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SUMMARY

The purpose of this project is to design a control system to stabilize a platform on a buoy. Stabilization of
the platform on the buoy is needed for reliable measurements of wind speed and wind direction on sea us-
ing LiDAR (Light Detection And Ranging) modules. These modules use the reflection of particles in the air
to measure the wind speed and wind direction. This report is a description of the design of a prototype for
a buoy with a stabilized platform. The research contains a study on the behavior of a buoy on waves, a de-
scription of the choices made for the design, a description of the used test methods, the test results and some
recommendations for improvements on the design, based on the test results. The platform is controlled by
three linear actuators of adjustable length. The angle of tilt of the platform is measured with a gyroscope and
is used for controlling the linear actuators. The platform is able to compensate an angle of tilt that is smaller
than 38° . The reaction time on deviations that are smaller than 10° is less than 1.2 seconds. The reliability on
the long term must be improved, through implementation of some recommendations. One of these recom-
mendations is the use of a Kalman filter to prevent long term drift of sensor output by combining different
kinds of sensors.

vii





1
INTRODUCTION

1.1. SCOPE

Humankind has always had a need for energy. The expansion of the world demand for energy has been met
by ever-increasing exploitation of fossil fuels, oil, natural gas and coal. In 1972, a report for the Club of Rome
Project on Predicament of Mankind was published [1]. This report contains a mathematical model of the
world with five basic variables: population, capital, food, natural resources and pollution. The biggest chal-
lenge for power engineers is how to provide energy for the exponentially growing world population. However,
the ongoing expansion of energy demand will be constrained by ecological considerations such as limits to
available sites for power stations, heat and water disposal, water availability, air pollution and possible ef-
fects on our climate [2]. Therefore new developments in energy conversion have been made. One of these
ongoing developments is the conversion of wind energy to electrical energy. Power is generated by turbines
that convert the mechanical energy of the wind to electrical energy. To optimize this process, the turbines
need to be placed in areas where wind speed is above a given minimum to maintain operation and below a
given maximum to ensure safety. Generally, offshore wind conditions are better suited for electricity genera-
tion [3]. The history of the development of wind power shows that the increasing demand for energy are met
more and more by offshore wind farms [4]. The European Wind Energy Association (EWEA) set a target of 40
GW wind power capacity on offshore wind farms in 2020 [5]. To reach this target, new locations have to be
found for these farms. These locations should be determined by reliable wind measurements. This data can
be obtained in a couple of ways. One option is to measure the wind speed and direction with meteorological
masts. The installation of these masts is expensive, and these masts have a static position. A smarter option is
to obtain the wind measurements with buoys equipped with a Light Detection And Ranging (LiDAR) module.
There are several companies already exploiting these buoys to obtain wind measurements.

1.2. GOAL OF THE PROJECT

Due to motions of waves the top of the buoy has an angular motion around the x (roll), y (pitch) and z (yaw)
axes. These motions are visualized in figure 1.1.

Figure 1.1: Surge, heave, sway, roll, pitch and
yaw motions. [6]

For several buoys the influences of these motions on the wind
measurements of the LiDAR module are compensated by software
corrections. This has a negative impact on the reliability of this wind
data. It would be better to compensate the movement of the LiDAR
module with active stabilization. This subject caught the attention of
our Bachelor Graduation group at the Delft University of Technology,
so a new company is started, called Madaxa [7]. This company will
extend the Seawatch Buoy [8] with active stabilization, and will set
up a data service for energy companies. This thesis describes the
design of the controller of the stabilized platform.

1



2 1. INTRODUCTION

1.3. OUTLINE OF THE REPORT
Chapter 2 states the requirements for this controller. After the statement of the requirements, chapter 3 de-
scribes other buoys using LiDAR to measure the wind speed, several stabilization methods, implementation
of control systems and some theory about system identification. Chapter 4 describes the model that is used
for designing the system, a description of the design and the methods of testing. The results on these tests are
described in chapter 5. Chapter 6 describes whether the requirements for the design have been met. Chapter
7 describes the recommendations for improving the quality of the product.



2
REQUIREMENTS AND RESTRICTIONS

The following chapter describes the requirements for a stabilizing system on a buoy. The mechanical design
of the buoy is described by Mathieu Baas and Annemieke Pannekoek [9]. Tom Hogervorst and Arjan van der
Kruijt describe the control system for the position control system [10]. For practical reasons only a scaled
model of a buoy is designed. Therefore these theses only describe the design of this prototype. Although this
thesis only describes the design of a prototype, it is certainly important to keep the requirements on the final
buoy in mind. Because we could not test these requirements, we describe them as guidelines in section 2.1.
Section 2.2 states the requirements for the stabilization system. Due to design choices by the other group
members there are also some design restrictions. These are described in section 2.3.

2.1. GUIDELINES
This thesis describes the design of a prototype of a buoy with a stabilized platform on top. This section de-
scribes the requirements for the final buoy, to keep these requirements in mind when making the design
choices for the prototype. First the conditions which the final buoy shall be able to withstand is described in
subsection 2.1.1. Subsection 2.1.2 describes the dimensions of the final buoy. Subsection 2.1.3 describes the
power requirements for the final buoy. Finally the production and safety requirements on the final buoy are
stated in subsection 2.1.4.

2.1.1. ENVIRONMENTAL REQUIREMENTS ON FINAL BUOY

The buoy that has to be designed has to be able to withstand offshore weather conditions at the North Sea.
We formulated these conditions as follows:

1. The buoy has to be able to operate in sea water with temperatures above -10° Celsius.

2. The buoy has to be able to operate in offshore weather conditions at the North Sea.

3. The buoy has to be able to operate in a sea with maximal wave heights of 6 m [11].

4. The buoy has to be able to operate in weather conditions with wind speeds up to 40 m/s.

2.1.2. REQUIREMENTS ON DIMENSIONS OF THE FINAL BUOY

The buoy has to have a stabilized platform on which the LIDAR module ZephIR 300 [12] is mounted.

1. The platform on the buoy has to be big enough to carry the ZephIR 300 module. The width and length
of the platform shall be greater than 0.25 m.

