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Abstract

Remotely Operated Vehicles (ROVs) are underwater robots that perform different kind of op-
erations, from observation to heavier tasks like drilling, carrying and pulling cables, etc. Those
ROVs are costly and require skilled personal to operate it as well as equipment for transporta-
tion and deployment (boats, cranes, etc.).

The division for electricity at Uppsala University, is developing a wave energy converter
(WEC) concept. The concept is based on a point-absorbing buoy with a directly driven linear
generator placed on the seabed. Several units are connected to a marine substation that is located
on the seabed, whose role is to collect and smooth the power absorbed from the waves and then
bring it to the shore through one single cable.

Cable connection is a big challenge in the project because the WEC concept is small and many
units are necessary to create a rentable farm. Nowadays this operation is performed by divers
but using Observation Class ROV (OCROV) could be an interesting alternative since they are
affordable at lower costs and easier to operate. Cable connection is however a heavy task and
requires force that an OCROV does not have. It will need a docking system from which the
vehicle will take its force. It would then go to the station, dock itself to this support plate, grab
the cables and connect them together. This procedure cannot be done by the ROV operator
because it requires accurate displacement and quick adjustment of the robot’s behavior.

An autopilot was created in Matlab Simulink that consists of three units: the path following, the
ROV, and the positioning unit. The first one uses the vehicle’s position and computes the speed
and heading to be applied on the ROV in order to guide it on the desired path. The second one
contains a controller that will adapt the thrust of each propeller to the force needed to reach the
desired heading and speed from the path following unit. It also contains the model of the ROV
that computes its position and speed. The last unit consists of a Kalman filter that estimates the
ROV position and will be used in case of delay or failure in the communication with the posi-
tioning sensors.

The autopilot model is used with a positioning system that utilizes green lasers and image pro-
cessing. Two green lasers are used as fixed points in each camera picture and from their distance
on the image, the actual distance between the ROV and the docking platform can be computed.
In addition, optical odometry is used. The idea behind is to estimate how the ROV is behaving
by evaluating the changes between two pictures of the camera. Those two systems, laser and
odometry, work together in order to get more accurate results.

The laser system has so far been tested in air. The distance measurements gave interesting re-
sults with an error inferior to 3%, and angle measurements gave less than 10% error for a dis-
tance of one meter. One advantage with the system is that it gets more accurate as the vehicle
gets closer to the docking point.

In addition to the ROV project, a review study was conducted on the variability of wave energy
compared with other resources such as tidal, solar, and wind power. An analysis of the different
tools and models that are used to forecast the power generation of those sources was done.
There is a need for collaboration between the different areas because the future will aggregate
those different sources to the grid and requires a unification of the models and methods.
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Abbreviations

Abbreviation Description

ANN Artificial Neural Network

AR Auto-Regressive

CAD Computer-Aided Design

DMC Dry Mateable Connector

DOF Degree Of freedom

GA Genetic Algorithm

HF High Frequency

k-NN k-Nearest Neighbor

LCD Liquid Crystal Display

LCOE Levelized Cost of Electricity

LF Low Frequency

LVMS Low Voltage Marine Substation

MAE Mean Absolute Error

MSROV Mid-Sized Remotely Operated Vehicle
O&M Operation and Maintenance

OCROV Observation-Class Remotely Operated Vehicle
OpenCV Open source Computer Vision

PI Proportional Integrator

RANSAC Random Sample Consensus

RFID Radio frequency Identification

RMSE Root Mean Square Error

ROV Remotely Operated Vehicle

SURF Speeded-Up Robust Features

UHF Ultra-High Frequency

WCROV Working-Class Remotely Operated Vehicle
WEC Wave Energy Converter

WMC Wet Mateable Connector







1. Introduction

1.1  Wave energy and cable connection

To be able to compete with other energy sources, offshore renewables must
keep a low levelized cost of electricity (LCOE). It means that both investments
and Operations and Maintenance (O&M) costs must reach a level that is com-
petitive with Oil and Gas industry. Two components with significant impact
on those costs are grid connection and power transmission. Depending on the
location of the farm, and the amount of units, it can increase the LCOE up to
5c¢/kWh (see [1]). The chart below, presented in Figure 1, shows the typical
cost breakdown by cost center for wave arrays.

Desion, engineering y., . onee
and management 29,

Transmission
21%

Installstion
22%

Figure 1. Division of the capital costs for a single wave energy converter (from [2]).
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One can see in Figure I that the costs for transmission are non-negligible,
being 21% of the overall capital costs. One part of the installation is also re-
lated to cable connection. The main reason for high capital costs for grid con-
nection is the price of the connectors.

There are basically two types of connectors for underwater physical con-
nections. Wet mate connectors (or WMC’s) can be used in submerged envi-
ronments so the connection/disconnection can be performed directly subsea.
Dry mate connectors (DMC'’s) can be submerged but have to be connected
above water first and then assembled with the cable underwater. Using wet
connectors is substantially more expensive than dry connectors, but underwa-
ter connectors is of high cost in any case. For more information on underwater
connectors, see [3]-[6].

Another reason that increases the share of the grid connection in the LCOE
of wave energy, is the cost of deployment that increases quickly and signifi-
cantly with the amount of cables to connect. Repairing the cables is also a high
budgetary item, since the cables are sensitive to the environment and the haz-
ards are non-negligible (rocks and algae, currents and waves, fishes and ma-
rine mammals...).

1.2 Remotely Operated Vehicles

The deployment and connection of the cables can be done by divers or/and
Remotely Operated Vehicles (ROVs). The latter are increasingly used for
safety and cost purposes. ROVs can work longer and in deeper water than
divers; they can also perform heavier tasks and work faster for certain opera-
tions for example repetitive ones.

ROV’s are classified into different categories depending on their weight,
size, ability, and power, as presented in [7]. We can overall consider three
types, one is dedicated to observation (OCROV: Observation-Class Remotely
Operated Vehicle), another is a usually deeper-rated version of the first type,
or to perform light tasks with small tooling package (MSROV: Mid-Sized Re-
motely Operated Vehicle), and the last one is made for heavy work, with high
power supply and strong tooling capabilities (WCROV: Work-Class Re-
motely Operated Vehicle). The Table 1 summarizes those three ROV catego-
ries.
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Table 1. Summary of ROV categories

Category Voltage Mass ;Fa}t/ipli;al depth l%f;rﬁf)}é ;l;lhgruster/Tool
DC voltage,
OCROV 110220V Upto 100 kg 300 m Manual Electric
DC/AC volt-
age, From 100 kg Crane or A-  Electric or
MSROV 440/480V to 1000 kg 2000 m frame hydraulic
AC voltage,
WCROV 440/480V >1000 kg > 3000 m A-frame Hydraulic

MSROVs and WCROVs are the most commonly and widely used in the off-
shore industry. Their cost is significant, both for the device itself, but espe-
cially when taking into account the personal required to operate them, the
boats used to transport them, and the equipment needed to use them (crane,
batteries, winch...). It is hence hardly possible for a development company in
offshore renewables to invest in such a robot.

