with some oscillations. With lack of time and knowledge about the guid-
ance law system, we accepted it be and moved on to the main COLAV tests. It would have
taken to much time to tune all parameters to perfection, and there were no major issues as
ReVolt overall was following the desired path. The results are presented in figure 6.4.
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Figure 6.4: Resulting behaviour of the guidance system after reducing the look-ahead distance down
to 12 meters.
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6.3 Tests

Most of the experiments were conducted inside Dorabassenget which is sub-optimal as
there is too little space to work with. The reason for this was the weather, there was
too much waves outside the breakwater for ReVolt to sail safely. Until close to the end
of the day we did not have the opportunity to test greater distances in our test cases. Get-
ting towards Munkholmen there was only just enough battery left for three more scenarios.

Even though we were able to test some scenarios outside the breakwater, there were
still waves influencing ReVolt during sailing. When waves hit ReVolt from the front side,
the forward speed get significantly reduced giving ReVolt less freedom of movement,
hence collision avoidance could be hard to achieve.

Figure 6.5: Mid-testing, where ReVolt is running a COLAV scenarios carefully monitored in the
remote control station.

6.3.1 Head-on

A head-on situation were ReVolt approximately wants to go from North to East and the
obstacle in the opposite direction was constructed. ReVolt sails at nominal speed of 1 m/s,
same speed for the obstacle. Figure 6.6 show the desired path of ReVolt together with the
actual path, and the position of the obstacle. There are some oscillations in the course all
the way through this scenario, but the overall trend shows ReVolt following the path and
avoiding collision with satisfactory distance of around 50 meters. From the offsets plotted
in figure 6.6c there is a clear trend of positive course offset in the first half of the scenario.
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Positive offsets corresponds to a starboard maneuver which is what we would expect for
ReVolt to act in compliance with COLREGS. It is also evident from the plot that the de-
sired course from the guidance law is oscillating. This will affect how the whole system
works, and disguise how the SMBMP algorithm actually performs. After the collision
risk has passed Revolt quickly returns to nominal path, apart from some oscillations in the
aftermath of the scenario.
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Figure 6.6: Head on scenario.
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6.3.2 Crossing from starboard

Next scenario is a crossing situation where the obstacle approaches from starboard side.
This makes ReVolt the give-way vessel and is therefor the one who should take action.
COLREGS states that the give-way vessel should avoid risk by passing behind the crossing
vessel. Revolt sails from south to north with speed of 1 m/s and the obstacle from east to
west with the same speed.
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course (radians) from the guidance law.

Figure 6.7: Crossing scenario with obstacle approaching from starboard.
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After the obstacle is detected there are more or less oscillations throughout the whole
scenarios. The beginning trend is leaning towards starboard, but for some reason the ves-
sel suddenly chooses to change directions and turn to port side instead. As the distance to
collision decreases the vessel is really indecisive and change course offset back and forth
between port and starboard side. All the way up until the risk of collision is so large that
ReVolt is forced to pick a side, and hence picks port side crossing in front of the obstacle.
Although the behaviour is unsatisfactory the minimum distance between the ships is no
less than 45 meters, meaning ReVolt accomplishes the main goal of avoiding collision.
On the other hand is the behaviour unexpected, unpredictable and not in compliance with
COLREGS. After the hazard is over ReVolt returns to the desired path.

Because the batteries of ReVolt was running low there were not enough time to test
crossing from port side. However in that case ReVolt would be the stand-on vessel and
should in general not be the one taking action. But as the obstacle will not change path,
ReVolt would have to act either way. The results would likely be somewhat similar to the
crossing from starboard presented above. But as crossing from port side is a more complex
situation, there is a likelihood that it would work even less satisfactory.

6.3.3 Overtaken
Overtaking situation can happen both when the vessel is overtaking someone else and
when it is being overtaken. ReVolt is slow, hence the first scenario tested was ReVolt be-
ing overtaken by the obstacle. Both ReVolt and the obstacle are going from south to north.
ReVolt have nominal speed of 1 m/s and the obstacle is sailing at 3 m/s.

The obstacle’s path is slightly west of the own-ship’s path, as can be seen in figure 6.8.
The reason for this is small inaccuracies in the manual setup of the test case, and it will
not affect the case as they will still pass at quite a close distance of no action were taken.
As the obstacle is the overtaking vessel, COLREGS states that it should keep out of the
way on either side of ReVolt. However, the trivial obstacles in these experiments will not
change course. This shows how ReVolt handles situations were it is not supposed to act,
but the risk of collision gets too high.

Also this scenario causes some oscillations in ReVolts behaviour, but the overall ten-
dency is course offset to ReVolts starboard side. And that behaviour is consistent through
the scenarios except from one small spike the other way, but it is small enough for ReVolt
to still stay om the starboard side of the vessel overtaking it. At the closest point the dis-
tance between the vessels is 42 meters. After the risk is over, ReVolt also comes back to
the nominal path though it seems to have a small offset from nominal path.
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(c) Plot of ReVolts chosen offset in course (radians) and speed (m/s), together
with desired course (radians) from the guidance law.

Figure 6.8: Overtaking scenario where the obstacle is overtaking ReVolt.
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Chapter 7
Discussion

The simulation studies in Chapter 5 show that the SBMPC algorithm performs well on sev-
eral different scenarios, by making a predictable and smooth evasive maneuver to avoid
collision in all the cases tested. An issue that became evident during simulations was the
appearance of oscillations when starting scenarios at greater distances. The reason for
these oscillations are described in the simulations chapter, but is overall originating from
poor tuning. Furthermore this leads to problems when the prediction is on the edge of
where the COLREGS cost will activate, hence sequentially having true or false for µ. This
affects the cost too much, causing the algorithm to change course instead of keeping on.
This behaviour will mostly be limited by better tuning, but to remove it completely there
is need for a more complex cost function. This is due to that there might be other sources
for oscillations as well, like ReVolt not knowing whether the obstacles has passed or not.