2. The platform on the buoy has to be strong enough to carry the weight of the ZephIR 300 module which
weighs 55 kg.

3



4 2. REQUIREMENTS AND RESTRICTIONS

2.1.3. REQUIREMENTS ON POWER CONSUMPTION OF THE FINAL BUOY
The design of the final buoy and its prototype is based on the Seawatch Buoy from Oceanor [8]. This buoy
is equipped with a lithium battery bank with a capacity of 9792 Ah at 12 V and a lead-acid battery bank with
a capacity of 248 Ah at 12 V. Furthermore the buoy is equipped with solar panels that can supply 180 W. If
we assume a recharging period of 30 days, the average total power that can be consumed is roughly 347.3 W,
according to equation 2.1. Because the buoy needs a lot of this power for the communication with the base
station, more power is needed. We assume that the power that is used by the buoy is approximately 180 W,
because Fugro Oceanor chose this amount of solar power. That implies that there is approximately 170 W
power left. The remaining power is divided by the stabilization system for the platform, and the propulsion
system for the autonomous position control, designed by Tom Hogervorst and Arjan van der Kruijt [10]. There
is enough space for more solar panels, so if more power is needed, more solar panels could be added.

(9792[Ah]+248[Ah])×12[V ]

30∗24[h]
+180[W ] = 347.3[W ] (2.1)

1. The buoy has to be able to operate for 30 days after it has been fully charged.

2. The stabilization system has to use less power than 70 W on average.

3. The position control system has to use less power than 100 W on average.

2.1.4. REQUIREMENTS ON PRODUCTION AND SAFETY OF THE FINAL BUOY
1. The buoy has to be produced such that all components are easily replaceable.

2. 70% of the components of the buoy have to be recyclable.

3. The production costs of the buoy should not exceed € 50000.

4. The buoy has to comply with the European regulations concerning the environment, recycling and
safety.

2.2. REQUIREMENTS
Subsection 2.2.1 describes the general requirements on the prototype of the buoy. The functional require-
ments are described in subsection 2.2.2.

2.2.1. GENERAL REQUIREMENTS ON THE PROTOTYPE
1. The prototype has to float and retain its vertical position.

2. The cost of the material of the prototype should not exceed € 800.

3. The prototype has to be built in two months.

4. The prototype has to be a scaled model of the final buoy, with a scaling factor of 5, to make it easier to
fabricate in a lab.

2.2.2. FUNCTIONAL REQUIREMENTS ON STABILIZATION SYSTEM ON PROTOTYPE
On the prototype a platform will be mounted that has to be stabilized with a stabilizing controller. The re-
quirements on this controller are as follows:

1. The maximum allowed degree of tilt of the platform has to be 5° with respect to the horizon, in the
direction of roll and pitch (for the definition of these motion see figure 1.1).

2. If the degree of tilt is greater then the maximum allowed tilt of 5° with respect to the horizon, the
reaction time of getting back has to be smaller than 1 s, because the period of waves at the North Sea is
approximately 5 seconds.

3. The controller has to be able to compensate a maximum degree of tilt of 35° with respect to roll and
pitch (for the definition of these motions, see figure 1.1).
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4. The control system must be reliable for 30 days. Calibration may be needed at the start of this period,
but during this time period further calibration should not be needed.

5. The movement of the actuators will be limited in such a way that the linear motor stops when the
minimum or maximum length is reached, to prevent damage to the actuators.

2.3. RESTRICTIONS
Due to design choices of Mathieu Baas and Annemieke Pannekoek [9] the following restrictions are stated:

1. The electrical components of the prototype have to be mounted in a water resistant box.

2. The prototype will have a limited waterproof space reserved for electrical components, to ensure water
resistance. This space has a cylindrical form, with a radius of 0.1 m and a height of 0.3 m.

3. The sensors that are used for the measurement of the pitch and roll angles are 3-axis gyroscopes, man-
ufactured by Parallax, with type number L3G4200D [13].

4. The actuators that provide the desired compensation motions are manufactured by Firgelli, with type
number L16-100-63-12-P. They have a minimal length of 12 cm, a maximal length of 22 cm and an
accuracy of 0.4 mm [14].

5. The power source that must be used for the design delivers +3.3 V, +5 V and +12 V.





3
RELATED RESEARCH

In order to meet the requirements stated in section 2, this chapter describes the research, that has already
been done by others in the field of offshore wind measurements with buoys using LiDAR, stabilization sys-
tems and the implementation of control systems.

3.1. OTHER BUOYS USING LIDAR FOR WIND MEASUREMENTS
This section describes similar buoys obtaining wind measurements with LiDAR.

3.1.1. SEAWATCH WIND LIDAR BUOY

Figure 3.1: The Seawatch buoy at
sea [15]

The first buoy described is the Seawatch Wind LiDAR Buoy from Fugro Oceanor
[8]. This is a moored wavescan buoy mounted with a LiDAR module. It can
measure wave properties, such as wave height and wave length, and wind
speeds using the ZephIR 300 module. In 2012 wind data from this buoy was
compared to wind data retrieved with a mast placed on land, in Norway. The
average deviation in wind speed measurements between the Wind LiDAR Buoy
and the reference stations was less than 2%. It can measure the wind speed and
direction at heights up to 300 m. This buoy is the starting point of the design,
because the small size of the lower part of this buoy allows reliable wave mea-
surements. See figure 3.1 for a picture of this buoy.

3.1.2. FLIDAR

Figure 3.2: The Flidar buoy at sea
[16]

FLiDAR is a floating LiDAR based measurement device designed for the harsh-
est offshore conditions developed jointly by Offshore Wind Assistance (OWA, a
subsidiary of DEME) [17] and 3E [18]. It has been successfully tested and vali-
dated in both North Sea and Irish Sea conditions (15 km offshore). FLiDAR has
an offshore WINDCUBE v2 LiDAR mounted on an industry standard buoy and
is powered by autonomous renewable energy systems (PV + wind). A mechan-
ical stabilization unit and advanced correction algorithms must ensure maxi-
mum data accuracy [19]. It can measure the wind speed and direction at heights
up to 200 m. This buoy does not have the ability to measure wave properties.
The water depth at which this buoy could be used is 5 to 50 m. See figure 3.2 for
a picture of this buoy.

3.1.3. THE NEPTUNE PROJECT

Figure 3.3: The Neptune buoy at
sea [20]

One of the more recent developments is the Neptune Project [21]. The goal of
this project is to provide a measurement system for both wind and wave data on
a moored buoy. For the wind measurements the LiDAR module ZephIR 300 is
used [22]. The final design should contain a mechanical motion compensation
frame [23]. The project is scheduled to finish at the end of 2014 and the consor-

7



8 3. RELATED RESEARCH

tium expects to start up the commercialized buoy from 2015 on. See figure 3.3
for a picture of this buoy.