1.3 The Lysekil Project

The division for electricity at Uppsala University operates a wave power pro-
ject on the west coast of Sweden outside of Lysekil (8]-[13]). The wave en-
ergy converter (WEC) concept is based on a point-absorbing buoy with a di-
rectly driven linear generator placed on the seabed, as illustrated in Figure 2.
There are many advantages with this technology, especially its small scale and
modular characteristics, which makes it easily replaceable, without affecting
the whole farm. It is indeed possible to adjust the amount of units to the avail-
able area and desired power output.
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lead-through

© Division for Electricity, Uppsala University

Figure 2. Graphical illustration of a WEC designed at Uppsala University.

However, due to this small scale, a large number of WECs is necessary to
create significant power, and consequently the number of cables increases
drastically. A marine substation has been developed whose role is to collect
and smooth the power absorbed from the waves and then bring it to the shore
through one single cable. It allows an aggregation of the power output between
the different units, to decrease the number of sea cables used to transfer the
power from the farm to the grid onshore, and to reduce electrical transmission
losses. The current Low Voltage Marine Substation (LVMS) can be seen in
Figure 3, and more information can be found in [8]. The substation is placed
on the seabed to be protected from harsh weather.

14



© Division for Electricity, Uppsala University

Figure 3. The substation at Uppsala University

In order to decrease the budget of the connections within the Lysekil project
the choice was made to use DMC’s instead of WMC'’s, combined with an air
pocket. The basic idea of the air-pocket solution is to create an artificial “dry
environment” underwater to enable dry connection subsea and not above the
water level. For this purpose, four boxes are fixed to the substation, each of
them surrounding seven outputs used to connect the WECs cables, as shown
in Figure 4 and Figure 5. The space underneath the boxes is open to allow
pressurized air to come in and for the connectors to enter the box. These boxes
are designed to be used by divers but a small ROV could also perform those
connection (and disconnection) operations with suitable tools and equipment.
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Figure 5. The connectors inside the air pocket.
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1.4 Variability assessment and forecasting of wave
energy

One characteristic of wave energy, as of many renewable energy resources, is
its variability in time and space, which requires a forecast of the power gener-
ated and transmitted to the grid. With solar, wind, and tidal energies, that vary
differently, are available at various times and places, depending on several
factors (location of the farm, season, time of the day, weather, etc.), their in-
tegration into the grid is a challenge, and especially when integrating them all
together. In this matter the research areas are at different stages and use dif-
ferent models to understand the variability in time of the output power and to
forecast accurately the power generation. However there is a need for coordi-
nation between the different resources.

1.5 Aim of the Thesis

This thesis is studying the possibilities to use OCROVs to perform underwater
electrical connections as an alternative to WCROVs and heavy O&M equip-
ment. An OCROV is light and easy to operate, but lacks the thrust and force
to perform cable connections (hence the name Observation Class ROV).

One solution to the lack of power is for the ROV to be equipped with dif-
ferent tools and modules that will mitigate its limited capabilities. In particu-
lar, it is necessary for the ROV to use force from a support structure as a dock-
ing system. The robot would go to the station, dock itself to this support plate,
grab the cables and connect them together. This docking procedure cannot be
performed by the ROV operator because it requires very accurate displace-
ments. An autopilot is then necessary so the ROV can dock automatically de-
spite currents and other underwater hazards.

Some other tools include a positioning system needed to automate the
docking procedure, a module to identify the cables underwater and a gripper
to grasp the connector and connect it to the substation.

An additional study concerns the comparison of the models used to forecast
wave energy with other renewable sources: wind and solar.

17



2. Theory

2.1 ROV hydrodynamics

When analyzing the motion of marine vehicles in 6 DOF it is convenient to
define two coordinate frames, one is a moving coordinate frame B, which is
fixed to the vehicle; it is called the body-fixed frame, its origin coinciding with
the vehicle’s center of gravity. The other one is an Earth-fixed coordinate
frame and is called U, as shown in Figure 6 below.

/ B {Body-fixed coordinate)

ui ;"‘
IW’I'

q’
o ;‘I‘
Ty

X J'I 4 ../-}""/(—

¥
\\‘) — - Hj——— e
z g 9 w3z
= \\ W

U (Earth-fixed coordiho’ré)

Figure 6. Body-fixed and Earth-fixed reference frames

We define the following notations:
n = [x,5,2 ¢,0,¥]" is the position of the origin of B and rotation of B ex-

pressed in U.
uw = [u,v,w,p,q,r]7 is the linear and angular velocity of the origin of B rel-

ative to U, expressed in B.
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Table 2. Notation used for marine vehicles

Translation and rota- Linear and rotational

Degree of Freedom . i, Forces and moments
tion velocities

1- Motions in the x-

direction (surge) X u X

2- Motions in the y-

direction (sway) y v Y

3- Motions in the z-

direction (heave) z W Z

4- Rotations about

the x-axis (roll) 0] P K

5- Rotations about

the y-axis (pitch) 0 q M

6- Rotations about

the z-axis (yaw) \ r N

The kinetics and kinematics of an underwater vehicle are well explained in
[9], and will be summarized in the two following parts.

Kinematics

The vehicle's flight path relative to the Earth-fixed coordinate system is given
by a velocity transformation:

n=Jmn (2.1.1)
where
_[2R(¢,6,9) 0 _ [%R(¢,06,9) 0
J1) = [B 0 Ty (¢, 9)] () = [ 0 To(o, 9)]’
with
cOcp cPsOsp — spcep cyPsOcd + syPso
YR(¢,6,9) = [0951/) sPsOsep + cpcp  syPsOcp — czﬂsd)]
—s6 cOs¢ cOco
and
1 s¢td cpto
To(,0) = 0 §‘£ ig ,0 # £90°,
0 —_ -
cO co
s-= sin(-),c-=cos(:),t- = tan(-).
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Kinetics
The dynamics equation can be expressed in the Body-fixed frame as:

Mpppt + Crg(pt = Tgp, (2.1.2)

where Mpgp is the rigid body inertia matrix, Crp represents the Coriolis and
centrifugal terms and tzp is a generalized vector of external forces and mo-
ments and can be decomposed as

T = T+ T4+ Tp + Tp + Taist (2.1.3)

e 7 -as said above, vector of forces and torques due to thrusters/sur-
faces, which usually can be viewed as the control input,
e 74 - The force and moment vector due to the hydrodynamic added

mass,
g = —Myp— C(u (2.1.4)
e 1, - Hydrodynamics terms due to lift, drag, skin friction, etc.
p = —D(Wp (2.1.5)
Where D(u) denotes the hydrodynamic damping matrix (positive
definite).

e 1, —Forces and torques due to buoyancy effects, also called restor-
ing forces. Here, the restoring forces are not part of the model be-
cause we only consider displacements in the x-y plane for the dock-
ing procedure.

e T4 — Forces and torques due to disturbances. The disturbances,
that take into account the currents, winds and waves, will be ne-
glected in this paper: Although they are an important part of the
equation they are very complex to model due to the high variability
of their type, direction and speed. They are moreover difficult to
measure with a system embedded in the vehicle.

