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Abstract 

It has been suggested that it is feasible to extract energy from ocean waves which may be used to 
generate electricity. This thesis is centered on a wave energy converter system, which is known as a 
point absorber, which in its most simple design may be seen as a buoy moving up and down due to 
the wave motions. One problem with point absorbers is to achieve a desired motion relative the 
wave to absorb as much energy as possible. One way to achieve good energy absorption is to control 
the motion of the buoy by an external force, which for example could be to use a generator partly as 
a motor. 

The starting point for this thesis is that a new type of generator is currently being developed at the 
Royal Institute of Technology. Due to its high efficiency at low velocity, the generator enables a direct 
driven control setup where the generator partly functions as a motor, which has been deemed 
unfeasible in the past. The new generator is currently being developed in two variants, linear and 
rotating, which entail a principal different buoy size and shape due to geometric constraints. 

To obtain better knowledge about the dynamics of the point absorber and how the generator control 
forces will affect the dynamics and the energy absorption, a simplified motion response model has 
been created.  

In order to study if the generator variants would be more suitable for a particular wave climate, a 
total of 16 different buoy structures has been presented for 3 different wave climates based on the 
geometrical differences of the generator variants. To get an estimation of the buoy mass and thereby 
an estimation of the manufacturing cost, the buoy structures have been dimensioned in accordance 
with a design standards for loading buoys for the offshore industry.   

The work has resulted in a simplified hydrodynamic model which can be used to make conceptual 
analysis for a point absorber with respect to size, mass, control force and energy absorption for a 
regular sea consisting of one wave component. The simplifications of the model and the control force 
have been investigated in a sensitivity study.  

The conceptual design study indicates that the linear generator buoy structures are generally twice 
the mass of a rotating concept for all investigated wave climates. This is an expected result due to 
the geometrical constrains the linear generator entail given that it is assumed that the power take-
off unit is integrated in the buoy.   

The sensitivity study show that the modeling of the added mass needs further refinement and the 
control force is the parameter affecting the dynamic of the point absorber the most and hence also 
the energy absorption. Further, are simplifications for the diffraction force and the hydrodynamic 
damping considered to give a relatively small uncertainty for the total dynamics of the system.     
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Sammanfattning 

Det har föreslagits att man kan extrahera energi från havsvågors rörelse som kan användas till 
exempel för att producera el. Detta arbete har fokuserats kring ett vågkraftskoncept som är känt som 
“point absorber” vilket i dess enklaste form är en boj som rör sig upp och ned till följd av vågornas 
rörelser. Ett problem med point absorbers är att det är svårt att få systemet att röra sig på ett 
tillfredställande sätt relativt vågen för att kunna extrahera så mycket energi som möjligt. Ett sätt att 
uppnå en fördelaktig rörelse är att styra bojens rörelse relativt den inkommande vågen med hjälp av 
en yttre kraft. En sådan kraft skulle kunna vara att använda en generator som då delvis skulle fungera 
som en motor.   

Utgångspunkten för detta arbete är att i ett forskningsprojekt vid KTH utvecklas just nu en ny typ av 
generator som genom sin höga verkningsgrad vid låg rörelsehastighet möjliggör att styra rörelsen för 
en point absorber utan att använda växellåda, något som inte ansetts möjligt tidigare på grund av 
förlusterna i generatorn. Den nya generatorn utvecklas i två utföranden, linjär respektive roterade 
och de två varianterna ser geometriskt sett olika ut vilket medför att en boj för dessa olika 
utföranden kommer att se annorlunda ut. 

För att införskaffa bättre kunskap om point absorberns dynamik samt hur generatorns olika 
styrkrafter påverkar t.ex. energiabsorptionen har en förenklad hydrodynamisk modell tagits fram.  

Utifrån de geometriska skillnaderna mellan generatorvarianterna och utifrån en preliminär 
kontrollstrategi, har totalt 16 olika konceptuella bojar tagits fram för 3 olika vågklimat för att studera 
om något av dessa generatorkoncept är mer lämpligt än andra för ett visst vågklimat. För att få en 
uppskattning på bojarnas vikt och därmed en indikation på dess tillverkningskostnad har dessa 
konceptuella konstruktioner dimensionerats utifrån en standard för lastbojar för offshoreindustrin.  

Arbetet har resulterat i en förenklad hydrodynamisk modell som kan användas för att göra 
konceptuella undersökningar för en point absorber avseende t. ex storlek, massa, styrkraft och 
energiabsorption för ett sjötillstånd med sinusvågor.  

Slutsatsen för konceptstudien är som förväntat att strukturen för point absorber med linjär 
generator kommer att ha cirka dubbla massan gentemot en point absorber med roterande generator 
för samtliga av de undersökta vågklimaten.  

Modellens förenklingar samt inverkan av massa och styrkraft har studerats med avseende på 
systemets dynamik och energiabsorption. Slutsatsen är att den adderade massan behöver 
undersökas noggrannare samt att styrkraften är av stor betydelse för systemets energiabsorption. 
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Symbols and Abbreviations  

 

A  Wave amplitude [m] 

a   Acceleration [m/s2] 

â  Acceleration amplitude [m/s2] 

ra  Relative acceleration [m/s2] 

B   Beam (width) [m] 

 33B    Frequency depending damping coefficient [Ns/m] 

 33B t  
Time depending damping coefficient [N/m] 

b   Loading breadth [m] 

AC
  

Sectional added mass coefficient [-] 

DC
  

Sectional drag coefficient [-] 

D   Diameter of the buoy [m] 

submergedd
  

Distance to the surface from the top of the 
buoy 

[m] 

 end stopF   End stop loads [N] 

g   Gravity constant [m/s2] 

buoyH
  

Buoy height over all [N] 

H   Wave height [m] 

1/3H
 

Significant wave height [m] 

coneH   Height of cone structure [m] 

ak   Correction factor for the plate field [-] 

ppk   Fixation parameter [-] 

rotL
  

Rotating generator length [m] 

m   Mass of the entire point absorber system [kg] 

addedm   Added mass [kg] 



 

 

 

 

Greek symbols 

 

r   Radius increase [m] 

  Potential flow function [m2
/s] 

n  Surface normal to the buoy (x,y,x direction)  [-] 

   Wave length [m] 

l inearm  Linear generator mass [kg] 

rotm   Rotating generator mass [kg] 

n   Normal vector [-] 

ip   Pressure in point i [Pa] 

l inearp
 

Linear generator force constant  [N/m2] 

mRotp
 

Rotating generator mass constant  [N/kg] 

Vrotp  Rotating generator volume constant [N/m3] 

s   Stiffener spacing [m] 

S   Surface of the buoy [-] 

gS   Girder span [m] 

T   Draft [m] 

u   Water particle velocity [m/s] 

v̂  velocity amplitude [m/s] 

rv
  

Relative velocity [m/s] 

rotGenV
 

Volume rotating generator [m3] 

z   Buoy position in heave direction [m] 

'

maxz  Maximum distance in a beam cross section 
from its center of gravity 

[m] 

GFz
 

Generator force distance  [m] 



 

 

   Density of sea water [kg/m3] 

   Dynamic viscosity [Pa s] 

  Specific mass  [kg/kWh] 

pl   Permissible bending stress [MPa] 

   Absorption efficiency [-] 

0  Material reduction factor [-] 

 

Abbreviations 

 

BIM Boundary integral method  

DSL Design stroke length [m] 

DOF Degree of freedom  

CAD Computer-aided design  

CBM Constant based modeling  

CFD Computer fluid dynamics  

CSL Control stroke length [m] 

PSMG Permanent synchronous magnet generator  

PTO Power take-off  

TFM Transverse flux generator machine  

WEC Wave energy converter  
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1 Introduction 

With an increasing world population and need for lowering CO2 emissions, the demand for energy 
production that is renewable and coupled with low CO2 emission arises. Ocean waves are a vast 
resource of renewable energy that potentially could contribute to 10% to global future energy mix in 
the world [1]. Potential benefits with ocean wave power are higher energy density per unit area 
compared to for example wind or solar power. Also, it is easier to forecast wave state then for 
example wind power [2].  

Even though the idea to use energy from ocean waves has been in development since 1970 and at 
least thirty different concepts to extract the energy have been presented [3], none of them are yet at 
a full commercial stage. The main reasons for this are believed to be the difficulty in extracting 
energy efficiently, as well as the difficulty to withstand the loads both in terms of fatigue from 
normal operating conditions as well as maximum loads from for example storm conditions.   

An example of the design challenges could be highlighted by inspecting the wave climate in the North 
Atlantic outside the cost of Norway. The typical wave period is around 8 seconds and typical 
significant wave heights vary between 0-3 meters while the largest wave over a 100 year period 
could be as large as 27 meters. This indicate that a power take-off system must be able to extract 
energy from multiple wave periods and heights while at the same time withstand fatigue loads from 
80 million repetitions (for a 20 year time span and mean period of 8 s) and storm conditions in which 
the loads could be several times larger than loads experienced at normal conditions.  

1.1 Energy Harvesting Concepts  

In ocean wave power, the wind induced motion of water is utilized to perform a mechanical work 
which could be used for example to power a generator connected to the electrical grid. As 
mentioned before, there are multiple concepts and an overview is presented below. It should be 
pointed out that using tidal currents for energy extraction is considered a different discipline and is 
therefore not accounted for here. The numbering below corresponds to the numbers in Figure 1. 
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Figure 1 – Overview of wave energy concepts:  
1. Point absorber, 2. Submerged pressure differential,  3. Attenuator, 4. Oscillating water column, 5. Overtopping device, 
6. Oscillating wave surge converter. Figure re-drawn from [4]. 

1. Point absorber 
This is the concept that is being designed in this thesis. The idea is to have a small buoy 
(relative the wave length) which oscillates up and down in the heave direction from which a 
work is extracted by for example an electrical generator. Three Swedish companies 
developing this concept are CorPower, Seabased and Waves4power.  
 

2. Pressure differential 
By using the pressure difference between crest and trough a body can be compressed and 
expanded which results in variation in buoyancy force from which work can be generated.  
 

3. Attenuator 
A slender structure with the length in the size of the wave length is placed perpendicular to 
the incoming wave front from which work is generated by bending the joints (green arrow). 
Pelamis Wave Power has realized a 120 m long and 1 350 ton concept that could generate 
750 kW of power [5].     
 

4. Oscillating Water Column 
By using the height difference caused by the waves the air inside a non-moving chamber is 
compressed and then let out by a turbine (long black arrow) from which work is generated. 
At least 3 concepts have been evaluated between 2001 and 2016 [6]. 
 