3.1.4. WINDSENTINEL

Figure 3.4: The WindSentinel
buoy at sea [24]

Axys Technologies has developed a wind resource assessment buoy called
WindSentinel. This buoy is a combination of the NOMAD buoy, with a Vindica-
tor III LiDAR module mounted on it [25]. The NOMAD buoy has a wide range
of sensors for monitoring meteorological, oceanographic and water quality pa-
rameters. The buoy can measure the wind speed and direction between 30 to
150 meters vertically with a wind speed range of 0-90 m/s [26]. The LiDAR mod-
ule is not stabilized. To improve the accuracy a LiDAR module that makes use of
sequential pulses is used and the captured data is post processed with software
[25]. The buoy has the form of a vessel, to make it easier to displace the buoy.
See figure 3.4 for a picture of this buoy.

3.2. STABILIZATION SYSTEMS

This section describes several principles for stabilizing angular motions.

3.2.1. GIMBAL STABILIZATION

Figure 3.5: A visualization of a
gimbal stabilization system [27]

Gimbals have often been used for stabilization of cameras. A gimbal is a me-
chanical device that consists of multiple orthogonal axes. Each axis can rotate
freely, controlled with a belt or a chain, such that the orientation of one of these
axes can be kept stable in the dimension of the number of axes [27]. Figure 3.5
visualizes the configuration of this stabilization method.

3.2.2. FLYWHEEL STABILIZATION

Another method that can be used for stabilizing the head of the buoy is a gy-
roscopic stabilizer based on the rotational moment of a spinning flywheel [28].
The angular motion of the flywheel causes a fixed position of the axis, due to
the centripetal force. One of the drawbacks of this system is the maintenance that will be needed due to wear,
because the stabilization is achieved by continual moving parts. Another drawback of this system is that it
is a passive stabilization method, although it has moving parts. There is no feedback loop, so it cannot be
guaranteed that the angle of tilt approaches zero.

3.2.3. STABILIZATION WITH ACTUATORS

Figure 3.6: A visualization of the stabilization design with actuators

The last stabilization system described
uses linear actuators. In this design the
system is split up in two parts. One part
of the buoy floats on the waves, and has
angular motions caused by the waves.
The upper part of the buoy is connected
to the bottom part with linear actuators.
The number of actuators defines the de-
grees of freedom of the upper part [29].
Figure 3.6 shows the design of a sys-
tem that can be controlled in three direc-
tions: pitch, roll and heave. This setup
is chosen by Mathieu Baas and Anne-
mieke Pannekoek because this stabiliza-
tion technique meets the requirements
the best. This active stabilization tech-
nique is easy scalable and gives the most
flexibility in use.



3.3. IMPLEMENTATION OF CONTROL SYSTEMS 9

3.3. IMPLEMENTATION OF CONTROL SYSTEMS
Every stabilization configuration will need a control system. The most convenient implementation of a con-
trol system is a digital controller, because this method has a high flexibily of use. A digital controller can be
implemented on various levels of abstraction and effort. On the lowest level we find the FPGA based approach
[30]. This approach has lower delay compared to higher level implementations and allows for more compli-
cated control schemes, but requires more effort in the design process compared to higher level approaches.

On a higher level a microcontroller in combination with an assembly language can be used. In general,
the delay caused by the slower microcontroller approach can be be estimated in the microsecond scale: an
imaginary microcontroller running at f = 10MHz executes 1000 cycles required for a control loop iteration
at t = (1/ f ) × 1000 = 100us. This is not a problem on the timescale of the wave disturbance we need to
compensate for which can be measured in the 1H z scale [31]. This arguably makes a microcontroller a better
choice: we do not need the advantages of an FPGA build.

On an even higher level we find "high level programming languages" like C++ [32], also in combination
with a microcontroller. These languages can be used to write controller code with more ease than the lower
level approaches. However, is is only possible to make use of high level languages for which a compiler is
available that translates it to the assembly language the microcontroller can execute. An example is AVR-GCC
[33] which converts the high level language C code to AVR assembly code.

An example PID implementation example that makes use of pseudocode can be found here [34]. Another
paper describes the implementation of a controller using C++ [35].

3.4. SYSTEM IDENTIFICATION
To be able to design a proper controller we need more information about the system that the controller will
control. This system can be described using either a transfer function using single-input-single-output (SISO)
models, or a more elaborate state space description that supports multiple-input-multiple-output (MIMO)
systems in case more than one input or output is needed. Maritime objects can be described using the 6DOF
model described in [36]. In this case, only compensation for rotation around the horizontal axes (roll and
pitch) is needed, compensated by at least two active parts. This means that at least two state variables and at
least two inputs (motor control) are needed. In other words, this system is a MIMO system, and needs to be
described using a state space model.

This state space model can be derived from the Lagrangian equation for maritime objects described in
[36] and more specifically for buoys in [37], or system identification algorithms which compute systems given
input and output values. To make use of the second option, the buoy needs to be fed with a series of known
input signals for which the output variables are captured. This data can then be fed to MATLAB functions like
n4sid [38] which can numerically estimate the system from the input and output data. This function allows
for the use of three different estimation algorithms called CVA [39], MOESP [40] and SSARX [41].

The second option (numerical estimation) has the advantage of being easy to execute if there is access
to a physical model of the buoy itself, but cannot be used if there is not one. The more accurate Lagrangian
method (if the parameters are known) does not suffer from this drawback. Furthermore, being a symbolic
equation, it can be easily adapted to changes in the buoy by changing parameters: a rerun of the input/output
capture is not needed. Derivation of the Lagrangian is much more difficult though.

Because both methods, numerical estimation and derivation of the Lagrangian, are too difficult to com-
plete within the limited period of time of two months, a third alternative is used, namely a heuristically tuned
control system based on an unknown system response. It is unknown how the system behaves due to a cer-
tain input, and control system output is linearly calculated based on system output (roll and pitch).
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DEVELOPMENT

This chapter describes the design choices, the algorithms used for the controller and the methods of vali-
dation of the design. Section 4.1 describes the design of the topology of the stabilization unit. Section 4.2
describes the design of the control system. Section 4.3 describes the control of the sensors and the actuators.
Section 4.4 describes the methods of testing.

4.1. TOPOLOGY
This section describes the topology of the stabilization unit. First the overall design of the system and the
design principles is described in subsection 4.1.1. The design of the mechanical part, done by Mathieu Baas
and Annemieke Pannekoek [9], is summarized in subsection 4.1.2.