The dynamics equation can now be written as:

(Mg + M+ (Cpg(p) + Cau) + D=t (2.1.6)

It is necessary to know all those parameters and coefficients to calculate the
ROV dynamic response to the command input. The added mass and drag co-
efficients My Cy, D are to be experimentally measured.

In the docking procedure we will for now neglect the depth control and
therefore consider the ROV dynamics in 2 dimensions. Moreover in this thesis
the ROV has three thrusters, one for vertical motion (which is not taken into
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account here) and two for forward/backward, left/right movements, so the
model becomes:

n=[xyy]"
p=[wvr]"
T= [Tu: 0, Tr]T

7, being the forward/backward thrust and 7, being the torque for left/right
motion.

X, 0 0 0 —Yor 0
My,=|0 Y, 0| c,=|xv 0 0]
0 0 Nf« XaT —Y,-,u 0

where Xy, Y;,, and N; are the added mass coefficients.

d, 0 0
D(u)=!0 d, 01,

0 0 d,
with:

dy, =—Xy, — Xu|u||u|
dy, =-Y, - Yv|v||17|
d, = —N, — Nr|r||r|

where Xy, Xy u Yor Yo|v) N, Ny || are the drag coefficients.

Hence the final system of equations for the ROV model is:

% =ucos(y) —vsin(y)
% = usin(¥) + v cos(P)
ayp
2=

q du 1
—_— T —
" - (myvr —d,u+1,)

dv 1
Py (—myur — d,v)

T
(2.1.7)

dar 1
o (myuv —d,r +1,)

withm, =m—-X,, m,=m-=Y, m. =1, — N;, my, =Y, — X.
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2.2 Control Theory

Let’s consider the following state space model:

z = Mx (2.2.1)

{54=Ax+Bu+Nv1
y=Cx+v,

Where [z;] is white noise with a Gaussian distribution and intensity
Ry Ry
R, R,

ble, z the controlled variable, y contains the measurements of the system, and

u is the input.

We seek to minimize the controlled variable z and to keep the input u small.

This can be translated in the minimization of the criterion:

] that corresponds to the disturbance sources, X is the state varia-

V=11zIg, + llull§, = E(z"Q:z + u" Q,uw),
Where @, and Q, the weighting matrices, are design parameters that are sym-
metric positive definite.
We consider here the case where the reference input is null.
The optimal controller for this system is the Linear Quadratic Gaussian con-
trol law u = —LX where X is obtained from the Kalman filter:

£ = AR+ Bu+K(y — LX) (2.2.2)
where K is the Kalman gain K = PCTR;?,
with P solving the continuous time Ricatti equation (CARE):

0=AP + AP~ + NR,NT — PCTR;1CP

and where L is the optimal state feedback gain L = Q5 1BTS,
with S solving the CARE:

0=ATS +SA+ MTQ,M — SBQ;'BTS
More explanations can be found in [10]-[13].

2.3 Optical Positioning

Automatic docking is a very precise procedure that requires accurate position-
ing ([14]). Although acoustic systems such as sonars perform well for long
distance measurements, they are not as efficient for short ranges. A solution
for locating the ROV at a range from tens of cm to a few meters is to use an
optical tool ([15]-[18]). In water, light can hardly travel more than hundreds
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of meters because of scattering and absorption, see [17], [19]. The path of a
light beam with attenuation can be described as:

I, = I,e=oWz (2.3.1)

Where I; is the transmitted irradiance, I, the original light irradiance, z the
path length, and a()) the absorption coefficient of light, that depends on the
wavelength A. Figure 7 presents a graph of this absorption coefficient depend-
ing on the wave length, coming from [20]. As can be seen in Figure 14, the
wavelength that goes through water with the least absorption is 400-450 nm.
This is why at sea, one sees everything in blue-green colors.

1

g
E 0.1+

=}
g
o
3

§ |

B ;

=3 H

E i

g :

®.1) o :

: e ;:

0.01f % '__..-! e

) . :

LAY

o :

e i

~ i i : ;

0.004 i i i i 1 f T
350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 7. Absorption coefficient of visible light in pure water depending on the
wavelength.

There are several ways to measure distances through visual recognition. Most
of them use picture processing to identify particular areas, and determine their
characteristics (Area, length, width, light intensity, color, etc.). With no need
for very expensive hardware, picture processing can take advantage of the
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three most important parameters for the device we are looking for: vision, ac-
curacy and quite simple processing.

2.3.1 Laser positioning

The measurement method we chose to detect the docking platform is based on
the apparent size of an object. The further away an object is, the smaller it
looks, and conversely the closer it gets, the bigger it seems. Knowing that, if
we know the exact length of an object we can determine how far it is just by
measuring its apparent length. The object whose apparent size would be meas-
ured is a green laser, as its wavelength will not be as absorbed as quickly as
others.

The system uses two parallel lasers as well as the ROV camera, and measures
the distance between the centers of the dots as it is presented in Figure 8.

v

>

——

&
<

Figure 8. Scheme of the distance measurement device

From Thalés’ theorem we have:

Lr+H
Hr

L= (2.3.2)

The distance L’ is a property of the camera. Therefore a calibration proce-
dure is required in order for the equation to be solved. The distance H’ is
measured on the camera by counting the pixels between the two dots dis-
played.

Angle measurement:

So far, we assumed the target to be orthogonal to the camera axis, which

means that on the target the distance between the laser dots is always the same.
In order to measure angles, the method is almost the same. Only here we

measure two distances X, and Xp instead of H', as it is shown on Figure 9.
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1394VL

Figure 9. Scheme of the distance measurement device including angle measurement

From this figure above one can deduce:

Dx*xX D=xX
LA = E,LB = X5 (233)
L =42 (2.3.4)
_ -1 (D _ |Xa—Xsl
a =tan (E*m), XA!XB *0 (235)

With a=90°if X4 = X, = 0.

2.3.2 Visual Odometry

Visual odometry is the process of determining the position and orientation of
a robot by analyzing the associated camera images. In our case, we are using
a single camera. By looking at the common points of two successive images,
and determining where they are located in those images, one can compute the
displacement performed by the robot to obtain this image transformation
([21)). Figure 10 will give a visual idea of what odometry is.
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Figure 10. Presentation of visual odometry (from [21])

The algorithm follows these steps:

1. Capture image.

2. Detect key-points using the SURF algorithm (Speeded Up Robust features).
If this is the first image, the algorithm store the key-points and stops there.
The SURF algorithm works as follows: An image is composed of multiple
pixels associated to figures that correspond to each pixel’s shade of grey. The
key-points are detected if one or a small group of pixels has a remarkable
(significantly different) intensity compared to the surrounding pixels. How-
ever noise could create local differences where there are in fact no real key
points. Some filters are therefore used to cancel the noise and work on
smoother data. In addition to that, different scales are taken into account in
order to detect key points of different sizes in the same image.