5. Overtopping device 
By using the height difference between the wave crest and trough (or the still water level), 
incoming water at a higher altitude can be stored in reservoir from which it can be released 
(orange arrow) driving a turbine. In 2003, a Danish based company Wave Dragon tested a 
237 ton prototype [7]. 
 

6. Oscillating Surge Converter 
By placing a structural surface perpendicular to the incoming wave front at the seabed, a 
revolving motion (purple arrow) of the structural surface is obtained from the water particle 
movement. Two examples are the Finish company AW-Energy which has been developing a 
concept since 1999 [8], and the company Aquamarine Power which installed a full scale grid 
connected device 2009 [9].  
 

  



3 

 

1.2 The Energy Extraction Problem for Point Absorbers 

By assuming that a point absorber has a sinusoid motion, one can conclude that the only force 
contributing useful work over one period is the forces that are in phase with the velocity, (see also 
further explanation in section 5). This entails that to extract as much energy as possible with a point 
absorber one wants to amplify the amplitude of the heave motion as much as possible in order to get 
as large velocity as possible. One way to achieve this is to make the natural frequency of the buoy to 
be as close to the frequencies of the incoming waves as possible. In practice the natural frequency of 
the buoy is several times larger than the frequencies of the ocean wave which means that some type 
of technical solution must be designed to lower the natural frequency of the buoy. To lower the 
natural frequency of the buoy one can either lower the stiffness or to increase the mass.  

To lower the stiffness is something that the Swedish company CorPower has suggested by using a 
negative spring arrangement [10] while increasing the mass with a velocity proportionate damping is 
investigated in a recent (2011) PhD thesis [11].  Another way to lower the stiffness of the system 
without mechanical springs is by using the generator partly as a negative spring. However, using 
conventional generators to generate the spring force will result in large losses due to (among other 
things) heat losses owing to electrical resistance in the copper windings. Therefore, the usage of a 
generator partly as a negative spring has been considered un-feasible in the past.  

1.3 Current Development 

In today’s conventional generators, such as a permanent synchronous magnet generator (PSMG), the 
winding is wound around a number of poles. This makes the winding rather long, which gives an 
electrical resistance in the winding that is non-negligible since the electric resistance is proportional 
to the length of the winding. This is of lesser importance for generators that operate at high speed 
which is why a gearbox is often used. However, since the induced voltage is proportional to speed, 
this becomes a major problem for low speed applications, such as for direct driven wave power 
application where the speed is low, in the order of 1 m/s.  

A new generator which is a transverse flux generator machine (TFM), is being developed by Anders 
Hagnestål at the Electric Power Systems department at Royal Institute of Technology. This generator 
has several times shorter winding, and can thereby have a much lower electrical resistance. Also, 
there is no competition in space between the winding and the iron in the generator, which allows for 
a several times thicker winding. Since the electrical resistance is inversely proportional to the cross 
sectional area of the winding, the resistance can become one or two orders of magnitude smaller for 
such a generator than for ordinary generators. The difference in geometry is illustrated in Figure 2, 
where a TFM generator cross section is given in (a) and a conventional PSMG generator is given in 
(b).  

 

Figure 2 – Cross section of the stator facing the translator. The objective is to illustrate the difference in winding patters. 
a) Transverse Flux Machine, only one winding around several poles all belonging to one phase.  
b) Permanent Synchronous Machine Generator, where every second pole is winded resulting in a long winding and a 
space trade-off between the poles and the wire. 
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At the moment, the generator concept is being developed in two variants: linear and rotational. The 
difference between the variants are that in a linear generator, a rod (translator) moves up and down 
within the stator while in the rotating variants, the axis (rotor) rotates (basically a reversed electric 
motor), see Figure 3. 

 

 

Figure 3 – Principal difference between linear (left) and rotational (right) generator. 

In parallel with the development with the generators, Hagnestål is also developing a point absorber 
wave energy converter (WEC) concept where the power take-off unit is rotational. Using a rotational 
generator in a point absorber power take-off system, the buoy can be shorter and the movement is 
not restricted by the stroke length of the generator (as for the linear generator). It is therefore 
expected that the maximum forces on the buoy is to be several times lower using a rotating 
generator compared to using a linear. Thereby, it is expected it can be lighter dimensioned, and it is 
therefore interesting to investigate how much lighter and cheaper the buoy can be made due to this 
decrease in size and maximum force compared to a linear wave power concept.    

 

 

 

  



5 

 

2 Thesis Objective 

2.1 Purpose 

For the development of the new generators more information on what type of forces that is required 
from the generator as well as how this will affect the dynamics of the complete point absorber 
system is needed. Further for the development of the wave energy converter concept it is interesting 
to see how much the cost and the mass of materials of the buoy can be lowered if a rotating power 
take of system with unlimited stroke length can be used instead of a linear power take-off system 
with limited stroke length (linear generator) is used given that the generator is integrated in the 
buoy. The objective of the thesis work is thus twofold: To create a simplified motion response model 
and to present conceptual buoy designs taking into account the principle differences in the generator 
characteristics.  

2.2 Aims 

A one degree of freedom (DOF) model that can simulate the motion response of a point absorber is 
to be created. The model is to be used to study the effect of generator control force and energy 
absorption. To calculate the response of the control force, it implies that the model must have a 
good approximation of the forces in the heave direction.  

Given a buoy geometry, wave state, and control force, the model is to answer the following 
questions 

 What is reasonable expected energy absorption?  

 What are the typical forces acting on the system in normal use?  

A sensitivity study of the created model is to be carried out. This shall give account for how the 
output of the model in terms of energy absorption and design loads are affected by simplifications 
used in the model. Also whether or not the optimal control forces (from the generator) are affected 
by the simplifications shall be investigated. 

The following is to be answered: 

 Is the outputs (design loads and energy absorption) strongly affected by simplifications in the 
model of the hydrodynamic forces? 

 Would the optimized control force be different given that the model had less simplifications 
for hydrodynamic forces, and would that make a significant difference with respect to the 
simulated design load and energy absorption? 

 Which variables need to be more refined in order for the model to have a greater credibility 
for its output purpose (providing outputs in terms of absorbed energy and design loads)? 

Conceptual buoy designs shall be made for two different PTO systems and at least three different 
wave climates, giving at least six different designs in total. One of the PTO systems should have 
limited stroke lengths with end stops, and the other should have unlimited stroke length. 

By investigating variation in loads and geometrical constraints, the following question is to be 
answered: 

 How will the size and manufacturing cost of the buoys differ between the linear and 
rotational generator, for the different wave climates?  
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3 Motion Response Model 

As stated in chapter 2, one of the objectives is to create a motion model for a point absorber buoy. 
There are multiple ways to do this which all derive from determining the forces on the buoy from 
which the motion and the energy absorption can be determined. To determine the motion response, 
the first choice that was made was whether such a model was to be done in the frequency or in the 
time domain. Since one of the objectives with the model is to try different control strategies and 
study how this affects the dynamics of the system, and a frequency response model can only take 
into account the forces depending on the buoy state in terms of position, velocity and acceleration, 
the model was determined to solve the motion response in the time domain.   

Given that the motion response is to be calculated in the time domain, there is a trade-off between 
computation time and accuracy. In this work three different methods have been considered where 
the chosen method is based on integrating the water pressure over the submerged surface of the 
buoy and use pre-determined constants to describe the hydrodynamic between the buoy and the 
water. This method was chosen since it provides a fast evaluation time and allows short preparation 
time for testing new concepts.  

This chapter starts with an orientation of the three different computational methods available and 
gives account for their major differences. It then follows by describing the forces describing the 
interaction for a surface piercing body in waves and how this is modeled and implemented in the 
delivered model. 

3.1 Modeling Options 

The three considered modeling options were computer fluid dynamics (CFD), boundary element 
method (BEM), and constant based modeling (CBM).  

In CFD, one defines the fluid domain which is to be considered. This domain is then typically divided 
into a mesh, meaning that the fluid is divided into smaller pieces. To calculate the fluid state in the 
next time step the program solves the Navier-Stokes equation which basically solves conservation of 
mass and energy for the entire mesh (all fluid elements). Examples of available programs: Ansys 
Fluent, Open Foam.  

The BEM is sometimes known as a panel program which instead of solving the Navier-Stokes 
equation for the entire fluid it solves the fluid problem analytically but only at the surface of the 
considered body. For a point absorber concept this would mean that the program would solve the 
potential flow problem (described in section 3.2) exactly but only at the surface of the buoy. This 
would then reduce the computation time compared to CFD especially in the 2 dimensional cases. 
Some available programs: WAMIT, AQWA-FER, and Nemoh. 

The CBM method refers to creating a motion response model by using design specific coefficients to 
predict the forces for a given state. In the most simplified form this could be that the drag force on a 
structure will depend on a drag coefficient as  

 21

2
drag DF gC Av   (1) 

where the design specific coefficients could be derived from different origins such as CFD or BEM 
calculations or from physical experiments. It should be pointed out that the term constant based 
modeling is not an established term but only defined in this thesis.  
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3.2 Theory 

In order to calculate the motion response Newton’s second law is used and integrated with respect 
to time as 

 F mz   (2) 

 
0

F
z dt z

m
 

   (3) 

 0 0

F
z dtdt z dt z

m
  


    (4) 

The identified forces on a point absorber system is illustrated in Figure 4 and the differential 
equation (2) can then be rewritten as  

 radiation wave linemz F F mg F      (5) 

 

 

Figure 4 – Overview of the forces and direction definition. 

where  

m  is the point absorber system mass 

waveF  is the forces the water expose to the buoy 

mg  the gravity force 

l ineF  is the line force to the mooring consisting of the sum of the generator force and 
a pretension force as defined in equation (6) 

radiationF  is the wave making resistance, also known as the wave radiation force 

By inspecting equation (5), one can identify that the only forces acting on the structure that is not 
directly given by the design, is the radiation force and the force the water acts on the buoy.  

 line pretension generatorF F F    (6) 

 

Z

waveF

radiationF

lineF

mg
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3.2.1 Hydrodynamic Forces 

The forces acting on the buoy from the water is given by integrating the pressure over the buoy. 
However, since the water particles have a motion relative a fixed point, the difficulty is to determine 
the pressure acting on the buoy. One way to model the pressure is to assuming conservation of 
momentum, conservation of mass, incompressible flow, friction free flow, and irrational flow which 
results in Bernoulli’s equation [12] as  

 
21

Constant
2

u u p gz        (7) 

whereu is the velocity of the fluid (due to the wave) in x,y,z direction, p  is the pressure and the 

constant on right hand side is the atmospheric pressure which in the resulting force on the buoy has 
no effect and therefore can to be set to 0. 