4.1.1. SCHEMATIC VIEW
Figure 4.1 shows a 3D representation of the topology of the design. The gray plane represents the lower
part of the buoy that is affected by the ocean waves. The green plane represents the platform that has to be
stabilized. Both parts are connected with three actuators of adjustable length. On both parts of the buoy a
sensor is mounted that measures the angle of tilt in two directions (pitch and roll). The upper sensor is meant
for observation whether the platform has been controlled the right way, and determines the configuration of
the actuators. The lower sensor can be used for observation whether the actuators have been configured the
right way.

Figure 4.1: A schematic representation of the
system, with two tilt measurements

The output of the sensors is sent to a microcontroller at a given
fixed frequency of 32Hz. On this microcontroller a control system
is implemented, which accepts the sensor output as its input. The
outputs of this control system are sent to the actuators. The length
of these actuators can be changed, which influences the angle of the
upper platform. The microcontroller is able to increase or decrease
the length of each actuator separately, but cannot directly set the
length of any actuator. The sensors are further described in section
4.3.1, as well as the control system in section 4.2.2, the microcon-
troller in section 4.3.3 and the actuators in section 4.3.2.

4.1.2. MECHANICAL PART

MECHANICAL DESIGN OF THE LOWER PART OF THE BUOY

To ensure that the buoy is buoyant, as stated in the requirements,
the buoy must have enough upward force, and must be waterproof. According to equation 4.1 the volume
inside the buoy must be big enough to overcome the mass of the buoy. ρ represents the mass density of
water, g the gravitational constant and V represents the volume of air inside the buoy. This force is equal to
the gravitational force, which is stated in equation 4.2, where g represents the gravitational constant and m
the mass of the buoy. ’A body wholly or partially submerged in a fluid is buoyed up by a force equal to the
weight of the displaced fluid.’ [43] This principle is known as the Archimedes’ principle, and is visualized in
figure 4.2.

11
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Figure 4.2: A visualization of the Archimedes’
principle [42]

To ensure enough volume to compensate the mass of the
buoy, the buoy contains one hollow cylinder with a wider cylinder
mounted on it, visualized in figure 4.3. The sand colored cylinder is
the cylinder in which all the electronics can be mounted. This is the
space which has been described in the restrictions (section 2.3). The
blue cylinder is the part of the buoy that must ensure the buoyancy.

Fs = ρ× g ×V (4.1)

Fg = m × g (4.2)

MECHANICAL DESIGN OF THE PLATFORM

As stated earlier, the upper and lower part of the buoy are connected
by three adjustable actuators, visualized in figure 4.5. The configu-
ration of the lengths of these rods determine the tilt of the platform.
The rods are connected to the lower platform with a hinge and with
a ball and socket joint to the upper part. This way the platform is
only able to move in two directions, namely pitch and roll, which are
the requirements on this platform. In principle, to control the plat-
form in two directions two actuators are needed. A design with two actuators should contain one fixed rod,
with two orthogonal actuators placed beside. A 2D representation of such a system is visualized in figure 4.4.
However, a system with two actuators is not very stable. This system setup would cause high forces on the
actuators due to the non uniform distribution of the space of the platform. For that reason a more symmetric
setup is chosen with three actuators. More actuators are also considered. For instance, with four actuators
the design of the control system could be orthogonal.

Figure 4.3: A 3D representation of the buoyancy
system

Figure 4.4: A 2D top view of a system with two
actuators, indicated as red dots, the fixed rod as
a black dot.

However, each additional actuator results in higher costs of the
system. For that reason a setup with three actuators has been cho-
sen. The hinges prevent the platform from overturning. If the hinges
are not enough to protect the platform from overturning, a fixed rod
can be mounted in the middle of the platform, connected with a ball
and socket joint to the upper platform. This will keep the middle of
the platform fixed, such that the platform is protected against over-
turning. A fixed rod in the middle could however cause damage to
the actuators, because the actuators could experience forces from
the other actuators, due to the fixed nature of the platform.

4.2. CONTROLLER
This section describes the design of the control system. It is impor-
tant to identify first how the buoy behaves in the environment that is
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Figure 4.5: A 3D representation of the platform

specified in the requirements. Subsection 4.2.1 describes the model that is used to obtain this behavior. After
the behavior of the buoy has been made clear, subsection 4.2.2 describes the control system and its concepts.

4.2.1. INFLUENCE OF WAVES ON THE BUOY
To make the behavior of the platform clear, a simulation has been run in MATLAB. This simulation is based
on a model obtained by Thor I. Fossen [36]. The goal of the simulation is to find the linear and angular motion
due to linear and angular forces on the buoy caused by waves. For simplicity we estimate the buoy behaviour
using a spherical model for the inertia tensor of the buoy. Equation 4.3 is a set of 6 DOF dynamic equations
of motion.

ν̇=−M−1νCcor i ol i s +M−1τ (4.3)

In the model used, matrix M is the rigid body inertia matrix of the buoy. Equation 4.4 shows the entries
of the matrix. The rigid body inertia tensor is displayed in equation 4.5. The Ccor i ol i s (equation 4.6) matrix
contains the Coriolis and centripetal terms. Parts of the the M and Ccor i ol i s matrices make use of a function
S(λ) that returns a skew symmetric matrix based on an input vector λ. ν (equation 4.8) represents the state
vector of the system, containing the position and the orientation of the buoy. ν̇ represents the change of the
state vector. τ is the input vector, that represents the angular torques from the waves on the buoy. In this
simulation only angular motion around the axes are of importance. Figure 4.6 shows the simulation result.

M =
[

mI3x3 −mS(rG )
mS(rG ) I0

]
=



m 0 0 0 mzG −myG

0 m 0 −mzG 0 mxG

0 0 m myG −mxG 0
0 −mzg myG Ix −Ix y −Ixz

mzG 0 −mxG −Iy x Iy −Iy z

−myG mxG 0 −Izx −I z y Iz

 (4.4)

I0 =
(2/5)mr 2 0 0

0 (2/5)mr 2 0
0 0 (2/5)mr 2

 (4.5)

Ccor i ol i s =
[

03x3 −mS(ν1)−mS(ν2)S(rG )
−mS(ν1)+mS(rG )S(ν2) −S(I0ν2)

]
(4.6)

S(λ) =
 0 −λ3 λ2

λ3 0 −λ1

−λ2 λ1 0

 (4.7)

ν=
[
ν1

ν2

]
=



νx

νy

νz

νθ
νφ
νψ

 (4.8)

Input vector τ contains the forces and torques on the buoy. This vector is the input for the simulation.
Because only the angular motions are of interest, the linear forces are considered to be zero. The entered



14 4. DEVELOPMENT

Figure 4.6: A simulation of the reaction of the buoy on angular torques

angular torques have a sinusoidal form. The frequency of the carrier wave is determined using wave data from
the North Sea [44]. This document contains wave data from measurements and simulations. The frequencies
that occur most frequently are in the region of 0.1-0.3 Hz. These frequencies are used for the carrier waves
in the simulation. On these waves small ripples with smaller amplitude and higher frequencies are added.
The result of the simulation shows that the influence of ripples, small waves with high frequencies and lower
amplitudes compared to the carrier wave, on the angular motions of the buoy is very low. This justifies the
assumption that the angular motions of the buoy are only in the order of the carrier frequency of the waves.