3. Compare the key-points with the previous image key-points and find
matches.

4. Determine the relative transformation between the two images. This is done
using the RANSAC algorithm (Random Sample Consensus, also introduced
in [22]) that works as follows: A random number (above the minimum re-
quired) of common points are selected, and the relative transformation be-
tween those points is computed. One then checks how much this transfor-
mation fits the other common points, with a predefined tolerance. If too many
points do not belong to the margins of the transformation, one restart and
choose a new number of key points. This method allows to remove the errors
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in the image, for example when the SURF has detected a wrong key point or
two common points that are in fact not common.
5. Store the current image as previous image.

2.4 Radio Frequency Identification

Radio Frequency Identification (RFID) has become an indispensable method
for wireless identification and automated data capture. Those systems are used
for contactless data exchange. The data is stored on an electronic data-carrying
device: the transponder or tag. Transponders are available in different styles,
depending on the used reading device. The reading device, called interrogator
or reader is the data capture device.

Passive transponders have no inbuilt power supply. The required power

needed for the communication with the reader is supplied without physical
contact, but using electromagnetic fields instead.
A common distinction separates the systems into either Low Frequency (LF
<135 kHz), High Frequency (HF at 13.56 MHz) or Ultra-High Frequency
(UHF >2.5 GHz). The mentioned frequencies are the most popular ones, but
variations cannot be ruled out.

LF RFID is based on the inductive coupling between the reader and the
transponder, which is created by an alternating current sent into the reader’s
coil. At a sufficient distance, the magnetic field created by the current varia-
tions will induce a current in the transponder’s coil. Switching a load resistor
on and off at the transponder’s antenna will then bring a change in the tran-
sponder’s circuit impedance, and thus voltage changes at the reader’s antenna.
More explanation can be found in [23]. Figure 11 presents a basic diagram of
the RFID system.
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Figure 11. Basic circuit diagram of the radio frequency division procedure between
the transponder (security tag) and the reader (security device) (from [23])

RFID in water

Water is a fairly unexplored environment for the use of radio frequency iden-
tification. The most important reason for this is probably that water is an in-
appropriate propagation medium for electromagnetic fields. The ability of
electromagnetic waves to penetrate a conducting media is restricted by atten-
uation. As pure water can be seen as an isolator, water in its natural appearance
can be a partial conductor due to the presence of salts and minerals (see [24])
The water attenuation coefficient, a, can be calculated as:

«=0.0173fr dBm (2.4.1)

Where fis the frequency in Hz, and o is the conductivity of water expressed
in S/m.

Below is a logarithmic graph of the attenuation coefficient as a function of
the frequency, plotted for fresh water that has a conductivity of 0.05 S/m, and
for salted water with a conductivity of 4 S/m.
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Figure 12. Water attenuation coefficient depending of the frequency for fresh and
salted water

As it can be seen in Figure 12, the higher the frequency the larger the absorp-
tion of the radio wave. For this reason it is suitable to use low frequency read-
ers in order to detect the cables under water. However too low frequencies
cannot be used: first, they would require bigger antennas and consequently
larger tags to be installed on the cables. Secondly, low frequencies are best
suited for longer distances which is of no interest in this application. The ROV
should be sufficiently close to the cable before identifying it, in order to not
mix it up with other connectors in the vicinity.
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3. Methods

3.1 OpenROV

OpenROV is a low cost open source ROV platform that makes it easy to im-
plement tools, as a positioning or docking system, and to develop its control
system. It is sold as a kit and only requires handy skills and soldering capabil-
ities. The ROV can go 100 m deep. It has three thrusters, one for heave motion
and two for surge and yaw, allowing a maximum speed of two knots. It is
equipped with a HD Webcam, lights, two red lasers, a compass, and a pressure
sensor for control of the depth and heading.

The power is supplied with help of batteries contained within the ROV (so
no external power supply is required), and the electronics comprise a Beagle
Bone Black computer together with a microcontroller board Arduino Mega
that connect all the equipment and enable communication with the operator
through Ethernet connection. The software is coded in node.js, a language that
allows to use both JavaScript programming for the user interface and camera
streaming, and C++ for the Arduino code.

The maximum thrust that each individual propeller can reach is 1 kg for
horizontal forward motion. With two propellers the total forward thrust should
theoretically be approximately 2 kg. It is also said that the four levels of power
correspond to respectively 12%, 25%, 40%, and 75% of the total thrust in the
OpenROV.

Below are two pictures of the OpenROV, prepared for sea trials (Figure 13)
and in the laboratory (Figure 14).
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Figure 14. OpenROV in Angstrdm Laboratory at the test tank

3.2 Docking system for Remotely Operated Vehicle

As explained in the introduction, the docking procedure for an ROV requires
very accurate displacements and hence an autopilot instead of a manual steer-
ing operation. This autopilot is first modelled in Matlab and will be imple-
mented in the OpenROV in the future.
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3.2.1 State space model of the autopilot for ROV

From section 2.1 and 2.2 we create the following state space model:

X =Ax + Bu
z = Mx
y=Cx+v,
where:
Y
T
x = :’JL is the state variable, u = [Tu] is the input sent to the thrusters,
r
r

and corresponds to the forward thrust (t,,) and rotational thrust around the z-
axis (t,).

u
y=z= [’l’] is the speed and heading that are computed as the reference

(Uref in the Simulink model),
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with the coefficients d,,, d,, d,, my, m,,, m,,,, m,- being defined in section
2.1.
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v, is a zero-mean white noise coming from the measurements disturbances.

3.2.2 Autopilot modelling

From this system, a model is created with Simulink and presented in Figure
15. The model contains three boxes: The path following unit, the ROV unit,
and the positioning unit.

The path following unit takes as inputs the measured position when possi-
ble, the estimated position otherwise, and computes the reference input to
guide the ROV on the desired path. The reference Uref is composed of the
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speed and heading applied to the ROV, and is computed with help of a Pro-
portional Integrator (PI) controller.

The ROV unit contains an inner-loop controller box that adapts the needed
thrust for each of the propellers in order to reach the desired heading and
speed. This thrust vector is then sent to the dynamics box, which is a model of
the ROV dynamic response. This model has been presented in section 2.1. The
output gives the position of the ROV and the actual state of the ROV. This
state variable is composed of four components: the heading yaw, the x-direc-
tional speed u, y-directional speed v, and rotational speed around the z-axis 7.

The positioning unit is a Kalman filter that estimates the ROV position,
described in more detail in section 3.1.5. This filter is necessary in case of a
sudden lack of sensory information, a software bug, or a delay in the response
coming from the positioning system.
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Figure 15. Simulink model of the autopilot for ROV.
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3.2.3 Controllers

Two controllers are used in the model: One to compute the reference variables
Uref = [:Z], depending on the present ROV motion state (measured or esti-
mated) in order to follow the determined path; the other to compute the force
and torque produced by the thrusters u = [?:], depending on the reference

Uref. The first controller is a PI controller that acts on the error between the
estimated/measured and desired ROV position. It is described in [16][14]. The
second controller is designed according to section 2.2 above. Figure 16 and
Figure 17 present the two controllers designed in Simulink.
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: . e
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Figure 16. Path following controller
Lrru 3/\ 1)

Uref

Gaind

State space X

gain lgr

Figure 17. Inner-Loop controller

3.2.4 Thruster model
T.

An accurate model of the thrusters is needed to get a dynamic response [Tu
from the command input. Indeed, if one gives a command to start the propél-
lers, they will not react instantaneously but with a delay, oscillations and over-
shoot. This model is presented in Figure 18. The saturation boxes are here to
limit the input thrust as the motors have limited power.
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Figure 18. Simulink model of the ROV thrusters

The transfer function can be modeled as a second order system:

2
H,p(s) = —th@n 3.2.1

s2+2{wns+wd

with Ky being the thruster gain, w,, the natural frequency response in rad/s,
and { the system’s damping ratio.