By defining a potential flow function  as   

 , ,u
x y z

  


   
    

   
  (8) 

the problem of determining the pressure results in determining the potential function and how this is 
affected by the buoy. By using linear theory as described in [12] [13], the potential flow function for a 
wave can be described as 

  
 

    , , , cos cosh
cosh

ag
x y z t t kx k z h

kh
  


      (9) 

where 

a   is the wave amplitude 

g   is the standard gravity constant 

   is the wave angular frequency 

k   is the wave number 

   is the phase of the wave 

h   is the draft 

,x z   are coordinates.  

By combining equation (7), (8) and (9) the pressure can be solved for an undisturbed wave. However, 
the incoming waves will have a dynamic exchange with the buoy which will affect the flow around 
the buoy and hence also the pressure. One way of describing these forces is by separating them into 
a radiating force corresponding to the wave the buoy is emitting, and a diffraction force which takes 
into account how the incoming wave is “destroyed” by the buoy [14]. One way of describing this is by 
separating the potential flow function into three different parts: 

 The undisturbed incident (incoming wave force) often known as the Froude-Krylow force. 
This is the force the buoy would experience if the wave was not affected by the buoy. This 
force is achieved simply by integrating the pressure in the water on the buoy, using 
equations (7), (8) and (9).  
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 The diffraction force relating how the incoming wave is destroyed by the buoy.  

 The radiation force which relates to the fact that the buoy itself is going to make waves. This 
can be seen as the buoy will have a resistance in the water. 

The three force vectors can be described by integrating the pressure over the 3-dimensional surface 

S and multiplying the pressure with the normal vector perpendicular to the surface n  as  

 

2

2
incident incident

S S

F p ndS gz ndS
t


  
 

     
 
 

    (10) 

 

2

2

rr
radiation radiation

S S

F p ndS ndS
t


 

 
    

 
 

    (11) 

 

2

2

dd
diffraction diffraction

S S

F p ndS ndS
t


 

 
    

 
 

    (12) 

It can be showed that the diffraction forces are small for marine structures with a reference length 
(such as the buoy diameter) several times smaller than the wavelength, with a suggested lower limit 
fraction / 5D  [15]. This limit would for example correspond to a buoy diameter of 8 meter and a 
wave with a period of 5 seconds. Since the considered buoy sizes are typically smaller than this and 
most waves have a longer period than 5 s, the diffraction forces has been omitted in the developed 
model. The effect of this is investigated in section 5.4. 

The equations (10) to (12) illustrates that in order to truly know the water pressure on the buoy and 
hence the force the water exert on the buoy, one has to solve the potential flow problem which 
means that one solves the dynamic interaction between the buoy and the fluid. As stated in section 
3.1, there are multiple ways of solving this problem where the chosen method is to use design 
specific coefficients. Given that the diffraction force contribution is neglected, and the undisturbed 
incoming wave is described by linear wave theory, only the radiation force needs to be described by 
using design specific constants.  

The radiation force is modeled by two components, one part which is in phase with the velocity 
known as the hydrodynamic damping, and one in phase and proportionate to the acceleration known 
as the added mass [14]. To describe this phenomenon the coefficients are typically described as 
being a function of the frequency for which the buoy is oscillating. These coefficients are typically 
determined using a BEM program such as WAMIT where the buoy is oscillated up and down in calm 
sea state.  

The physical interpretation of the added mass may be seen as the surrounding fluid will partly add 
inertia to the buoy which will result in a wave making resistance. Typically the added mass is 
frequency dependent [14] but in the model the added mass in the time domain is modeled as a 
constant with the value taken from high frequency [16] (original source [17], [18] ) as  

    added addedm t m     (13) 

 
The hydrodynamic damping is determined by performing an inverse Fourier transformation of the 
frequency dependent constants and using that a multiplication in the frequency domain will result in 
a convolution in the time domain. The resulting radiation force is given by 
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    33
0

radiation addedF zm B t z d  


      (14) 

where addedm is the added mass and 33B  is the time dependent damping coefficients. An explanation 

of how the implementation of the convoluting is accounted for in Appendix A.  

The initial idea on how to determine the hydrodynamic constants was to use values based on 
empirical tests published in [14]. This was done by mapping normalized values depending on beam 
over draft ratios for each frequency and cross section as seen in Figure 5. The objective with this was 
to be able to determine the hydrodynamic constants (added mass and damping) for an arbitrary 
buoy independent of draft and size.  

 

Figure 5 – Principal of mapping frequency dependent damping coefficients for various B/T ratios with values from [14]. 

 

Figure 6 – Comparison of the damping coefficients for the fitted empirical values from [14] (Left) and the published data 
from [19] (right). 

The obtained constants were compared with published reference values obtained by using a 
commercial BEM program [19] (Figure 6). Since the added mass differed a factor of 2 and the 
damping with a factor of 4, as seen in Table 1 and Figure 7 to Figure 8, a second approach was 
evaluated. This approach is based on that the added mass is modeled as half a sphere below the 
buoy (so that the added mass strictly depends on the radius of the buoy) and the hydrodynamic 
damping coefficients are determined by fitting the value for each frequency j  to a reference buoy 

published data as  

Left out due to copyright 
reasons
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Since the published data derive from cylinder buoys with 2 meter draft with radius from 2 to 5 
meters this restrain the applicability of the designs that can be evaluated by the model.   

 

Figure 7 - Time signal of values by fitting the empirical values from reference [15] for a buoy with radius 4 meters. 

 

Figure 8 – Comparison between time domain signals of the damping coefficient. See reference [19] for the left out part of 
the comparison.  
Left: Time signal by fitting the value according to equation (15) corresponding to 4 different radiuses. 
Right: Published time signal for a buoy with radius 4 meters originally published in reference [19]. 

Table 1 – Comparison between the added mass coefficients for different methods and different buoy sizes. 

Radius [m] Mapping based on 
empirical [14] [kg] 

Mapping based o published 
simulated results [19] [kg] 

Based on volume of 
half sphere [kg] 

2 2.8 x 10^4 1.5 x 10^4 1.7 x 10^4 

3 8.4 x 10^4 4.5 x 10^4 5.8 x 10^4 

4 1.8 x 10^5 1.2 x 10^5 1.4 x 10^5 

5 3.3 x 10^5 2.1 x 10^5 2.7 x 10^5 

 

Left out due to copyright 
reasons
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The chosen method to model the added mass and the hydrodynamic damping was to assume that 
the added mass was a constant and the hydrodynamic damping was design specific by a time domain 
signal. For the added mass, the method by using the mass of half a sphere under the buoy was used 
while the damping time domain signal was chosen by mapping the published results in [19]. 

3.2.1.1 Comments on Radiation and Diffraction forces 

By inspecting the radiation response in the time domain given by the right part of Figure 8, for R = 3 
m, one realizes that if one would convolve the signal with a constant velocity signal of 1 m/s, this 
would result in a damping force of approximately  

 

         
0 0

* 1

4 (10 ^ 4) 2
4 (10 ^ 4)  [N]

2

dampingF B t v t B t v t d B t d  
 

   

 
  

 
  (16) 

In section 5.1, a reference design with a radius of 2.5 meter is considered and the velocity is going to 
oscillate at a smaller velocity than the 1 m/s. It is therefore expected that the hydrodynamic damping 
force should not be larger than in the size of 10^4 N. As discussed in section 5.1, assuming that this 
force is the correct magnitude, the hydrodynamic damping will have a small affect on the dynamics 
of a point absorber system.  

One should reflect upon the fact that the two parts describing the radiation force (added mass and 
damping) derive from the fluid interaction of the buoy with the water where the surrounding fluid 
will provide inertia and viscous effects. Even though the added mass is modeled as a constant inertia 
term, it is still a measure of how much energy the buoy is transmitting to the surrounding fluid.  

Since the radiation force is to relate how the potential flow function is affected by the buoy, one can 
show mathematically that this problem is similar to the diffraction force. It is therefore possible to 
use the radiation constants to describe the diffraction force using the Haskind relations [14]. This is 
accounted for in [20].  

3.3 Numerical Implementation in MATLAB 

The delivered model consists of a Matlab code which makes a time simulation in which the forces are 
evaluated at each time step. In order to use the built in solver in Matlab, the differential equations 
(2) to (4) is re-written as a system of first order differential equations. In the most simplistic way one 
can see it as the solver calls the function “system_EOM” which returns the time derivative of the 
position and velocity. The position and velocity in the next time step is then determined as  
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  (17) 

This example is for the most simplified case, the chosen solver use a refined way where several 
points are evaluated to calculate the values for the next time step. Since different solvers entails 
different properties an active decision was made and is accounted for in Appendix B.  

The way the model is constructed is that the built in ordinary differential equation (ODE) solver 
evaluates the function “system_EOM” (system Equation Of Motion) which for a given input in terms 
of position, velocity, acceleration, and time gives out the differentiate with respect to time. To 



13 

 

determine the response at each time step, system_EOM calls several different functions which for a 
given input describing the state (such as positioning and time) gives back the corresponding force.  

As mentioned in section 3.2, the only forces which are not explicitly given by the design are the 
hydrodynamic forces. In order to integrate the pressure over the entire buoy, the geometry is 
separated into strip sections defined by x,y,z points. The pressure is then integrated by evaluating the 
pressure in the middle of each point given that points are under water, see Figure 9. Since linear 
wave theory only accounts for the pressure in the water up to the calm water level, the pressure is 
linearly interpolated from the calm water level up to the surface assuming the pressure will be 0 [Pa] 
at the surface as illustrated in Figure 10. 

 

Figure 9 – Principal of pressure integration. 

 

Figure 10 – Illustration of how the pressure is estimated above the zero mean level. 

A flowchart of the program hierarchy is illustrated in Figure 11. The idea is that Energy_absoption is 
the main program which, if run with no input arguments, simulates the motion response of the buoy 
and display several results such as the forces on the buoy and the energy absorption. To do this, 
Energy_absorption uses the built in ODE solver ode23t which in turn calls System_EOM which calls 
several force functions (red blocks).  
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One alternative way of using Energy_absorption is by providing it with input variables that can alter 
the system or disturb it and the Energy_absorption will then return the absorbed energy. By doing so 
one could see Energy_absorption as black box function which output is to be optimized by changing 
its inputs which is typically what could be done finding the optimal generator force.  

 

Figure 11 – Flowchart illustration on how the information is passed in the motion response model.  

Regardless of whether Energy_absorption is given any input variables or not, the main buoy 
characteristics need to be defined in lines 96 to 102, the wave characteristics in lines 76 and 77, and 
the correct buoy  geometry file needs to be specified in lines 93 (all in the file Energy_absorption). If 
one wish to change the method of calculating the added mass and hydrodynamic damping one 
should go to the function AddedMassDamping, and toogle the lines 30 and 33 between being 
commented or not depending on which method to use. 