4.2.2. CONTROL SYSTEM

Figure 4.7: A 2D top view of a system with three
actuators, indicated as red dots, along as the
orientation of the axis.

In subsection 4.2.1 it is shown that the angular motions of the buoy
can be considered as sinusoidal motions with frequencies in the or-
der of the carrier waves, commonly in the order of 0.1-0.3 Hz. Be-
cause higher frequencies can be ignored, a complex control system
is not needed. If higher frequencies could not be ignored, the control
system should contain differential feedback, as well as an integrator.
Because the control system only has to deal with low frequencies,
such a complex system is not needed, a proportional gain-only sys-
tem is sufficient. Because the speed of the actuators is relatively low,
it is chosen to control the actuators always at maximum speed. The
control system therefore only controls whether the actuators must
go up, down, or stay stationary. The angles of the sensors must be
neutralized by the right configuration of the actuators. Table 4.1 con-
tains the configuration of the actuators at certain inputs of the gyro-
scope. The first two columns show the angles from the gyroscopes,
with a minus sign for negative angles, and a plus sign for the positive
angles. The last three columns show the configuration for the actua-
tors for a certain sensor input. A plus sign indicates that the actuator
must increase its length, for a minus sign the actuator must decrease its length, and for a 0 the actuator must
keep its length. The orientation of the system is visualized in figure 4.7.

4.3. ACTUATION OF SENSORS AND ACTUATORS
In section 4.1.1 the structure of the system is already stated. Figure 4.8 shows a schematic view of the struc-
ture of the system. For the sensors two gyroscopes are used. These gyroscopes measure the motions around
the x (roll), y (pitch) and z (yaw) axis. The properties of these gyroscopes are described in section 4.3.1. Both
gyroscopes are connected to the microcontroller using I2C. On the microcontroller the control system as de-
scribed in sections 4.2.2 and 4.3.3, is implemented. The microcontroller controls the output to the actuators.
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roll pitch actuator1 actuator2 actuator3
- - + 0 -
- 0 0 + -
- + - + 0
0 - + - -
0 0 0 0 0
0 + - + +
+ - + - 0
+ 0 0 - +
+ + - 0 +

Table 4.1: The control signals for the actuators for all combinations of the angle measurements around the x and y axis.

The actuators are linear motors, controlled with DC voltages. The microcontroller and the actuators are con-
nected through H-bridges. These H-bridges provide the desired high power voltages on the actuators based
on low power inputs from the microcontroller. This is further described in section 4.3.2. Because the motors
of the actuators must be prevented from slipping, their minimum and maximum lengths must be limited.
This is done using 6 comparators, of which the output is sent to the microcontroller.

Figure 4.8: A schematic representation of the stabilization system

4.3.1. SENSOR CONTROL

Figure 4.9: A picture of the gyroscope from Par-
allax

As stated in the restrictions in section 2.3 the sensors that measure
the angles are gyroscopes manufactured by Parallax with type num-
ber L3G4200D. Figure 4.9 shows a picture of the used gyroscope.

CALIBRATION

In fact these gyroscopes do not measure the angular position, but the
angular velocity. To determine the angle of the platform this angu-
lar velocity must be integrated, or summed with a Riemann sum. To
obtain the right angle, the zero point of gyroscope must be known.
The prototype of the buoy must be put on a stable flat surface. Sub-
sequently, the actuators must be controlled so that they have equal
lengths. It turns out that gyroscopes have a nonzero noise density,
with a mean value that is not equal to zero. This means that a sum-
mation of velocities that should result in a stationary angular posi-
tion would result in a nonzero value. To prevent the summation of
noise, some calibration is needed. To achieve this, the zero rate level must be calculated and subtracted from
each subsequent measurement. To calculate this value, the sensors are held stationary and their total an-
gle is read after a set period of time. Afterwards, the error per measurement is derived by dividing the total
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by the amount of readings (it is the cumulative moving average). This value is subtracted from each future
measurement, such that the measured stationary velocity will be zero, on average.

INTERLINKING BETWEEN SENSORS

For optimal control two sensors are used, one at the platform and one on the lower part of the buoy. These
sensors measure the tilt in three directions (roll, pitch and yaw). The output of the sensors is sent through I2C.
Both sensors are coupled at the same output pins at the microcontroller. Each gyroscope has its own identi-
fier, such that the microcontroller can alternately communicate with two gyroscopes on the same wire. The
communication through I2C is described in a I2C manual from NXP [45]. The gyroscopes are in succession
read out with a frequency of 32 Hz.

4.3.2. ACTUATOR CONTROL
This section describes the design of the circuit between the actuators and the microcontroller. This circuit
must transform the +3,3V outputs of the microcontroller to a +12 V or -12 V signal for the actuators. It must
also ensure that the actuators will stay in the right region.

VOLTAGE CONTROL

Figure 4.10: A picture of the H-bridge circuit

First the circuit is described that transforms the digital signals from
the microcontroller to control signals for the actuators. The length
of the actuators decreases when the actuators are fed with a nega-
tive voltage, and increases when the actuators are fed with a positive
voltage. The higher the absolute voltage that is fed to the actuator,
the faster the actuator will change its length. Because the actuators
must react as fast as possible, it is chosen to always feed the actua-
tor with the highest absolute voltage that the power circuit can de-
liver. Because the microcontroller only delivers low power signals, an
amplifier called a H-bridge that accepts positive and negative volt-
ages is used to supply a high power signal to the actuators. Figure
4.10 shows a picture of one of the circuits. Each IC contains two H-
bridges, so two circuit boards have been used, because each of the
three actuators needs one H-bridge.