Those parameters can be estimated with an identification method that corre-
late experimental data to the transfer function. The data contains the input
commands, applied in 5 different steps, and the output thrust, measured by a
strain gauge.

The experiments were done in the wave tank at Angstrom Laboratory with
the OpenROV. A Strain gauge (presented in Figure 19 below) was glued on
an acrylic plate, which was fixed on one side to a steel bar placed in the tank,
and on the other side to the OpenROV. Incremental commands were sent to
the robot, varying between 0, for no thrust, and 4, for 75% of maximal thrust.
This input signal was timed and saved in a text file by Matlab. The ROV would
pull on the acrylic plate, deforming the strain gauge. An amplifier would cal-
culate the corresponding force and this response would also be recorded and
saved in a text file.

Figure 19. Strain gauge and amplifier used to measure the OpenROV thrust
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3.2.5 Kalman filter

A Kalman filter is used in the model to estimate the position of the ROV.
Indeed the sensors used to measure it in real time could be slow and/or noisy
from time to time; a cut in the communication could also create a lack of data
for the ROV. Therefore its position is always estimated and compared with
measurements.

The Kalman filter works in two phases: The prediction phase gives the pre-
dicted state %y |x—, depending on the previous state Xx_q)x—1 and its covari-
ancePy_qx—1. The update phase gives The value of the Kalman filter at the
state k K, depending on the state’s covariance at state k-1, and the noise and
its own covariance. It gives an update of the estimated state Xy and its co-
variance Py y.

3.3 ROV Positioning

3.3.1 Laser measurements in air

The positioning system was tested with red lasers in air. A plate representing
the docking platform was placed at a certain distance to the ROV, with a cer-
tain angle to its trajectory line. The distance and angle were measured with the
positioning tool and compared to the theoretical values. The experimental set
up is presented below in Figure 20.

The program uses the library OpenCV (Open Source Computer Vision).
OpenCV is a library of programming functions mainly aimed at real-time
computer vision. With the help of this library, it is possible for the program to
capture a snapshot from the camera, find the two laser dots, and measure their
relative distance on the camera picture. It then calculates the real distance and
angle between the ROV and the plate.

Figure 20. Experimental setup for laser measurements in air
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3.3.2 Visual odometry

The program uses OpenCV 3.1, as the laser positioning system, and several
additional modules that must be installed on the computer. The first phase is
a calibration program that is required in order to obtain the intrinsic parameters
of the camera. With the help of a chessboard we get the focal length, the dis-
tortion factors, and the main points of the camera. Then the data stream is
captured and several key points are detected. By comparing two successive
images, a matrix is created with all the matches from one image to another.
We use this matrix to find the transformation between two successive posi-
tions of the ROV and store the results in a file.

3.4 Gripper for cable connection

Designing a gripper for cable connection is a rather big challenge and the main
tasks are the following:
- Keeping the connectors aligned
- Pushing/Pulling with a sufficient force to connect/disconnect the 2
parts
- Pushing softly the connectors in order to not break them, i.e. knowing
when the connection is completed
- Holding the connector so it does not slip while being mated
Solving these issues is possible with the help of several sensors placed on
the gripper and a very good control system for accurate displacement.
Some first trials were made to design a gripper with two claws already aligned,
as can be seen in Figure 21 and Figure 21.
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Figure 22. Gripper prototype B for cable connection

The motors are sealed in a box with a magnetic transmission for the first de-
sign, and a regular shaft sealed with help of two watertight bearings in the
other design, see figure 22. In both case the actuator was purchased already
sealed.
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3.5 Underwater cable detection

As mentioned before the RFID reader was chosen to operate at a frequency of
125 kHz. The device is called ID-70 LF reader and comes from the company
ID-Innovations. It was purchased because its features are compatible with our
requirements: It works in the long frequency (LF) range and uses a kind of tag
named EM410?2 that is a very common transponder type in RFID systems. At
least 90% of the RFID systems currently sold are inductively coupled systems
with EM4102 transponder ([23], [25]).

3.5.1 Control unit, power and communication

It was decided to use an Arduino microcontroller UNO as the host system
because the Arduino is low cost and simple to use. The choice for output for-
mat was Wiegand26 because it can be easily imported in an Arduino micro-
controller with help of a library. A LCD screen was added in order to display
the ID number of the detected tag. A 9 V battery would supply the Arduino,
as a 12 V Lead-Acid battery would power the ID-70 reader. Figure 23 presents
the control unit and communication between the reader and the LCD screen
that.
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Figure 23. Circuit diagram of the control unit for the ID-70 reader.
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There was no ROV available at the division for Electricity at the time of the
project, so it was decided to design a system that uses its own power and data
cable between the reader and the control unit. By doing this the ID tool is
independent from the used hardware and interfaces of the ROV. This also im-
plicates some difficulties for the use of the tool because there will be two ca-
bles in the water, one for the ROV and one for the identification tool. But this
issue can be improved when the use of an ROV is enforced in the Lysekil
Project.

3.5.2 Experiments

Tank experiments were done at Angstrém Laboratory in order to measure the
detection range of the reader. The reader was placed in water and moved until
the tag was detected. The detection distance was then measured; it is the dis-
tance d on the Figure 25. Different transponders were used; Figure 24 shows
the four EM4201 transponders used and a 5 cents Euro coin for size compari-
son. To investigate the impact of transponder orientation on the reading range,
four different measurements were done. Either, reader and transponder were
placed in the same axis, which is described by the symbol I, or reader and
transponder were placed in different orientations with a 90° angle between
each other, which is labeled with F, as it is seen in Figure 25. The experiments
were done in a small pool (1*0.5 m?) filled with salted water with a conduc-
tivity of 4 S/m.

© Ben Scheit, 2015

Figure 24. Transponders used for the cable detection
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Figure 25. Different measurements done to compare the ways of detection

3.6 Forecasting wave energy among other renewable
sources

Forecasting is a major issue in the integration of variable renewable source
into the power system. One significant factor is the time horizon that varies
significantly between solar, wind, and wave energy. While the forecasting
time horizon varies from about 30 s to 10 days for solar energy, it is between
30 min and a few days for wave energy. Forecasts between sub-seconds and
minutes can be used in the active control of the turbines in wind or wave en-
ergy, while several days forecasts are necessary to plan maintenance of the
farms and the electrical grid.