3.4 Validation and Limitations 

Most time spent developing the model was to validate whether the results are credible. This was 
done in two steps. In the first step the sub functions were tested to ensure that the output from each 
function is as expected for elementary cases. In the second step the dynamics of the entire model 
was tested against published results where a similar system (point absorber) has been tested. Having 
done this validation it is believed that the dynamics of the buoy seem to be reasonable. However, 
there will always be limitations on applicability of the model which depend on how the dynamic 
interference of the buoy will interact with the wave, and the fact that the model can only handle one 
sinusoid wave. An explanation of the validation study is given in appendix F. 
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4 Conceptual Buoy Design 

As stated in section 2, for the development of a wave energy converter concept it is interesting to 
know how the buoy design would differ for a point absorber depending if it would use a linear or 
rotating generator as a power take-off system. It is also interesting to know if this difference would 
be more significant for a low energy dense wave climate compared to high energy dense wave 
climate.  

This chapter starts with a description on how different wave climates were chosen, which is followed 
by how the main characteristics of the designs were chosen and how this affect the considered 
design loads for each design. Based on the design loads the structure is dimensioned based on 
requirements for offshore loading buoys. Based on this work, size and mass are presented for a total 
of 16 concepts which are evaluated with respect to structure mass in relation to available energy for 
the corresponding design wave climate.   
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4.1 Wave Climates 

It is expected that a wave climate (installation site) with low energy density (small waves) will result 
in a different design compared to a high energy density climate due to for example different design 
loads. It is expected that this will result in a lighter and therefore cheaper buoy structure, but a less 
potential profit due to the reduction in available energy. The idea is to study the energy density in 
different wave climates with respect to significant wave height which is then to be a foundation from 
which other design parameters are chosen. The wave statistics used, derive from [21] where 

significant wave height 1/3H  and zero mean crossing period zT   is represented in a scatter diagram 

such as shown in Table 2 and Appendix C. In a scatter diagram each data point represent a sea state 
where the significant wave height is the mean of the highest one third of the waves and the zero 
mean crossing period 

zT  is the mean period time. These definitions are further explained in for 

example [22], [23] and [24].   

To assess if a wave climate is to have high or low energy density, the wave-power level J [W/m] is 
used. To evaluate the wave power level, a reference plane such as the vertical line in Figure 12, can 
be considered. For a regular wave (sinusoid), the energy belonging to 1 wavelength must pass 
through the reference plane over one period T . By using the relation for ocean gravity waves 

between wavelength and period 
2 / 2T g  , and multiplying the average energy density per area 

in the horizontal plane defined in [12] with the wavelength, the energy per wave is obtained. Further 
by dividing it with the period will result in an average energy being transported per unit time. As 
derived in [25], the wave-power level (basically the power per unit wave crest) in irregular sea can 
therefore be defined as 

 2 2

1/3

1

64
irr eJ g T H


   (18) 

where eT  is the period in which all energy has been transported. In this work it is assumed that 

0.9e zT T  also in accordance with [25]1.  The resulting wave power level in irregular sea is half the 

power level of regular (pure sinusoid) waves which is defined as [15] 
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   (19) 

By dividing the absorbed energy with the available energy defined as wave power level J   times the 
buoy diameter D  and the wave period T  the absorption efficiency    is defined as  

 

 absorbedE

TDJ
    (20) 

 

 

Figure 12 – Principal explanation the concept of wave power level. In one period T the energy E must pass the reference 
plane (thick line).  

                                                           
1
 This is a rather rough assumption but since the energy in the waves scales linearly with time it is considered to 

have a small affect on the conclusion in whether an area has high energy density or not.  
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To assess the energy density at a certain wave climate, the annual energy density per meter wave 
crest is estimated. This is done by calculating the wave power level using equation (18) for each wave 
state given in a scatter diagram such as Table 2. The wave power level for each wave state is then 
multiplied with the amount of expected hours per year that this sea state will occur. This result in the 
average annual energy in kWh/m for each wave climates. The results for three different sites are 
shown in Table 3. To validate the calculations, a comparison has been made with the values given in 
[26], and the calculated values differ from the previously published with approximately 16% where 
the difference is believed to be due to the different statistics used. 

 Table 2 – Example of a wave scatter diagram based on statistics from [21].  

 

To determine a suitable stroke length for the different designs, the energy for all wave states are 
summarized for each significant wave height, and the available energy for sea states having a 
significant wave height below a particular value is shown Figure 13. The objective with this procedure 
is to give an indication for in what magnitude the stroke of a design for each wave climate should 
have to be able to be able to extract a large amount of the available energy. However, it should be 
pointed out that this is a rather blunt method since in a sea state with a certain significant wave 
height most of the waves will be of smaller height (compared to the significant), while the largest will 
have twice the significant height [27]. Also, by studying equation (18) one realizes that the energy 
scales with the wave height squared which further lowers the credibility of this method. The wave 
climates chosen for the design loads are listed in Table 3 in which one can see that the annual mean 
power (energy density) vary from 8 to 59 kW/m.  

 

 

 

 

 

 

Atlantic, Area 9 in reference

SUM: 2 24 114 241 275 196 98 37 12 2

Significant wave height m [] Sum over wave height [-]

>14

13-14

12-13

11-12 1 1

10-11 1 1 1 3

9-10 1 2 2 1 1 7

8-9 1 2 3 3 2 1 12

7-8 1 4 6 5 3 1 20

6-7 1 3 9 12 9 4 2 40

5-6 1 9 20 22 15 6 2 1 76

4-5 4 21 40 37 21 8 2 1 134

3-4 1 12 45 67 50 22 7 2 206

2-3 3 28 75 80 45 15 4 1 251

1-2
9 48 73 48 17 4 1 200

0-1 2 11 20 13 4 1 51

<4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13 >13 1001
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Figure 13 – Example of how the annual energy density are spread out over the significant wave height. 

 

Table 3 – The chosen wave climates. 

Wave climate Mean annual 
calculated 

wave power 
level [kW/m] 

Design 
significant 

wave height 
[m] 

Accumulated 
energy at design 
significant wave 

height [%] 

Baltic Sea 8 2.5 60 

North sea 20 3.5 50 

Atlantic 59 4.5 48 
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4.2 Design Main Characteristics  

One of the key features in order to increase the energy absorption of point absorbers is to have a 
large stroke, preferably larger than the wave height as discussed in section 4.5. As seen in Figure 14, 
due to the translator part of the linear generator is moving in and out of the stator, the height of the 
buoy for such a generator must be at least twice the maximum stroke. For a rotating generator the 
distance it can “rotate” is not restricted in the same matter by the size of its buoy. However, since in 
order to achieve a large stroke, one must also have a large control force which is discussed in this 
section.   

To determine the main characteristics of the different concepts two methods have been used. In the 
first method the chosen design significant wave height for each wave climate (section 4.1) is used as 

a basis to determine the design stroke length
DSLz  for each design. Further by making assumptions 

regarding relation between the generator force and its geometrical attributes, the diameter of the 
buoys are solved so that the smallest possible generator and buoy are matched given that the 

generator have enough force to pull the buoy down half its design stroke length GFz . This method is 

accounted for in section 4.2.1 and 4.2.2.  

 

Figure 14 – Illustration of the Design Stoke Length 
DSLz  and how it is restricted in the linear generator case. Also the 

Generator Force distance 
GFz is illustrated which is the distance the generator can pull the buoy from its equilibrium 

point which is half the stroke length.  

In the second method the buoy sizes are decided by the assigner [28] and are designed for the most 
energy dense wave climate. For these designs the generator force is also determined by the design 
stroke length.  

The reason that the generator force and size is considered in the buoy design is because for the 
current concept being developed, the objective is to use the generator to amplify the motion 
response from the waves by using the generator partly as a negative spring force (see also section 
5.1). In order to have comparable results for the two generator concepts, the fact that different 
generators have different force densities are considered and a generator mass is estimated based on 
the generator force to give an indication of total system mass.      

4.2.1 Physical Attributes Linear Generator 

For the linear generator concepts, the stroke length affects both the height and the diameter of the 
buoy. Since the translator must fit within the buoy, the entire height of the buoy must be at least 
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twice the stroke length. The height of the buoy is therefore set to be 2.2 times the design stroke 
length.   

To determine the diameter of the buoy it is sought for at which diameter one can have as small 
generator and buoy diameter as possible while still having sufficient space so that the generator can 
be installed, taking into account extra space for beams. Based on inputs from the assigner [29], it is in 
the first step approximated that for the linear generator the mass of the generator only depends of 
the stroke length and it can be linearly interpolated/extrapolated based on two reference points 
where 2 meter stroke will have mass of 5 tons and 7 meter stroke will have a mass of 7.5 ton. This 
method is only used in a first step to determine the buoy diameter and is refined in the final 
generator mass calculations. Further it is assumed that the maximum generator force is only 
proportionate to the cross section area of the stator as 

 

max

max

l inear linear zStator

linear linear Stator

F p A

F p V




  (21) 

where l inearp = 333 [kN/m2] is from a reference design provided by [28] and 
zStatorA  is the projected 

area in the z direction of the stator which is seen in Figure 15. 

 

Figure 15 – The grey area defines the projected area of the linear generator stator in the z-direction which is ruling for 
the diameter of the buoys with linear generator.   

Since the projected area in the z direction of the stator must be smaller than the buoy (otherwise it 

won’t fit) a reference radius of the stator statorr  is defined so that the area of the stator can be 

approximated as  

 2

zStator statorA r   (22) 

and the total smallest cross section area of the buoy can be described as  

  
2

zlinear statorA r r    (23) 

where r  is the increase in the radius due to the structural arrangement. This is also indicated in 
Figure 16. 



21 

 

 

Figure 16 – Left: Illustration of how the cross section of the linear stator is approximated as a circle by using 
statorr .  

Right: Top view of the buoy (yellow) and how space for the structure is taken into account by r  .  

The objective is to simplify the geometry description of the cross section of linear generator so that a 

suiting generator size to a corresponding buoy can be found solely by changing one variable ( statorr ) .  

By using equation (23) and   (24) one can solve the radius of the buoy as a function of as of the 

increase of radius ( r ), and the distance the generator must be able to pull the buoy GFz as 

 2
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F gA z
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The increase in radius can be considered to be the distance necessary for fitting beams and to enable 
installation. The generator force distance is the distance the generator should be able to pull the 
buoy from its equilibrium point and is set to be half the design stroke length. The resulting attributes 
with this “small buoy method” can be found in Table 4.   

Table 4 – Design dimensions linear generator. 