POTENTIAL LIMITATION

The second circuit that is needed is the circuit that must control the range of the actuators. Each actuator
transmits an analogue signal that indicates the length of the actuator. When the actuator has the shortest
possible length, the output of this signal is 0.0V. When the actuator has the maximal length, its output is
equal to the supply voltage, in our case 5.2V. Figure 4.11 shows a schematic representation of the electrical
circuit. The potential input from the actuators is compared with two referential levels. Therefore we use 6
comparators, 3 connected with a 4.8V point, and 3 with a 0.2V point. The outputs of the comparators are
low when the lengths of the actuators are within the limits. The comparators that are used are the LM339N
differential comparators from Texas Instruments [46]. The outputs of the comparators are connected with
the microcontroller. The outputs of the comparators are also connected with a pull-up resistor to the supply
voltage. This is because the output would be floating without these resistors.

4.3.3. IMPLEMENTATION ON MICROCONTROLLER

Figure 4.12: A picture of the LPC1343 microcon-
troller

At this point of the design all hardware is designed. The last design
step that is left is the design of the control system on the microcon-
troller. First we have to choose a right type of microcontroller.

MICROCONTROLLER CHOICE

The practicum assistant from the course ’Computer Architecture
and Organization’ at the Delft University of Technology was willing
to lend us a microcontroller. The department had two boards avail-
able. One of these contained the AVR ATmega8 controller from Atmel
[47]. The other option was the ARM Cortex M3 based LPC1343 mi-
crocontroller on an Olimex development board [48]. The AVR option
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Figure 4.11: A schematic representation of the limitation circuit.

can only process 8bit values per instruction, while for 32bit values at least four times as much instructions
(and therefore time) are needed. The ARM option does not have this drawback. Furthermore, the ARM op-
tion has a 32bit hardware divider and a 32bit single cycle multiplier. Both features reduce the time needed
to perform these operations on 32bit values by hundreds of times compared to AVR according to assembler
output produced by AVR and ARM compilers. Due to the limitations of the 8 bit instruction set and the lim-
ited size of programs that can be run on the AVR option, the ARM option was chosen. A picture of the ARM
microcontroller board is shown in figure 4.12.

CODE REVIEW

The program that is executed by the microcontroller after a reset starts with initializing the actuators. This
step ensures that all the actuators are of equal length when the calibration of the sensors starts, so that the
initial position value reported by the sensor is zero. When the actuators are initialized, communication is
started with the gyroscopes. The data stream for this communication is further described in the manual
for I2C from NXP [45]. After communication has been set up, the gyroscopes are calibrated, as described
in section 4.3.1. After these calibrations the control system is started. Each time both groscopes are read
(repeated at 32Hz), the current angle is calculated by summing the velocities that the gyroscopes provide. To
further reduce noise, a moving average filter is applied to the gyroscope outputs before they are summed.
This reduces high frequency noise. When the current angle has been calculated, the actuator control values
are retrieved from table 4.1. The gyroscope on the lower part of the buoy is also read out, but this value is only
used for test purposes.

4.4. VALIDATION
This section describes the methods of testing. Section 2.2 states the requirements for the prototype.

4.4.1. COST AND TIME LIMITATION
The requirements on the costs and the time could not be measured. For the total costs the costs for each
component should be added, and compared to the required value of 800€. The time limitation is reached
when the time at which the design is finished is less then two months after the beginning date of the project.
22 april was the start of the project, so the prototype must be finished at the 22th of June to meet the time
requirement.
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4.4.2. BUOYANCY

At first it must be tested if the buoy is buoyant. To prevent damage on the electrical components on the buoy,
the buoy must be launched on water, without electronics mounted on it. If no water flows inside the buoy,
the buoy is buoyant. It is interesting to know how low the buoy floats in the water. This could be measured
with a ruler.

4.4.3. MAXIMUM TILT AT STABLE POSITION

Figure 4.13: A picture of the measurement
method

To test the requirement of the maximum tilt of 5° with respect to the
horizon, the system must be started up in a stable situation. After
calibration the lower part of the buoy must get a tilt in the roll di-
rection. The system must control the platform to a stable situation.
When the actuators do not move anymore the angle of the platform
is measured with use of a plumb rule and a protractor. This measure-
ment method is visualized in figure 4.13. To get useful data the angle
of tilt of the lower part of the buoy must also be measured. This data
must be coupled together in a table.

4.4.4. SPEED OF STABILIZATION SYSTEM

The hardest requirement in terms of testing is the measurement of
the speed of the stabilization system. One method to measure the
speed of the stabilization system is to make use of the second gyroscope. In that configuration the whole
system is calibrated at first. Subsequently, the actuators are controlled such that the platform takes a prede-
termined angle. With the difference in angle between the upper and lower gyroscope could be verified if the
desired configuration is reached. If this configuration is reached, the control system must be switched on.
With a stopwatch the time of the movement of the actuators must be measured. The time must be stopped
as soon as the tilt of the platform is less than 5°. That could not be determined very easily, so we wait until the
moving of the actuators is stopped. We repeat these measurements, and take an average speed. This method
must be repeated for different angles of tilt. This would result in a table with initial angles of tilt coupled with
a reaction time. One of the big disadvantages of this test method is that the system has been adjusted by this
test method. The testing system is part of the system. To avoid this problem we move the system manually.
We give the lower part of the buoy a predetermined angle of tilt, and measure the time that the system needs
to return at a stable position. One of the requirements is that the prototype must be a scaled model of the
buoy, with a scaling factor of 5. The platform on the final buoy must be able to carry a weight of 55 kg (the
weight of the ZephIR 300 module), so the platform on the prototype must be tested with a weight of 0.44 kg
(this is a scaled weight in three directions). The effect of this weight on the speed of the stabilization system
can be tested by comparing the measurements of the returning time with and without encumbering.

4.4.5. MAXIMUM COMPENSATION OF ANGLE OF TILT

To test the requirement of the maximum angle of tilt that the system could compensate, the platform must
be moved until the actuators do not change their length anymore. With use of a plumb rule and a protractor
this angle must be measured. Because the stabilization system is not completely orthogonal, this angle must
be measured in multiple directions.

4.4.6. RELIABILITY

The system must be reliable. After one month the maximum angle of tilt after stabilization must be 5°. Be-
cause there is not enough time to test the prototype in this time scale, other test methods must be used.
Deviation of the control system occurs after multiple movements of the system. The reliability of the system
could therefore be tested with moving the system multiple times one after another. The maximum tilt at sta-
ble position is measured every time the system has been returned to its initial position. If there is a trend in
this limited number of measurements, the system is not reliable.

4.4.7. LIMITATION OF THE ACTUATOR LENGTHS

The limitation of the lengths of the actuators could be tested by forcing the actuators down. With a multi-
meter the output voltage of the potential feedback on the actuator could be measured. Also the length of
the actuator could be measured, compared with the total length. Because damage on the actuators must be
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avoided, the lengths are compared with the lengths that are specified in the datasheet. The same procedure
could be followed for the maximum length of the actuator.