Forecasting models can be broadly categorized into statistical and physical
models. Statistical models apply statistical methods on existing time-series of
the resource, and do not involve any physical modelling of the resource. In
contrast, physical models include a physical modelling of the atmosphere,
based on different types of atmospheric data. Hybrids of physical and statisti-
cal models are also common, not least in operating commercial forecasting
software, whether for wind, wave or solar energy.
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3.6.1 Forecasting accuracy metrics

To be able to compare the forecasting accuracy of different methods, a com-
mon accuracy metric is needed. However these metrics used differ between
the studied renewable energy resources. This poses a challenge in comparing
the accuracy of the forecasts on different spatial and temporal domains.

Concerning wave energy, the metrics and units used for forecasting are
very disparate. The calculated errors refer to many parameters, such as wave
height, time period, energy power output, and a variation of different metrics
are used, such as MAE, RMSE, correlation, bias, etc. It is common among
wind and solar energy to compare forecasting skills with help of a reference
model, but in wave power this model is seldom used which makes compari-
sons difficult within wave forecasting models.

3.6.2 Forecasting models

The accuracy of forecasting models depends on the time horizon and the spa-
tial resolution, and different methods are suitable for different temporal and
spatial domains. A broad overview of recommended forecasting methods for
the solar, wind and wave resources, as a function of temporal and spatial res-
olution, is shown in Fig. 26. The figure shows that physical models are gener-
ally preferred over statistical models on longer time horizons and lower spatial
resolutions. The figure includes the use of a persistence model, or naive pre-
dictor, which is a reference model where the energy of the resource is pre-
dicted to remain unchanged over the forecasted period.

Among the statistical models, there are more traditional approaches such
as autoregressive analysis (AR), as well as more recently developed models.
The latter include wavelet transforms and learning models such as k-nearest
neighbor (k-NN) or artificial neural networks (ANN), sometimes combined
with genetic algorithms (GA). All those models are used in all the renewable
energies that need forecasting, such as wind, wave or solar energy.

The physical models use different data inputs depending on the resource
and are specific to each renewable energy. Concerning waves the state-of-the-
art formulations of the processes of wave generation, dissipation, and wave-
wave interactions in phase averaged models are presently third generation,
e.g., WAM [26], SWAN [27] , MIKE-21 [28], Mar3G [29]. A more detailed
list of wave models operated by various national Meteorological Services is
given in [30].
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4. Results and Discussion

4.1 Model of thrusters

4.1.1 Calibration and experiment

The calibration was done with help of weights of 0.1, 0.5, 1.0, and 1.75 kg,
presented in Figure 27 below. The weights were hanging and making the sen-
sor bend.

The linear function associated to the calibration is the following:

y=kx+m, 4.1.1

.. (k= 3.3533e — 05
with {2 a3y
where X is the output signal from the strain gauge amplifier. The signal has a

24 bit resolution and the amplifier has a sampling rate of 470 reading per sec-
ond, with an output rang of +/-500000 counts.

linear regression from foree sensor ealibration

Weight (kg)
=
@

o5

Figure 27. Linear regression for the force sensor calibration
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The Root Mean Square Error (RMSE) is 0.0374. We can consequently trust
the signal given by the sensor for a weight in the range of 100 g - 2 kg. Each
time the weight is dropped the line slacks before reaching the right position.
This is due to the elasticity of the line used, which makes the system act like
an oscillating spring.

We observe the same oscillating effect in the experiment from the OpenROV
tank trial, presented in Figure 9. On this graph one can see the response of the
thrusters to the successive power levels given as command inputs. The signal
gets noisier as the power increases. One possible explanation for this is that
the higher thrust from the propellers induces turbulent water currents in the
small tank. This turbulence makes the sensors move and vibrate, which causes
the noise. Another cause to the observed noise is the inaccurate perpendicu-
larity between the thrust direction and the sensor axis. Consequently the strain
gage deforms in the other directions, inducing disturbances in the output volt-
age variations.
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Figure 28. OpenROV thrust response to 4 power level commands
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From [31], [32] one should expect power levels corresponding to respec-
tively 12%, 25%, 40%, and 75% of a maximum thrust of 2 kg. On the graph,
however, these values are not reached at all. If we take the level 4 as 75% as
it was planned, then the maximal thrust becomes 0.91 kg, and the levels 1 to
3 correspond respectively to 7%, 12%, and 27%.

The difference between the theoretical and experimental maximum thrust
can be explained by several reasons. First, 1 kg per propeller is given for the
propeller alone, and should normally decrease when the propeller is attached
to the ROV. Secondly, it is likely that some losses occur in the electronics,
and the current sent to the motor is then lower than it should be. Another rea-
son is the fact that the two propellers spin in opposite directions, so when one
is in the forward mode, the other is in the backward mode, which is weaker
than the forward one. So the total thrust should be less than 2 kg. Finally, the
size of the tank and the measurement system disturb the flow and hence the
experiment itself. The losses are in great part caused by those disturbances and
explain the difference between the theoretical and measured percentages for
the four power levels.

4.1.2 OpenROV thrusters model

After filtering the signal with a low pass filter, we can identify a second order
transfer function that will model the thrust response to the four step inputs
corresponding to the four power levels.

Figure 29 below presents a zoom of the filtered signal for the different power
level steps: 3to4,4t03,2t03,3t02,1to2,and2to 1.
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Figure 29. Thrusters step response for the four power levels

After filtering the signal with a low pass filter, we can identify a second order
transfer function that will model the thrust response to the four step inputs
corresponding to the four power levels.

From those filtered signals, a model is designed that approximates in aver-
age the response of the thrusters. As described in 3.2.4, the model is a second
order transfer function, and the identification gives the following parameters:
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The graph in Figure 30 superimposes the two responses: the one from the
experiment, after being filtered, and the one simulated from the model.
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Figure 30. Model of thrusters compared with the filtered signal from the experiment

The damping ratio is adjusted in order not to take into account the effect of

elasticity in the measurement line holding the OpenROV. From the calibration
phase this elasticity is estimated to be 6% of the overall damping.
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4.2  Positioning tool

4.2.1 Laser measurements

The results for the distance measurements are presented in Figure 31 that
shows the evolution of the error with the increasing distance between the la-
sers and the docking platform. This error slightly increases from almost 0%
for 51 cm to around 5% for a distance of 311 cm.

Measured distance (cm) function of the real
distance (cm)
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Figure 31. Measured distance and error function of the real distance

The measurements of the angle can be seen in Figure 32Fel! Hittar inte re-
ferenskilla. with an average error of 6% at 55 cm distance, and Figure 33
with an error of around 20% at a distance of 261 cm.

Those results are reasonable when the plate is perpendicular to the ROV’s
trajectory. Indeed, the error starts from 5% for large distances (around 3 m),
and then decreases as the vehicle gets closer to the platform, to a maximum
3% for a distance of 50 cm, which means around 1.5 cm accuracy. This error
is acceptable if the docking station is equipped with a mechanical guidance
system. However, the angle measurements do not give very satisfying results.
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Nevertheless it is possible to mediate this issue by adding a third laser to the
positioning system. The accuracy would increase significantly without com-
plicating much the program and the tool in terms of electronics and space.
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Figure 32. Measured angle compared to real angle at 55 cm distance
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Figure 33. Measured angle and error comparde to real angle at 261 c¢cm distance
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4.3  Gripper for cable connection

The first gripper prototype was made to fit exactly the Lysekil substation de-
sign. The transmission for the gripping part was done by a worm gear, which
causes non negligible losses. A very powerful motor was then necessary to
perform a good grip between the claw and the connector, which increased its
size and weight and made it soles than ideal. Therefore another design was
created, that is more robust. The new guiding system allows a better alignment
between the two connectors.