Wave 
climate 

Design 
Stroke 

[m] 

Generator 
mass 
[ton] 

Generator 
force 

distance 
[m] 

Equivalent 
stator 

radius [m] 

Radius 
increase  

[m] 

Resulting 
buoy 

diameter 
[m] 

Baltic 2.5 5.25 1.25 0.12 0.5 1.2 

North sea 3.5 5.75 1.75 0.22 0.75 1.9 

Atlantic  4.5 6.25 2.25 0.35 1 2.7 
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4.2.2 Physical Attributes Rotating Generator 

In contrast to the linear generator concept, the height of the buoys for the rotating linear concepts is 
not determined to fit the generator. The heights are instead considered to be approximately 10% 
more than the design stroke length. However, to determine the diameter, a similar method as for the 
linear generator is used where the relation between the force and the size is used to determine the 
smallest possible buoy and generator so that the generator is still strong enough to pull the buoy 
down half the design stroke length. For the rotating generator, the force is considered to be 
proportionate to the volume of the generator [29] as  

 
max

rotating Vrot rotGenF p V   (26) 

where 
Vrotp is the rotating generator force constant which has a value of 3.56 x 103 N/m3 structure. 

This value derive from a reference design with a maximum force of 200 000 N and with dimensions 
diameter x length of 1 x 1 meter.   

By assuming that the radius of the generator rotr   is half the generator length and that the radius of 

the buoy is the same as the length of the generator rotL  plus the structural radius increase r (see  

Figure 17), one can stipulate that the length of the generator strictly depends on generator force 

distance 
GFz  as 
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To decide the size of the generator to be able to pull the buoy general force distance specified in 
Table 3 the maximum generator force is assumed to be proportionate to the volume of the 
generator. Further it is assumed that the diameter of the generator is to be the same as the length 
and that the pretension system is to be as in the same size as the generator and to be on the same 
axis.  

To estimate the mass of the rotating generator, the force per unit mass generator is assumed to be 
linear proportionate to the mass as  

 

max

max

rotating mRot rotgen

rotating

rotgen

mRot

F p m

F
m

p




  (28) 

where mRotp = 37.3 N/kg is the rotating generator mass constant. The final minimum dimensions for 

the rotating concepts are presented in Table 5. 
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Figure 17 – Side view of the rotating concept illustrating of how the radius of the rotating concepts was chosen. 

 

Table 5 – Minimum size requirements rotating generator.  

Wave climate Design 
Stroke 

[m] 

radius 
increase  

r  [m] 

Rotating 
generator 

length 
[m] 

Generator 
mass 
[ton] 

Buoy 
diameter 

[m] 

Baltic 2.5 0.5 0.53 1.1 2.1 

North sea 3.5 0.75 0.77 3.4 3.0 

Atlantic  4.5 1 1.01 7.7 4.0 
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4.2.3 Final Design Characteristics 

In section 4.2.1 and 4.2.2, the minimum diameter of the two concepts has been chosen so that as 
small buoy and generator as possible is chosen for each wave state. To get a comparable size for 
each wave climate the largest diameter for each case is chosen as the design. Based on this in-
common buoy diameter for each concept is a new generator size estimated where the linear 
generator mass is estimated as  
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  (29) 

where reqF  is the generator force required for each concept and refF  is the generator force from a 

reference design with a value of 200 kN. 

In the method previously described, the result will be a point absorber system to be as small as 
possible, given the force and size constrains.  However, it is not known for the author that as small 
buoy as possible would be better than using a larger buoy. An alternative design is therefore 
presented where the design stroke length and diameter is chosen to be the same for both the linear 
and rotational generator. For this comparison the Atlantic wave climate is considered for the inputs 
for the load calculations.  

The considered designs and their main dimensions characterizing the design are presented in Table 6 
and Table 7. As seen, the designs will vary both from a relatively low energy dense area (Baltic) to a 
high energy dense area (Atlantic) while also varying in size with diameters varying from 2 to 8 
meters. The objective with these sizes is to have a wide range of reference designs to use as 
reference in future development. 

Table 6 – The 8 investigated designs based on the method choosing the smallest buoy and generator as possible. 

Wave climate Design 
Stroke 
Length 

[m] 

Buoy 
diameter 

[m] 

Generator 
force 

distance [m] 

 

Linear generator 
concept 

Rotating 
generator 
concept 

Height [m] Height [m] 

Baltic 2.5 2.1 1.25 5.5 2.5 

North sea 3.5 3.0 1.5 7.7 3.5 

Atlantic  4.5 4.0 2.25 9.9 4.5 
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Table 7 – The 10 investigated designs based on inputs from the assigner. 

Wave climate 
Design 
Stroke 
Length 

[m] 

Buoy 
diameter 

[m] 

Generator 
force 

distance [m] 

 

Linear generator 
concept 

Rotating 
generator concept 

Height 

[m] 

Diameter 

[m] 

Height 

[m] 

Diameter 

[m] 

North sea 5.4 5.0 2.45 12.0 5 5.4 5 

Atlantic 4.5 4.0 2.25 8.6 4 3.9 4 

Atlantic  5.4 5.0 2.7 11.9 5 5.4 5 

Atlantic 7 6.0 3.7 15.4 6 7 6 

Atlantic 7 8.0 3.5 15.4 8 7 8 
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4.3 Design loads 

In order to ensure that the buoy structure can withstand the loads, the loads on the buoys are 
estimated. This is done partly by using a standard to determine the environmental loads on offshore 
structures published by DNV GL [30]. This is done partly by considering the hydrostatic pressure on 
the buoy, and for the linear concepts also considering end stop forces since the stroke length will be 
restricted. These loads are used to determine the structure with the working stress method which 
takes into account that normal operating forces are more frequent then maximum loads. According 
to the standard [31], for an offshore unit there will be 5 different operating conditions 

 installation 

 operating 

 retrieval 

 survival 

 transit 

Since the objective with this work is to perform a comparative study between the buoy mass for the 
two generator concepts, only the operating and survival conditions are considered and are referred 
to as normal and maximum loads. It should be pointed out that the maximum loads on the structure 
are determined with a quite rough method, since to decide the design loads for a linear point 
absorber concept could be a thesis by its own [32].  
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4.3.1 Normal operational loads  

The loads in normal operation are considered to be the same for the two generator variants, and are 
considered to consist of 

 hydrostatic pressure 

 wave forces 

 generator forces 

which are illustrated in Figure 18.  

 

Figure 18 – Illustration of the forces acting on the buoy in normal operating conditions for the linear (left) and rotating 
(right) concepts. The force components are not to scale.  

The hydrostatic pressure is determined assuming that the entire buoy is submerged and evaluated in 
the middle of the buoy. Wave loads are estimated by assuming that the buoy is in an end position 
and that buoy is locked in movement in horizontal direction so that the wave motion can 
momentarily be seen as a stationary flow around the buoy.  According to [30] for such a situation the 
wave force can be estimated by using Morison’s equation using a drag and an inertia force 
components as  

 
1

2
N A r D r rf Aa C Aa C Dv v       (30) 

where 
Nf is the force on each buoy segment and 

ra rv are the relative acceleration and velocity 

between the buoy and the surrounding water,  and 
AC and 

DC  are the added sectional mass and 

drag coefficients respectively.  

It is assumed that the acceleration and velocity of the buoy is zero. The relative acceleration and 
velocity to the water is therefore given by the horizontal water particle motion which is determined 
using linear wave theory of the undisturbed wave. Since the forces depends on the position of the 
wave relative the buoy, three different wave situation has been considered corresponding to a phase 
shift of 0, 45, and 90 degrees has been evaluated and the largest design pressure and wave force has 
been considered.  

Since the stipulated structure requirements are stated based on a design pressure, the wave and the 
generator force are transformed into design pressure by dividing the force with a reference area. The 
wave force design pressure is determined using equation (31), where the wave force is divided with 
the area of half the cylinder side. The generator design pressure is determined by dividing the 
generator force (which is given by the design) over the projected vertical surface area of the buoy as 
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seen in equation (32).  The resulting design loads and the coefficients used are presented in Appendix 
E.  
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4.3.2 Maximum Loads  

The idea for determining the maximum functional loads is to first estimate what will be the largest 
wave in a 100 year period and then estimate the loads associated with such an encounter. The 
method for estimating the largest 100 year wave is accounted for in Appendix C, and the resulting 
largest wave height for a 100 year period can be extracted from Figure 19.  

 

Figure 19 – Maximum wave height as a function of the relative encounter frequency. 

In common for both generator variant concepts is that the wave design pressure is re-evaluated for 
the two concepts as described for the normal operating case. For the linear generator concepts the 
restriction stroke has been considered so when taking into account the position in which the 
pressure is to be evaluated in. Further is also a horizontal wave force considered for both concepts as 

   
1

2
horizontal r A R D r r

buoy

F Aa C A C Dv v dz     (33) 

This horizontal force is used differently for the linear and rotating concepts. For the rotating 
generator concepts the force in the line is assumed to be a factor 1.1 times the horizontal force from 
which a design pressure for the maximum load situation is determined for the bottom structure (in 
contrast to the side pressure). For the linear generator concept the horizontal force is assumed to be 
acting sideways in the lowest point resulting in bending moment of the lower parts of the structure.  
The 1.1 factor for the rotating concepts derive from the angle between the mooring line and the  
horizontal wave force, and assuming the buoy has traveled 3 times the draft before it end up in the 
considered load situation.  

The design pressure on the side structure in maximum use is considered to be the sum of the 
hydrostatic and the calculated hydrodynamic pressure. In the normal use the dynamic part is 
neglected since it has very small effect on the design pressure.  
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4.3.2.1 Linear concepts 

In addition to the previous mentioned loads, the linear concepts are also expected to be subjected to 
two types of loads due to the fact that its stroke is limited by the design where one is given by the 
maximum displacement (see c, in Figure 20) and the second is referred to as an end stop load.  

The end stop load is load considering that if the buoy is moving upwards with a high velocity and 
cannot be stopped by the generator solely. When the buoy has moved its entire stroke upwards and 
still has velocity, it may experience a sudden load increase associated with the upwards kinematic 
energy. This scenario is illustrated in Figure 20. The line is first slacked (a), the buoy is then moving 
upwards and result in a slack load when the translator in the generator can’t move any further in (b) 
but the buoy still has upward motion. In part (c) it is illustrated another scenario where the buoy is in 
a steady state fully submerged but with no velocity upwards and the loads solely depend on the 
subjected pressure.  

 

Figure 20 – Principal illustration on how the loads on the linear generator concepts will differ from the loads on the 
rotating generator concept Figure 18.  The velocity v  is defined positive upwards. The mooring line becomes slack when 

the buoy is in a large through a), and being tensioned in b) resulting in a end stop load. Figure c) illustrates how the loads 
are determined for a buoy that is significantly below the water surface which depends  the maximum stroke and 
maximum wave height. 