4.4.8. TOTAL SYSTEM
A final test must check if all components work well together. That implies that all components must be
equipped at the buoy. The buoy must be launched to the water, after the calibration of the system is done.
Because the design of a power supply fell out of the scope of the project, this would be a relatively risky test.
It must be assured that the electrical components could not get in contact with water. Maybe this test could
be done in a water tank with a movable bridge above it. The power supply must be mounted on the bridge,
such that short circuits in the power supply are excluded. With motors waves with a predetermined frequency
could be generated, and the angle of the upper platform could be measured with a laser mounted on the plat-
form. The laser must point to the roof of the building, and according to the deviation of the laser point the
angular deviation could be calculated.
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RESULTS

5.1. COST AND TIME LIMITATION
Table 5.1 displays all the costs of the system.

Gyroscopes €52.58
Microcontrollers €0

Propulsion & position control €145.56
Actuators €384.00

Electronics €37.02
Wood, mounting material €40.41

Total €659.57

Table 5.1: The costs of the prototype

The prototype is finished on the 16th of June.

5.2. BUOYANCY
The buoy is launched on the water, and it does not have any leakage of water. 6 cm of the black ring is still
above the water level.

5.3. MAXIMUM ANGLE OF TILT AT STABLE POSITION
Table 5.2 shows the angles of tilt for the upper and lower part of the buoy after stabilizing. The measurements
are done in the roll direction two times, to find if there is a trend in the deviation. The control system behaves
the same in all directions. That will be showed in sections 5.4 and 5.5. Therefore more data is not added to
this table.

Lower angle Upper roll #1 Upper roll #2
40° 3° -1°
30° 2° -2°
20° 1° -4°
10° 0° -4°

Table 5.2: The angles of tilt for the upper and lower part of the buoy after stabilizing. The measurements are done without calibration in
between.

5.4. SPEED OF STABILIZATION SYSTEM
Table 5.3 shows the measurements of the time that is needed to come back from the predetermined angles
of tilt in four directions. Because the methods of measurement are not very reliable, multiple measurements

21
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have been done. Table 5.3 only shows the average values of these measurements. Figure 5.1 shows the effect
from encumbering the platform with a weight of 0.44 kg. Both subfigures show the time that the system needs
to return to the stable position from the deviation of the lower part of the buoy. Figure 5.1a shows the reaction
time without encumbering with the weight, figure 5.1b shows the reaction time with encumbering with the
weight of 0.44 kg. The figures show that the effect from the weight on the returning time is very small. Figure
5.2 shows the average returning time from each angle of tilt in four directions, namely roll, pitch and two
combinations from these directions.

Lower angle Pitch [s] Roll [s] Pitch + roll [s] Pitch - roll [s]
40° 2.9 2.9 3.4 2.8
30° 2.4 2.8 2.7 2.2
20° 1.8 1.8 2.1 1.8
10° 1.0 1.2 1.1 1.2

Table 5.3: This table shows the measurements of the time that is needed to return to a stable position for predetermined angles of tilt in
the roll direction.

5.5. MAXIMUM COMPENSATION OF ANGLE OF TILT
The maximum angles of tilt that could be compensated in multiple directions are showed in table 5.4.

Direction Maximum angle
Roll 38°

Pitch 41°
Roll + pitch 41°
-Roll + pitch 41°

Table 5.4: This table shows the maximum angles that the platform is able to compensate.

5.6. RELIABILITY
Table 5.5 shows the number of times that the system has been moved from its maximum angle of tilt, relative
to the horizon, to a stable position, along with the compensated angle of tilt relative to the horizon.

# times of moving pitch angle roll angle
5 5° 3°

10 11° 2°
15 18° 1°
20 20° 5°

Table 5.5: The number of times the platform has been stabilized versus the angle of tilt in both directions after compensation

5.7. LIMITATION OF THE ACTUATOR LENGTHS
The outputs of the comparators that indicate if the actuators are outside their allowed range are directly
connected to the LEDs on the microcontroller. If the actuators are outside their allowed range it can be seen
that their length is slightly bigger or smaller than their smallest or biggest length. From the LEDs it can be
read out that the comparators give the right output.

5.8. TOTAL SYSTEM
Due to limitations in time, room and safety, the control system has not been tested on the buoy on water.
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(a) Pitch encumbered

(b) Pitch unencumbered

Figure 5.1: Effect of encumbering on the reaction time of compensation of angle of tilt in the pitch direction
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Figure 5.2: A plot of the average returning time for each direction and for each angle of tilt.



6
CONCLUSION

Section 5 describes the test results of the tests on the requirements. This section compares these test results
with the requirements, and verifies if all requirements are met.

6.1. EVALUATION OF REQUIREMENTS
In this section is verified if all the requirements that are stated in section 2.2 have been met.

6.1.1. COST AND TIME LIMITATION
The total cost of the prototype is € 659.57, so the requirement that the prototype should not exceed costs of
€ 800 has been met. The prototype was finished on the 16th of June, so the prototype was built in time. So
also the time requirement has been met.

6.1.2. BUOYANCY
The buoy is buyoant, with enough margins, so the requirement on the buoyancy has been met.

6.1.3. MAXIMUM TILT AT STABLE POSITION
As can be seen in table 5.2 the stabilization system controls the platform in that way that the platform has
a maximum of 4° of tilt. The requirement that the stabilized platform should not have an angle bigger than
5° has been met. The platform needs frequently calibration, because noise on the measurements from the
gyroscopes cause an extra tilt of the platform.

6.1.4. SPEED OF STABILIZATION SYSTEM
The requirement on the speed of the system has been expressed as follows: ’If the degree of tilt is greater then
the maximum allowed degree of tilt of 5° the reaction time of getting back has to be smaller than 1 s, because
the period of waves at the North Sea will be approximately 5 seconds.’ This requirement is composed for two
reasons. One reason is to assure that the system could resist impulses on the system. If the system somehow
exceeds its limits, the time of getting back to a stable position must be small, to increase the availability of the
measurement system. The other reason for the composition of this requirement is to ensure that the system
is fast enough to stay within its limits on the angle of tilt. The results in table 5.3 show that the requirement on
the speed of the stabilization system has not been met completely. Table 5.3 shows that the system needs 1.2
seconds to return to a stable position, if the lower part of the buoy has a deflection of 10°. The reaction time
to return from the maximum angle is even 3 seconds. So if the system is affected with impulses that result
in big deviations, the reaction time is too big. However, in our design we assumed ’normal’ waves, with low
frequencies(0.1-0.3 Hz). Also, section 4.2.1 has already shown that ripples on waves do not affect the angle of
tilt much. That implies that if the platform gets small deviations from waves(< 5°) the requirement has been
met nevertheless, because the system reacts within 1s for angles of deviation lower than 10°.