Although the simulation results presented seems to work quite perfectly, it should be
taken into account that all simulations are done during perfect conditions, with no distur-
bances. For more realistic testing, simulations with non-ideal weather conditions added in
should be performed. This will decrease the step from simulations to real world testing.
More realistic testing is especially important for ReVolt, as the little scale model will be
strongly affected by weather conditions. With a low maximum speed as low as 1.5 m/s
ReVolts ability to avoid collision at all time should be discussed. When the bow is hit by
waves ReVolt nearly moves forward, reducing the freedom of maneuverability. Further-
more reducing ReVolt ability to avoid collision, particularly with fast moving objects. This
issue is only relevant for the scale model, as the full size concept ship will not be nearly as
much affected by the environmental forces. Consequently testing in more calm waters is a
reasonable adjustment to this challenge.

Moving on to the real life experiments described in Chapter 6, where the SBMPC algo-
rithm clearly performs less optimal, as expected in advance. As a consequence of several
obstructions along the way less testing than desired was actually carried out. There was
only time for one full day of testing, leaving the end result as a first time trial of COLAV on
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ReVolt, with no prior information of how it would respond. Factoring this into the equa-
tion are the obtained results quite satisfactory. The system worked mostly as expected,
despite some abnormalities during the crossing scenarios in section 6.3.2. Oscillations
occurring in all three test cases were expected, based on the result obtained during simu-
lation. The amplification is caused by the existence of noise, weather conditions and the
not perfectly tuned heading controller. Disregarding the oscillations, overall performance
in both head-on- and overtaking scenarios are quite positive. The actions taken are clear,
predictable and in compliance with COLREGS. Collision is also avoided with satisfactory
safe distance in all three cases.

Change in course is easier for other ships to notice, consequently the algorithm prefers
course change to avoid collision in stead of change in speed. This concept is proven in
both simulation- and experimental results as the speed is kept constant in all cases.

During the experiments internal cost calculations in the optimization was not logged,
which might be something worth looking into for further work. Logging calculated cost to-
gether with associated control offset, can help evaluate strange and unexpected behaviour.
This would have been beneficial in order to conclude exactly on what went wrong during
the crossing situation from section 6.3.2. However some theories would be that oscilla-
tions lead ReVolt to no other choice than turning port, as the COLREGS compliant action
of turning starboard might have caused a collision. Other factors would be poor prediction
on the basis of existence of noise and poor propulsion. The head-on scenario portrayed in
figure 6.6 further present some strange behaviour, but this time after the collision hazards
was supposed to be over. The reason for this is the cost function not taking into account
whether the obstacle has passed the ship or not, leading to non zero collision cost in erro-
neous scenarios.

Another factor interfering with performance is the use of linear prediction instead of
Euler. Not taking into account the fact that ReVolt do not turn instantaneously is causing
the predicted paths to be off by more and more further into the prediction. This will
further result in a smaller than expected offset relative to the path, as when desired heading
increases ReVolt lean towards going parallel to the desired path. Keeping current control
offset will hence not lead to a safe route, which will become evident as more predictions
are done. Leaving ReVolt with less time to act and the need for more drastic change in
course to avoid collision safely, enforcing unpredictable and unnecessary behaviour.
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Chapter 8
Further work

The implementation of the SBMPC algorithm in this project is quite simple and there are
a lot of potential for improvement, both with regards to tuning and the cost- and objective
function. There are many issues to be resolved before the algorithm can be regarded ready
for use outside the test-environment, starting with a more sophisticated cost function in
cooperation with more advanced plant- and constraint models in the optimization problem.

First step towards an improved performance on real life experiments are simulation
testing in more realistic environments, including environmental forces like waves, current
and wind. This in conjunction with more extensive tuning will likely result in a more
robust system. The development of a systematic method for parameter tuning will help
with this. More experiments in general will moreover help map the challenges that need
solving. Adding increased computational power to ReVolt also provide the opportunity to
do optimization with Euler prediction, for more realistic results.

Further to increase the performance of the algorithm avoiding grounding and collision
with land should be included, based on map data. Also navigational beacons should be
considered, as well as other stationary obstacles. This will be crucial in short distance
shipping, acting a lot in shallow water close to shore.

To be a stand-alone system there is of course a need for object detection, done by uti-
lizing a sophisticated sensory system consisting of e.g. lidar and camera. This is another
project in itself, and will also require the added computational power of a better on-board
computer.
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Chapter 9
Conclusion

In this project a COLREGS compliant collision avoidance module have been implemented
on the ReVolt test platform, using the simulation based model predictive control algorithm.
The CAS have been tested through a number of different simulated scenarios, preforming
well with short distance to collision, whilst experiencing some oscillations with greater
distances caused by an unbalance in the tuning. All actions taken comply with COLREGS
exploiting predictable and apparent behaviour.

The SBMPC algorithm has further been tested during one full day of sea trials. Reveal-
ing several stability and performance issues noted for future improvements. Temporary
disregarding mentioned issues, do the results provide a proof of concept. Demonstrating
that with future enhancements, will ReVolt be able to perform collision avoidance in a
variety of situations, given acceptable weather conditions.
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