It is expected that some type of spring force is to be used as an end stop when the generator has 
“ran out of” stroke as in situation b). In order to give a suggestion on how large this associated spring 
constants would be it is assumed that the energy the spring must be able to absorb is equal to 
kinematic energy of the system as  

a)

b)

wavef

hydrostaticp

c)submergedd

 end stopF

End stop

0v 

0v 
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  (34) 

where the velocity v  is assumed to be the maximum vertical wave particle velocity given by linear 

wave theory for a given wave and  end stopz   is the maximum distance the end stop spring is allowed to 

be contracted and is assumed to be 10% of the total design height. Knowing the maximum distance 
the spring can be contracted and its spring constant the maximum end stop load is calculated as  

    s

Max

end stop end stop end topF z k   (35) 

The line load for the maximum load case is then taken as the larger of the maximum displacement 
and the end stop load given by (35). This force is then transformed into a design pressure for the 
bottom girders, and it is also considered for the tensile strength in the bottom “cone part” of the 
structure. 
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4.4 Structural Arrangements and Scantlings 

Based on the design loads which are accounted for in Section 4.3 and presented in Appendix E, the 
main scantlings (dimensions) of the buoy structure is determined. For the rotating generator and the 
upper half of the linear generator, the method described in a standard by DNV GL [31] is used. The 
suggested method is known as the work stress method which means that different load cases will 
have different effect on the structure depending on if they are typically normal operating loads or 
maximum loads. This is implemented in a comprehensible way by multiplying each maximum design 

stress of the material with a reduction factor 
0   based on the loading situation and what type of 

structural member it is. For example does the reduction factor take into account if it is a maximum 
load or normal operating load, and if it is a (hull) plate or a girder. To have a comparable design the 

considered material is normal structural steel with a yield stress yf  of 235 [MPa].   

The structural arrangements in all designs are considered to consist of 4 girders which support the 
generator and the pretension system. The used structural arrangement is chosen based on assuming 
a load hierarchy that the plate takes a pressure load which transfers the load to the stiffeners. The 
stiffens transfer the load to the girder which also provide global strength. However, there is a un-
certainty for the suitability of the presented structural arrangement, and also how relevant the load 
carrying hierarchy is since the outer plate is curved and therefore might mostly be subjected to 
compression stress instead of bending, especially for the concepts with the smaller diameters. Since 
the objective is to make a conceptual comparison study, the presented structural arrangement is 
considered good enough.   

For all members there is a minimum thickness requirement which is stipulated [31] as  

 
min 15,3 m

y

t
t

f
   (36) 

where  
mt  are 7 or 5 mm for primary and secondary elements2 respectively.  One way of considering 

equation (36) is that a stronger steel with a higher yield stress yf would result in a thinner minimum 

thickness
mint . 

 

Figure 21 – Structural arrangement of the linear (left) and rotational (right) concept. 

                                                           
2
 Primary structural members are typically the girder secondary is typically plates and stiffener.  

side

gS

bottom

gS

s

coneH



33 

 

4.4.1 Rotating Concepts and Upper Part of Linear Concepts  

For the plates, stiffeners and girders, there are criteria taking into account the bending strength. The 
outside hull is considered to be a plate for which plate field theory gives a minimum thickness 
requirement as  

 15,8 a

pl pp

k s p
t

k
   (37) 

where 

s   is the stiffener spacing in meters as illustrated in Figure 21, 

ak   is the correction factor for the plate field taking into account the width of the plate, 

p   is the design pressure in kPa, described in Section 4.3,  

ppk   is the fixation parameter which depends on how the boundary conditions of the plate are 
considered. Here it is set as 1.0 since the girder is considered to be very stiff and hence 
the plate is considered clamped. And 

pl   is the permissible bending stress which is here 0 yf  assuming the plate will not 

contribute to the global strength. 

The bending strength requirement  is stipulated for the girders as  
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2
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   (38) 

and for the stiffeners as  

 
2

2

10 ^ 6s

m p ps

l sp
Z

k k
   (39) 

where 

gS   is the girder span in meters as illustrated in Figure 21, 

b   is the loading breadth in meter. 

p   is the design pressure in kPa which is described in Section 4.3. For the stiffeners and the 
side girders, the largest of the hydrostatic pressure and the wave pressure. For the 
bottom girders this the largest of possible line forces divided over the bottom area,  

mk   is the correction factor for the plate field taking into account the width of the plate and  

2p   is the permissible bending stress in MPa, which is given by 0 yf , where 
0  depend on 

structural type and load case. 
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The design philosophy is to assume the girder and stiffeners are subjected to a distributed load which 
results in a stress in the beam. Since the largest stress in a beam subjected to bending is in the point 

furthest away from the center of gravity '

maxz  , the section modules of a beam is given by 

 
'

max

yy

z
Z

I
   (40) 

where second moment of inertia yyI  (basically the bending resistance around the y-axis) is defined 

as 

 
2

yy

A

I z dx dy      (41) 

where the , ,x y z    denotes the coordinates originating from the center of gravity of the section area 

A .  The requirement given by equation (38) is hence the minimum section modules a girder beam 
must have in order to withstand the loads.  
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4.4.2 Bottom Part in Linear Concepts 

The bottom in the linear concept has the shape of a cone which has been given special 
considerations with respect to structural strength. The structure is considered to have the same plate 
thickness as the upper side plates. The design is then evaluated with respect to two forces assumed 
to be acting in the lowest point: 

 Vertical force which is the maximum of the displacement and the end stop force (same as for 
the maximum loads on the bottom girders). 

 Horizontal force which is the same as the horizontal wave force.  

The downward force is used to solve the minimum radius r  of the bottom part assuming the 
structure would act solely in tension as   
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  (42) 

By assuming the horizontal wave force will be acting the lowest point the cone is also checked for 
bending and is evaluated in one point which is in the middle of the cone. By knowing that the 
maximum stress due to bending will depend on the bending moment of the beam M the maximum 

distance from the neutral axis 
maxz  and the 2nd moment of inertia as 

 max
max

yy

Mz

I
    (43) 

Assuming that the lower part can be considered as a thin walled pipe the required radius can be 
solved as a function of the applied moment which will be a function of position as 
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  (44) 

This is done for all designs from which the diameter of the cone is solved by extrapolating between 
the diameter of the upper part of the buoy, and the point in the middle of the cone.  

 

4.5 Design evaluation 

The final designs are presented in Table 8 and Table 9, and the scantlings (dimensions) of the buoy 
structure members are presented in Appendix D. To facilitate the evaluation, some relations used in 
the conceptual study are here repeated  

 The design stroke length is chosen based on energy content in the wave climate on the site 
as described in section 4.1 for the concepts in Table 8. The design stroke length for the 
concepts in Table 9 chosen by the assigner. 
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 The design stroke length gives the required generator force for a given buoy diameter, where 
the generator is to be able to pull the buoy half the design stroke. From the required 
generator force the generator mass can be determined. 

 The buoy height for the rotating generator concepts is chosen to be approximately 1.1 times 
the design stroke length. For the linear generator concepts the heights are chosen to be 2.2 
times the design stroke length.  

 The cone in the linear concepts is 1/3 of the total buoy height.  

 The cone diameter varies linearly from d  at the bottom to the buoy diameter at 1/3 of the 
height.  

To ensure that the mass of the buoy structure was calculated correctly, a 3 CAD dimensional model 
was created for a rotational and linear concept where the mass and volume was compared with what 
was calculated based on the dimensions, which can be seen in Figure 22. 

  

Figure 22 –Three dimensional representation of the linear and rotating buoy concept. 
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Table 8 –Overview of the resulting “small designs”.  

Wave 
climate Type of 

generator 

Buoy 
Diameter 

[m] 

Buoy 
Height 

[m] 

Design 
Stroke 
Length 

[m] 

Cone 
Diameter 

[m] 

Buoy 
Mass 
[ton] 

Gener
ator 
Mass 
[ton] 

System 
Mass 
[ton] 

Baltic Linear 2.1 5.5 2.5 0.42 2.4 1.3 3.7 

Baltic Rotating 2.1 2.5 2.5 
 

1.2 1.2 2.3 

North sea Linear 3 7.7 3.5 0.23 5.6 3.9 9.6 

North sea Rotating 3 3.5 3.5 
 

3.1 3.3 6.5 

Atlantic Linear 4 9.9 4.5 1.19 13.8 9.5 23.3 

Atlantic Rotating 4 4.5 4.5 
 

7.2 7.6 14.8 

 

Table 9 – Overview of the sizes determined by the assigner. 

Wave 
climate Type of 

generator 

Buoy 
Diameter 

[m] 

Buoy 
Height 

[m] 

Design 
Stroke 
Length 

[m] 

Cone 
Diameter 

[m] 

Buoy 
Mass 
[ton] 

Gener
ator 
Mass 
[ton] 

System 
Mass 
[ton] 

North sea Linear 5.0 12.0 5.4 1.8 20.7 18.8 39.4 

North sea Rotating 5.0 5.4 5.4  13.5 14.4 27.9 

Atlantic Linear 4.0 8.6 4.5 0.5 11.5 9.5 21.0 

Atlantic Rotating 4.0 3.9 4.5  6.2 7.6 13.8 

Atlantic Linear 5.0 11.9 5.4 2.0 22.4 18.6 41.0 

Atlantic Rotating 5.0 5.4 5.4  13.1 5.7 18.8 

Atlantic  Linear 6.0 15.4 7.0 4.0 41.5 37.3 78.8 

Atlantic Rotating 6.0 7.0 7.0  24.9 26.7 51.6 

Atlantic  Linear 8.0 15.4 7.0 3.6 60.6 66.3 126.9 

Atlantic Rotating 8.0 7.0 7.0  45.93 47.4 93.33 

 

                                                           
3
 This value is most likely overestimated due to the chosen method results in an un-realistic large top and 

bottom plate, see also Appendix E.  
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By inspecting the masses in Table 8 and Table 9 one can clearly see that the buoy structure mass is 
typically twice as large for the linear generator concepts. This is expected due to the linear concepts 
have a length requirement. This can also be seen in Figure 23.  

 

Figure 23 – Buoy structure for the presented concepts. 

As stated in chapter 2, one of the objectives is to investigate if it would be more beneficial with a 
particular design in a certain wave climate. Each concept is therefore evaluated by dividing its mass 
with the annual mean energy level times the diameter of the buoy (see section 4.1) as 

 
hours

m

Jn D
    (45) 

where m  is the mass in kg, J  is the in kW/m, and D  is the diameter of the buoy and 
hoursn  is the 

number of hours in service, here assumed to be corresponding to 10 years’ service. The idea with this 
number is to get an indication of how much structural mass that is needed to produce each kWh to 
give an indication if the concept is economically feasible or not.  This is done for both the buoy 
structure and for the generator separately and the result is shown in Figure 24 and Figure 25 
respectively in which the following is indicated: 

 Smaller diameter entails larger energy per structure mass.  