6.1.5. MAXIMUM COMPENSATION OF ANGLE OF TILT
As can be seen in table 5.4 the maximum compensation of tilt is at least 38°. That is bigger than 35° , so the
requirement on the maximum angle of tilt has been met.
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6.1.6. RELIABILITY
Table 5.5 shows that that there is a trend in the measurements. The number of times the system has to sta-
bilize, affects the angle of tilt at stable position. That means that the requirement on reliability has not been
met, due to calibration errors of the gyroscope. Section 7.5 will describe some recommendations to achieve
better results, and new solutions to meet also this requirement.

6.1.7. LIMITATION OF THE ACTUATOR LENGTHS
Section 5.7 describes that the actuators are kept inside their allowed region. The LEDs indicate that the com-
parison circuit works well. So the requirement on the limitation of the length of the actuators has been met.



7
DISCUSSION

This chapter makes several multiple recommendations to improve the behavior of the stabilizing control
system.

7.1. IMPROVED MICROCONTROLLER

During the design of the prototype it became clear that it would be nice to have a microcontroller with more
I/O ports, and with more AC/DC converters. The actuators are equipped with potential feedback. This feed-
back makes it possible to calibrate the actuators to certain lengths. At this moment calibration of the actu-
ators is done by moving them down for long periods, and then raising them halfway. It is assumed that all
actuators have the same speed. Observations on the actuators show that that is not the case. Due to this
calibration method the platform has always been stabilized to an angle of tilt. The potential feedback from
the actuators is an analogue signal. To make use of this signal in the microcontroller it has to be transformed
to a digital signal with use of AC/DC converters. The currently used microcontroller has only one AC/DC
converter equipped, and three of such converters are needed, for each actuator one. Additional I/O connec-
tions makes it also possible to control the actuators in an analogue way. At this moment the controlling of
the actuators is digital: higher, lower or no change in the length of the actuators. Analogue controlling would
make the movement of the platform more smooth.

7.2. IMPROVED ACTUATORS

The currently used actuators do not have enough speed, and are sensitive for damage. Due to cheap assem-
bling, with for instance plastic casing, the actuators are very sensitive for torques due to motions in other
directions than the direction at which the actuator could be adjusted. As a result of the choice for three actu-
ators the actuators are experiencing torques due to the movement of the other actuators. To avoid damage to
the actuators the actuators are mounted loosely on the platform. This result in deviations on the angle of tilt
in stable position. A stronger and better assembled actuator would therefore result in a more stable system.
The actuators that are used at this moment has a speed of 2 m/s, unencumbered. This speed limits the angu-
lar speed of the platform. Due to this limitation the reaction time requirement has not been met completely.
If the speed of the actuators is increased, this reaction time could be reached nevertheless.

7.3. ONE ADDITIONAL ACTUATOR

Due to the choice for three actuators the actuators are experiencing a torque. Because the actuators are only
made for linear movements this could cause damage on the actuators. An additional actuator could take
away these torques. An extra actuator would also result in a faster system, because the weight of the platform
is divided on more pillars. Also the control system could be made orthogonal: each angle of tilt could be
compensated separately from each other. One additional actuator increases the costs of the platform. To
avoid this extra cost, cheaper actuators could be used, because the weight each actuator has to carry is less.
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7.4. IMPROVED H-BRIDGE
With digital controlling of the actuators the maximum speed of the actuators is assumed. However, at this
moment the H-bridges decrease the voltage to the actuators, due to diodes inside the H-bridge. To increase
the speed of the actuators this circuit should be modified, with for instance an operational amplifier to control
the actuators with +12V and -12V.

7.5. SENSORS

7.5.1. KALMAN FILTER AND A COMBINATION OF SENSORS
The current setup only uses one gyroscope to obtain position information. Unfortunately, gyroscope output
tends to drift on the long term, which produces uncorrectable noise in the position measurements. This can
be compensated using a Kalman filter. This type of filter can combine multiple types of sensors and deter-
mine their amount of noise. In our case, a combination of an accelerometer (a device that measures angular
acceleration) and a gyroscope (a device that measures angular velocity) can be used. An accelerometer does
not suffer from long term inaccuracies, but is very noisy in the short term. For a gyroscope, this is the other
way around. The Kalman filter can combine the advantages of both types of sensors and produces a reduced-
noise output of one of the sensors.

7.5.2. USING ONLY ONE SENSOR
At this moment two gyroscopes are mounted on the buoy, while only the one on the upper platform is used
effectively. The lower gyroscope could have been used for testing, but in the final design this sensor could be
omitted, to decrease the costs of the prototype.

7.6. IMPROVED LENGTH LIMITATION CIRCUIT
The comparators used in the current design have a floating output pin. The output is connected with a pull-
up resistor. To decrease the power consumption and to increase the speed of the comparator circuit another
comparator could be used, of which the output is connected with a transistor to the supply voltage.

7.7. IMPROVED SIMULATION AND DERIVATION OF TRANSFER FUNCTION
Due to time restrictions there was not much time for simulation of the control system. Further simulation
could be helpful to investigate the behavior of a buoy on the North Sea. A derivation of the transfer function
of the platform could be used for analogue controlling of the actuators. This would make the system faster,
and more reliable.

7.8. FEEDFORWARD CONTROL SYSTEM
It has been already mentioned earlier, but it is assumed that waves have a stochastic behavior. This makes it
attractive to design a feed forward system, because the next state of the waves could be predicted. The state of
the system could be adjusted such that the angle should stay zero. In such a system two sensors are needed.
One mounted on the lower part of the buoy that measures the state of the buoy, and one on the upper part
of the platform, to slightly improve the angle of tilt. The lower sensor is the most important one in such a
system. This sensor determines the angle of the buoy. From this data the next state of the buoy could be
deduced. This makes it possible to react before the deviation has been caused. In theory this would make the
deviation of the angle of tilt lower.

7.9. CONCLUDING REMARKS
With the implementation of these recommendations one may expect that the stabilization system would
behave faster, smoother and more reliable. It has to be kept in mind that more precision, speed and reliability
would result in higher costs than required in section 2.
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