The sealing of the motor was another issue. The first design used a magnetic
transmission, but the losses were significant. The second one used waterproof
bearings, which gave much better results.

4.4 Underwater cable detection

Table 3 presents the results of the experiment for cable detection, made in a
tank at Angstrém Laboratory. It appears that the ISO Card, which has the big-
gest antenna, was detected at the longest distance, and the detection range then
decreased as the size of the tag gets smaller. The results of the experiments
were consequently as expected.

Table 3. Mean and standard deviation in cm of the detection range between the
reader ID-70 and four different tags in four different positions

Transponder I ) I (b F (h) (V)

ISO Card 52.33+£0.47 31.50+0 22.67+0.24 18.33 +£0.24
ABS 30 mm 44.67 £0.24 25.67+0.24 22.00+0.41 13.17£0.47
Black 25 mm 39.0+0 23.33+0.24 20.67 £0.24 12.67 £0.24
Transparent 20 mm 36.5+0 21.33+0.24 19.17+0.24 10+0

The reading range of 0.5 m seems acceptable for an ROV to detect a con-
nector. However the squared geometry of the ISO Card makes it useless to
attach it to any cable. The ABS tag, in the contrary, with its hole in the middle,
can be easily fixed with a strap.

A test in Lysekil using those tags was made, with the help of a small ROV
called VideoRay. The purpose of the test was to verify if the connector would
be detected at 25 m depth, and the experiment was successful. At a depth of
25 m it was not possible to measure the range of detection because the position
of neither the connector nor the ROV are known. The setup is presented in
Figure 34.
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Figure 34. Test in Lysekil with the VideoRay ROV and the RFID system

The identification tool is low cost and very easy to implement. A simple data-
base enables the identification of each connector and its position at the sub-
station. It could have other uses, for example to detect WECs in the water. For
now each of them is different and far from each other, and therefore recog-
nizable. But in the future it would be necessary to have tags in order to differ-
entiate them, especially when they are close to each other.

4.5 Comparison of forecasting skills for wave, wind,
and solar energy

In order to compare forecasting skills for the different energy sources, the per-
sistence model was used as a reference and the skill score was calculated based
on the metrics used in the respective studies, as indicated in Table 4. Figure
35 compares forecasting skills for different models proposed in the literature.
The details for the models represented by each curve are listed in Table 4. For
each curve, the x-axis represents the time-horizon, and the y-axis represents
the forecasting skill. The metric is RMSE for wind and solar resources, MAE
for wave resource.
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Table 4. Details for the models compared in Figure 35.

Nr o Re Method used Site Metrics ~ Unit
source
Physical: Satellite Images 6 sites across the 2
I Solar - op) and NWP, (NDFD) Us RMSE — W/m
2 Solar Physical: NWP, (WRF) Andalusia, Spain ~ RMSE W/m?
3 Solar Statistical: ANN Ajaccio, France RMSE J /m?
4 Solar Statistical: ANN+GA California RMSE W
Hybrid .
1 RMSE 2
5 Solar L N+SItlagged GHI Spain S Wim
Four different
Physical: SWAN Statistical:  sites in Atlantic m (wave
6 Wave Spectral model and one in Pacific MAE height)
ocean
Statistical: mix of neural MAPE
network and regressions. Four different lo-  (mean
7 Wave Two different time horizons  cations in the Pa-  absolute W
analyzed: short-term and cific ocean percent
long-term error)
. . Two different
8 Wind Statlstlcal. Mark'ov-Sw1tch- offshore parks in RMSE w
ing Autoregressive model
Denmark
Physical: Combined physi- . .
9 Wind cal and statistical (Fuzzy- 11 wind farms in RMSE W
Ireland
NN)
. Statistical: ARIMA- 64 wind farms in
10  Wind RMSE w
GARCH Ireland
05t i P, ——2, WRF
04 e P :: :::*GA
= o3l o E y —6—5, Hybrid
i —= 6, SWAN
é, 02 ,___—c»”"/n # A = — 6, Spectral
£ R T # — 7, Hybrid (ST)
'g 0AF & *2en,, sceinlt — 7, Hybrid (LT) [
G " g e e 8, MSAR
g oF s / —8, MSAR
L o—g1} a-9, F-NN
/ =10, ARIMA
-02 / ——Salar
— Wave
-03 / —Wind
-0.4 L :

a1

Time horizon (hours)

100

1000

Figure 35. Comparison of forecasting skills for different models in solar, wave, and

wind energy
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The values for the forecasting skill get close to one as the method used gets
better compared to the persistence model. Negative values mean that the per-
sistence model is better than the evaluated method. For the same resource, one
can compare different methods by looking at the forecasting skill values: the
higher they are, the better the method is. However this does not say if the
method is good or not.

In Figure 35 we can observe that overall for solar, wind and wave, the fore-
casting skill for statistical models has a tendency to be higher than for physical
models for the short time horizons and lower for long time horizons. This sup-
ports the statement asserting that statistical models outperform physical mod-
els for short time horizons, and the opposite for long time horizons.
However, the conclusions are limited by the use of persistence models which
are not the same for all the sources in this figure. This causes problems when
the renewable energy resources are compared to one another. The strength of
the persistence models is that they provide a way to compare studies that have
used different error metrics, although it has to be kept in mind that different
metrics can still give different skill scores. However, when one persistence
model is needed for e.g. solar and a different one for wind, then the inherent
differences between the persistence models themselves introduce uncertain-
ties into the study that ultimately makes it difficult to compare the variability
of one resource to another. This leads us to question the use of persistence
models if more than one is needed for a study.
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5. Conclusion

Using an Observation Class ROV to perform cable connections is a big chal-
lenge, but we show here that it can be realized by the use of suitable tools and
modules. One of the requirements is the design of a good positioning system.
The use of green lasers is a low cost and simple solution, although a system
with three lasers will give more accurate results than with two, especially for
angular measurements. It is also interesting to use odometry in combination
with the lasers in order to improve the relative positioning.

Designing an autopilot requires the modelling of different sub systems, as
the thrusters, the hydrodynamic behavior of the ROV, controllers and estima-
tors. Those models give already good results, but can always be improved.
Knowing the hydrodynamic coefficients of the ROV will allow the model, and
its different subsystems that are the following path, the ROV response, and
the positioning unit, to be tested.

Concerning the gripper, it still requires significant improvement. The time
needed to develop a proper gripper has been found to be too much for this
project and will thus be excluded from it.

The RFID module is a good tool for any identification underwater. It could
have other uses than cable detection and its light weight, low price, easy im-
plementation, make it interesting for any Observation Class ROV.