 Rotating generator has larger energy per structure mass unit.  

 The rotating concepts are probably more correct since the motion and hence also the energy 
absorption is not restricted by the stroke in the same way as the linear concepts.  

 Since the small concepts (Baltic) are the most uncertain if the suggested structural 
arrangement is suitable and therefore also the one with the most overestimated structure 
mass, one cannot exclude suitability of using point absorbers in a wave climate with low 
energy density.  

 

However, there are problems displaying the specific mass solely as a function over diameter, since in 
order to extract the energy, a design stroke is needed which will affect the mass. On the other hand, 
for the rotating concept the design stroke may not be affected so much by the design. It should also 
be emphasized that the considered energy is the incident energy and not necessarily the absorbed 
energy.   
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Figure 24 – Specific buoy structure mass per incident energy as a function of diameter. The line style is coded after 
generator concept (circle/cross) and color (wave climate). 

 

 

Figure 25 - Specific generator mass per incident energy as a function of diameter. The line style is coded after generator 
concept (circle/cross) and color (wave climate). 
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5 Control Forces and Model Robustness  

The objective of this chapter is to give account for a performed study of both how the simplifications 
in the model will affect the result, and also how the design could be improved by changing design 
parameters such as the mass. In order to do so, a reference design from the buoy design concept was 
chosen where the characteristics are presented in Table 10. The reason a particular design from the 
concept design part of the work was chosen was to get realistic design attributes with respect to 
geometry, size, mass and generator force.  

However, since the developed model is only valid for a buoy with initial draft of two meters, this 
gives a restriction of the amplitude of the generator force. With the chosen control strategy, the line 
force is the sum of the pretension force and the generator force, where the value of the pretension 
force sets an upper limit for the amplitude of the generator force since the line load cannot be 
negative. The pretension force is chosen so that the buoy has a mean draft of 2 meters, which is 
given by the difference between buoyancy and gravity force. In the studied reference case presented 
in section 5.1, the mass of the generator has been lowered so that the corresponding generator force 
is matched with a 2 meter initial draft. This enables a larger generator force, and the control strategy 
can be tested more accurately. In this chapter the results are presented and discussed for a concept 
with a 5.7 ton generator while the results for a correct generator mass (14.3 tons) and force is 
presented in Appendix H.  

The study was carried out by simulating the motion response for the reference design in regular sea 
state. The sea state consisted of one sinusoidal wave with a wave height of 1 meter (for easy 
scalability) and the period was 9 seconds since this is the most common zero mean crossing period 
for the wave climate for which the structure was designed for.  

In the simulations was a generator force defined as  

  1 1singen waveF A t a    (46) 

The investigated control strategy is hence to use the generator out of phase with the wave so that as 
much energy as possible is absorbed. The absorbed energy is calculated by integrating the power of 
the generator over time, where the generator power is defined as  

 gen genP zF   (47) 

where the z velocity is defined positive upwards and the generator force is defined in the same 
direction as the line (downwards) see Figure 4.  The objective for the study is to investigate if the 
absorbed energy is affected by changing:  

 hydrodynamic damping (see 5.2 ) 

 the added mass (see 5.3), and the  

 excitation force (see 5.4)  

compared to the reference “un-disturbed” system. The results of the study can then be used to 
determine if a better model would significantly affect the prediction of absorbed energy. The idea is 
to choose the two variables defining the control force (the amplitude and the phase) so that the as 
much energy as possible is given the new disturbed system.  

The simulation is performed for 10 wave periods so that the system is to by tuned (“swung”) into 
resonance. The considered energy for which the simulation is evaluated for, is calculated by the 
increase of absorbed energy from only in the last period. 
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Table 10 – Design data for the reference case. 

Buoy  Generator  

Mass 13.1 [ton] Mass 5.7 [ton] 

Added mass 33 [ton]   

Diameter 5 [m] Max generator force 213 [kN] 

Height 5.4 [m] Type Rotating 

Wave climate for 
structure  dimensioning 

Atlantic   

    

Sea state    

Wave height 1 [m]   

Period 9 [s]   
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5.1 Reference Case 

5.1.1 Results Overview and Method 

By changing the generator force parameters (amplitude and phase), the design is evaluated. One can 
clearly see from Figure 26 that the absorbed energy is strongly affected by the largest allowed 
amplitude on the generator force which is in this case restricted by the pretension force which in 
turn is restricted to achieve a 2 meter initial draft. By inspecting Figure 26, one can conclude that for 
this reference case the buoy does not oscillate so fast that the hydrodynamic damping will limiting 
the optimal generator force since otherwise it would be more beneficial to have a smaller generator 
force instead of the largest allowed. The final system has an absorption efficiency (see equation (20) ) 
of 0.86 [-] and the energy absorbed is 342 kJ from the last period which corresponds to an average of 
342/9 = 38 kW. 

 

 

Figure 26 – Absorbed energy as function of generator force amplitude and phase. The startguess is very close to 
optimized points and hence not easily seen.    

As seen in Figure 27, the final system takes about 7 periods to get into resonance and the absorbed 
energy increases over time. As seen in Figure 28 the amplitude of the buoy motion is typically 3 times 
the wave amplitude and the velocity is in the magnitude of 1 m/s. Further it is also noticed that the 
buoy is approximately 90 degrees out of phase with the surface position which is the analytical 
optimal solution presented in [13].  
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Figure 27 – Illustration of how the system reaches resonance. 

 

 

Figure 28 – Generator force and its phase in relation to the buoy motion and the water surface. The surface position is 
evaluated at the middle of the buoy at each time.  
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5.1.2 Equivalent spring mass system 

By simplifying the point absorber as a spring mass system, as seen in Figure 29, one can more easily 
understand the energy absorption problem for a resonance situation. In this simplified system, 
several simplifications have been made. Here the spring force is assumed to be the change in 
displacement force relative the equilibrium point z = 0 for a constant cross section Az, the only 
damping of the buoy is from a generator being proportionate to velocity and that the excitation force 
(from the waves) is sinusoidal with the same angular frequency as the incoming wave.  

 

Figure 29 – Simplified point absorber model. 

  ˆ sinexcitation wave waveF F F t    (48) 

 spring z buoyF zA g zk      (49) 

 generatorF Bz    (50) 

By making this simple model one can conclude that in order to absorb as much energy as possible, 
the velocity needs to be as large as possible for a given damping. Assuming the motion of the buoy is 
a sinusoid, this entails that the amplitude of the motion also needs to be as large as possible since  

 z z   (51) 

for a sinusoid signal. By calculating the natural frequency 0 of the un-damped buoy one can set up 

the transfer function for this one degree of freedom (DOF) system as  

 0

buoybuoy
k

m
    (52) 
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  (53) 
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In the denominator in equation (53), it is illustrated the possibility to use a “negative” spring force to 

cancel out original spring force of the buoy by introducing the term negspringk and how this could be 

used to increase the amplitude response.  

In order to generate as much energy as possible, one must have as large amplitude response as 
possible. By inspecting the denominator in (53) one can conclude that the point absorber system 
should have a small difference between the frequency of the incoming wave and the natural 
frequency of the buoy. Due to the nature of ocean waves, the natural frequency of the buoy is 
usually several times larger than the frequency of the wave. This entails that to achieve the desired 
small frequency difference in practice, one can make two things: lower the stiffness and/or increase 
the mass of the point absorber system. In Figure 30, the solution to the transfer function defined in 
equation (53) is displayed over the relevant wave frequencies (displayed as the period) and the mass 
for various values of decreases of the initial stiffness defined in (49). From this it can be concluded 
that to get a reduction of stiffness is paramount to get a large response while the mass needs to be 
quite much larger than its original value to get a significant effect. It should however be pointed out 
that this is only for the resonance case and does not take into account that a point absorber could 
need a fast response in which low inertia and hence mass is desirable.   

 

 

Figure 30 – Transfer function as a function of wave period and mass for different decrease in stiffness. 
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5.1.3 Dynamic and Control Force Evaluation 

By inspecting Figure 28, one can see that when resonance occurs, the smaller the phase shift of the 
generator is, the larger part of its force is going to be in phase with the velocity and therefore acting 
as a damper. With the same reasoning, if the phase of the generator is large (around 90 degrees) one 
can see that it will overlap the position of the buoy but with opposite sign, meaning it will mostly act 
as a negative spring force where the force is proportional to the buoys vertical displacement from its 
equilibrium position. To further analyze this, the dynamic forces of the system are separated as  

 
 

excitation water pretension

inertia added

F F F mg

F m m z

  

 
  (54) 

Then the initial differential equation defined in equation (2) can be re-written and be seen as 
achieving dynamic equilibrium as 

 0sum excitation inertia gen dampingF F F F F       (55) 

where the actual forces are shown in Figure 31 for the last period and where the sum of the forces is 
displayed as well to show that the equilibrium condition is met. These forces are then described in 
the same way as the generator force (see equation (46) ), given solely by an amplitude and a phase. 
In Figure 31, one can notice that the inertia term in somewhat non-sinusoidal which is expected since 
the system is not fully at resonance in the considered simulation which can be seen in the last 
simulated period in Figure 27.   

Since all forces oscillate with the same frequency as the wave and the dynamic equilibrium (equation 
(55)) must be satisfied at all times. The forces for the simulation with optimized generator force 
amplitude and phase are illustrated in a phasor diagram in Figure 32. The idea is to give a 
comprehensive overview of how the force components are in relation to each other for the 
reference point absorber concept. As mentioned, the 0 phase difference refer to the position of the 
buoy and hence the 90 and 180 degrees corresponds to the velocity and the acceleration of the buoy 
respectively. 

 

 

Figure 31 – Dynamic forces in the last period. The buoy is position is included as a reference. 
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Figure 32 – Phasor diagram for the optimized system in the last period where the angle represents the phase difference 
compared to the position of the buoy and the length of each vector shows the amplitude of each force. Note the sign of 

the values which derive from the dynamic equilibrium defined in equation (55). In the legend, dF  is short for dampingF .  

By inspecting Figure 32 one can notice the following regarding resonance for a point absorber 

 The generator force is contributing a lot to the system dynamics as expected. By separating 
the generator force into two component in the position and velocity respectively (X and Y 
axis), it can be noticed that the spring part of the generator force for this reference design is 
196  [kN] and the damping part is 71 [kN] (see data label). However, if the hydrodynamic 
damping would have been larger, the damping part of the generator force would be smaller. 

 The inertia contribution is relatively small in comparison to the excitation and generator 
force. This is in agreement with the conclusion in section 5.1.2 where it was concluded that 
in order to lower the natural frequency of the buoy by increasing the mass one would have 
to make a very large mass increase.  