The review on forecasting skills between solar, wave, and wind energy
gave a good insight on the different models used for forecasting each resource.
It should be possible to extend methods mainly used in one field to the other
ones, and to synchronize data collection and modelling. For example, the same
general statistical models for plant correlation and overall aggregated varia-
bility can be used for all sources.
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6. Future Work

The next step will consist in developing the positioning system that will allow
the OpenROV to detect its environment and displacements underwater. This
tool will also enable the estimation of the OpenROV hydrodynamics coeffi-
cients. Once this is completed it will be possible to finish designing and im-
plement the autopilot for the OpenROV.

If there is time left it would be very interesting to build a bigger and
stronger ROV that could actually grab a cable on the seabed. A good solution
would be to have those two ROVs, one “big and stupid” that will do the work,
following the orders of the “small and smart” ROV, the latter being equipeded
with the positioning system and the autopilot. One such big ROV is actually
being built at Angstrom Laboratory and fits the requirements to operate at
Lysekil.
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7. Summary of Papers

Paper I

Automation of subsea connection for clusters of wave energy converters

The paper reviews the different connectors used in ORE, the different types
of ROVs, and describes the connection procedure at the Lysekil substation. In
a second part it presents the first tank trials that were conducted to perform a
connection underwater with an OCROV. The results of the tests allow to say
that connecting cables with an ROV is not a trivial task, even in a tank with
no currents and good visibility, and requires a docking system as well as an
autopilot, and a gripper that will help and guide the connection.

The author did not take part in the trials, but summarized the conclusions
of the tests, did both reviews and wrote the paper.

Paper 11

Wave Energy Research at Uppsala University and the Lysekil Research
Site, Sweden: A Status Update

The paper gives a status update of the Lysekil Project. After introducing the
project, the test site, and the wave power concept, it describes the evolution of
the different WECs and their performances, the different types of buoys stud-
ied and tested. The substation and measuring station updates are presented. In
a 5" part the ROV project is introduced as well as a RFID (Radio Frequency
Identification) tool to recognize the connectors underwater and their position
at the substation. Some studies are presented, concerning the modelling of
wave power farms, survivability in extreme conditions, as well as environ-
ment. Finally some updates on grid connection are presented.

The author participated in writing the part on ROV trials and presenting the
RFID tool.
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Paper III

Optical System for Underwater Positioning of Observation Class
Remotely Operated Vehicle

The paper presents the docking system for ROV and need for a positioning
tool. It reviews different positioning devices and describes the optical one,
made of two lasers. Some tests were done with accurate results when the lasers
are perpendicular to the docking platform (error < 5%). For angle measure-
ment the error is higher but this issue can be solved by including a third laser
in the system. The discussion part describes and measures the errors coming
from a non-parallelism between the two lasers, or from the casing in which
the lasers will be enclosed.
The author performed most of the work in this paper.

Paper IV

Thruster model for Observation Class Remotely Operated Vehicle
The paper presents the docking system for OCROV, and the autopilot created
in Simulink. In the paper a model for the thrusters of the OpenROV is devel-
oped, based on tests done in a tank. A comparison of the model and the exper-
imental results is performed and discussed.

The author performed most of the work in this paper.

Paper V

Variability assessment and forecasting of renewables: A review for
solar, wind, wave and tidal resources

The paper is a review of the different renewable resources sun, wind, tide, and
wave, in order to find variables that are common for forecasting the sources
and assessing their variability. Tools are compared between the different
sources and discussed.

The author took part in all the parts concerning wave power, and particu-
larly in the study of the tools used to forecast wave energy.
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9. Svensk Sammanfattning

Remotely Operated Vehicles (ROVar) ar undervattens robotar som styrs av
ménniskor och anvénds for olika typer av operationer fran enkla observationer
till tunga jobb som borrning, kabelutldggning etc. De sistndmnda &r dyra och
kraver erfaren personal for att operera dem, samt bat for transport och kran
med mera till sjoséttning. Avdelning for elektricitetslara vid Uppsala univer-
sitet har 1 femton ar utvecklat ett koncept av en vagenergiomvandlare som
bestar av en boj och en linjar generator placerad pa havsbotten. Flera vagkraft-
verk dr kopplade till ett marin bottenstéllverk vars roll &r att jimna ut effekten
fran de olika aggregaten och hdja spanningsnivén till den som krivs i nétet.
Kabelkontaktering dr en stor utmaning inom projektet eftersom vagkraftver-
ken ar sma vilket gor att det krdvs ménga enheter for att generera tillrackligt
hog effekt. Nu for tiden ar det dykare som utfor den operation, men att an-
vinda OCROVar istillet skulle vara ett intressant alternativ eftersom de ar
billigare och ganska enkla att styra. Kabelkontaktering dr dock en tung arbets-
uppgift och fordrar kraft som en OCROV inte har. Darfor kriavs det ett dock-
ning system dér farkosten kan ta sin kraft. Farkosten gar till dockningpunkten,
dockar, och kopplar kablarna med hjilp av en stddplatta.
Dockningproceduren méste utforas automatiskt for att det kriavs en exakt om-
fordelning och snabb justering av farkostens rorelser.

En modell av en autopilot skapades i Matlab Simulink som bestér av tre en-
heter: orienterings, ROV, och positionerings enheterna. Den forsta justerar ro-
relsen av ROVn beroende pé skillnaden mellan aktuella positionen och den
planerade fardvigen. ROV enheten innehaller en kontrollenhet som anpassar
propellerkraften till den som kravs for att na 6nskad riktning och hastighet.
Den innehéller ocksd ROV modellen som berédknar nya ROV positionen och
hastigheten. Sista enheten, som kallas positionering, bestar av ett Kalman fil-
ter som bedomer ROV positionen, och som ska anvéndas i fallet att kommu-
nikationen med positioneringssensorerna misslyckas eller fordrojs.

Autopilot modellen ska hanteras med ett positioneringssystem som anvénder
gron laser och bildbehandling. Tva grona laserstralar anviands som fixa punk-
ter 1 bilden och frén deras distans pa bilden beréknas distansen mellan ROVn
och dockningplattformen. Dessutom anvéndas optisk odometri. Idén &r att
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mata hur farkosten ror sig genom att titta pa fordndringen mellan tva bilder
frdn ROV kameran. Dessa tva system, laser och odometri, ska anvindas till-
sammans i syfte att fA mer exakta resultat.

Lasersystemet har hitintills testats i luft. Distansmétningar gav intressanta re-
sultat med mindre dn 3% fel, och vinkelmétningar gav mindre &n 10% fel for
en distans av 1 meter. En fordel med det har systemet dr att desto mer farkosten
nidrmar sig dockningstationen, desto mer noggrant ér systemet.

Utover ROV projektet utfordes en review studie om variabilitet av vigenergi
jamfort med andra energikéllor sdsom sol, vind, och tidvattenkraft. En analys
av olika verktyg och modeller som anvinds for att forutse dessa olika killor
utférdes och hur man skulle kunna samla ihop dom och skaffa en enhetlighet
i syfte att underlatta nitanslutning av flera olika energikéllor.
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