 The hydrodynamic damping force is very small and is not in phase with the velocity (-90 
degrees) as expected. The reason it is not straight horizontally in the phase diagram is 
believed to be because the force is calculated by a convolution and therefore resulting in a 
time delay. The amplitude of the hydrodynamic damping force is discussed in section 5.2 and 
3.2.  
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5.2 Damping Disturbance 

As seen in Figure 32, the hydrodynamic damping force is small in comparison to the excitation and 
the generator force. By looking at the original time signal for the damping coefficient in Appendix F 
and estimating an expected damping force from equation (16) it is believed that the use of the 
coefficients from [19] is done as intended. However, even though the scaling and the 
implementation of the published coefficients may be done correctly there is still uncertainty in how 
realistic the original values truly are and how well they represent the wave making resistance in the 
water.  

Therefore, a decay test was simulated where the buoy is let go from just below the surface and the 
buoy motion for it is being swung into its equilibrium point is studied. This is done for both the 
explicit calculated 8 meter diameter buoy (see right part of Figure 8) and for the reference design (5 
meter diameter buoy). It was noticed for both buoys that an unrealistic number of periods was 
necessary to stop oscillating. The hydrodynamic damping force of the system was therefore chosen 
to be increased with a factor of 4 in which the system appeared with a more realistic values.  It 
should be pointed out that the in the first method, the hydrodynamic damping was estimated 
approximately four times the values of the chosen method. 

 

Figure 33 – Decay test for undisturbed reference design (R = 2.5 m). 

 

Figure 34 – Decay test for with the damping force multiplied with a factor of 4 for the reference design (R = 2.5 m). 
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Hence, the uncertainty of the hydrodynamic damping is assumed to be in the magnitude of a factor 
of four. The described model is therefore “disturbed” by multiplying the hydrodynamic damping 
force with a factor of 2 and a factor 4 seperately. For each of these two disturbances a new optimal 
generator force is sought for (phase and amplitude) in a similar way as illustrated in Figure 26. The 
result of this search can be seen in upper part of Figure 35. It is also investigated what would happen 
to the results (absorbed energy) for the disturbed system but with the control force which was 
optimized for the un-disturbed system, which can be seen in lower part of Figure 35.  

From this analysis the following can be concluded 

 Increasing the hydrodynamic damping force results in approximately 5% less absorbed 
energy regardless if a new optimal generator force is found or not.  

 The phase for the new optimal generator force differs very little compared to the un-
disturbed system. 

 From this and by inspecting Figure 32, it is concluded that a relatively large uncertainty (a 
factor of four) can have a significant affect (5 %) on the estimated energy absorption but will 
hardly affect the dynamic simulations of the model since the damping force is expected to be 
several times smaller than the excitation force. 
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Figure 35 – Disturbing the model by multiplying the damping force with a disturbance factor. 

 

5.3 Added mass disturbance 

Even though the largest uncertainty is due to the the added mass is modeled as a constant and not 
time variant, the analysis of how its uncertainty is affecting the outcome of the result is done in 
similar manner as described in 5.2, meaning the added mass is disturbed by multiplying it with a 
factor. Since the added mass is modeled as a constant, by studying how the system is affected by 
changing the added mass, is equivalent as study how the system would be affected by changing the 
mass. 

By inspecting the results in Figure 36, one can notice the somewhat ambiguous result where it  
appears it is good to both lower and increase the mass with respect to energy absorption. This is 
believed to be because a system with lower mass will respond faster and hence get into resonance 
faster, while in the larger mass case the natural frequency of the buoy is lowered so that the 
generator force can act more as a damper as seen by generator phase is lowered (meaning the 
generator force act more as a damping force and less as negative spring). 
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Figure 36 – Disturbance of added mass. 

 

 

5.4 Excitation Force Disturbance 

As described in chapter 3, one of the simplifications for the force the water will subject to the buoy is 
due to the fact that the integrated pressure does not take into account how the wave is “destroyed” 
by the buoy. As an attempt of estimating this diffraction component of the pressure, the dynamic 
part of the Froude-Krylow component is analyzed at 1 meter draft. For a wave the velocity and 
acceleration amplitudes are typically in the size of  
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By using equation (7) and solving the dynamic pressure for a wave with a height of 2 meters, and a 
period of 10 seconds, at 1 meter draft, one see that the dynamic pressure is in the magnitude of 15% 
of the hydrostatic. 
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 From this reasoning the force disturbance on the excitation force is set to ±25% as seen in Figure 37.  

 

Figure 37 – Disturbance on the excitation force. 

From the results in Figure 37, the following is concluded.  

 If the force in the buoy would be smaller it could be more suitable to have a smaller 
generator force. This is because with a smaller force acting upwards, the force on the 
generator is limited since the force in the rope cannot be negative.  
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 If the excitation force is smaller the generator force phase increase means that the generator 
will act more as damper, and if the excitation force is larger the generator will act more as a 
spring force (decay in the generator phase).   

 From Figure 37 one can conclude that the total effect of the disturbance will be in the 
magnitude of a few percent for energy absorption. This indicates that the chosen method for 
the excitation force is adequate. One should also reflect upon the fact that if one would 
make a simpler model to determine the excitation force on the buoy, for example by only 
calculating the displaced volume at each time step, one could probably shorten the 
computation time significantly. This might be useful for finding approximate solutions if one 
would optimize for several parameters for a large variety of inputs such as an entire scatter 
diagram.     
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6 Discussion and Conclusion 

The objective with the thesis was to perform the following subtasks 

 Develop a motion response model 

 Perform a sensitivity study of the simplifications in the model 

 Make conceptual design comparing point absorber with linear and rotating generators 

More specific, the thesis work was to answer specific questions which are repeated and answered in 
section 6.1. Based on the work, future work and improvements is suggested in the following sections. 

6.1 Thesis Questions and Answers 

Given a buoy geometry, wave state, and control force, the motion response model is to answer the 
following questions: 
 
What is reasonable expected energy absorption?  
As described in 5.1, the absorbed energy can be estimated for a given wave state given that it is a 
regular sea. It has been shown that the energy a point absorber can absorb is strongly affected by its 
control why a general answer cannot be given. However, based on the sensitivity study described in 
chapter 5 it appears that the model can give an estimation within ±10 % for a particular design of 
interest.   

What are the typical forces acting on the system in normal use? 
The typical forces that need to be taken into account in further design are typically associated with 
the following design specifics: pretension force, and “negative spring force” (generator force). 

The sensitivity study is to answer the following: 

Is the outputs (design loads and energy absorption) strongly affected by simplifications in the model 
of the hydrodynamic forces? 
Yes and no. By performing the sensitivity study and inspecting the phasor diagram in Figure 32, one 
realizes the that the dynamics and hence the energy absorption is mostly affected by the excitation 
and the control force (generator) and that the simplifications in the excitation and hydrodynamic 
damping is believed to have small contribution to the results. However, from the ambiguous result of 
the disturbance of the mass, (see section 5.3) and from the magnitude of the inertia term Figure 32, 
the conclusion is that the simplifications of the added mass could affect the dynamics and therefore 
also the absorbed energy. This is especially so, if one would consider the true physical meaning 
(radiated energy) of the added mass and that it may not be a time constant but dynamic dependent. 

 Would the optimized control force be different given that the model had less simplifications for any 
for the hydrodynamic forces, and would that make a significant difference with respect to the outputs 
(design load and energy)? 
For the performed study it appears that the generator force amplitude will be restrained by the pre-
tensioned force which in turn will depend on the desired mean draft and mass of the system which is 
illustrated Figure 26, page 42.  As for the previous question the added mass is what seems to affect 
how the phase of the optimal control force should be in relation to the incoming wave.  

Which variables need to be more refined in order for the model to have a greater credibility for its 
output purpose (providing outputs in terms of absorbed energy and design loads)? 
As discussed in section 6.2, the physical correctness with the chosen method by extracting frequency 
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dependent constants is questioned. However, it may be possible to use incorrect values describing 
the hydrodynamic damping and still get a realistic solution. The added mass is considered to possibly 
affect the dynamics of the system and the radiated energy loss to an extent that it is recommended 
to further investigate this phenomena, perhaps by physical experiments.  

For the conceptual buoy design the following question is to be answered:  
How will the size and manufacturing cost of the buoys differ between the linear and rotational 
generator, for the different wave climates? 
This question is only implicitly answered by comparing the structure mass with a presumed absorbed 
available energy based on the structure width which is a blunt method. Generally it appears (as 
illustrated in Figure 24 (page 39) that a smaller buoy diameter will results in a more efficient 
structure in term of structure mass compared to available energy, independent of wave climate. It 
also appears that a rotating concept will always have more energy efficient structure which is 
expected since the linear generating concepts require a twice as high structure.   
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6.2 Suggested Model Improvements 

In the used method, frequency dependent coefficients are transformed into the time domain to 
describe the wave making resistance in the water. An assumption which is made to use this method 
is to assume that the buoy is to have small deviations from its original draft which is not really true 
for the presented point absorber system where the control strategy is to significantly enhance the 
stroke of the buoy. Studies of the dynamics in a resonance situation indicate that the damping part of 
the radiated force will have small effect on the system. However, the added mass term may not. 
Another way of estimating the forces of a marine structure could be to model the hydrodynamic 
damping and added mass as a function of the relative motion between the buoy and the water. This 
could be a more physically correct method since when a buoy is moving in phase with the water with 
the same motion amplitude, it does not seem intuitively correct that the fluid will add any resistance.  

In ship design the dynamics are frequently evaluated with model scale tests. One parameter that is 
often used to quantify the importance between inertia and viscous forces in the fluid is the 
Reynolds’s number which is defined as  

 
inert ia forces

viscous forces

vL
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where , ,v L   are the flow velocity, characteristic length, and the fluid dynamic viscosity, 

respectively. For studied reference point absorber the heave velocity is in the size of 1 m/s and the 
buoy diameter and draft (which is assumed could be seen as a characteristic length) are in the range 
of 1 to 5 meters. Due to much smaller variations in the Reynolds’s number compared to for example 
ships4 (for example length ~100 m, velocity ~8 m/s) it is suggested that instead of spending time and 
effort on improving simulation results it is believed to better effort spent to perform physical test if 
one would like to improve for example prediction of the added mass for the point absorber problem. 

In the suggested method only a regular sea state with one wave component can be modeled. This 
should be improved so that a real sea state can be used as input to the model. To achieve that it is 
recommended to do the following: 

 Change the wave input is described in Energy_absorption.m line 74.  

 Validate that wet parts are evaluated in the separate function file WetSection.m works as 
expected.  

 Update how the pressure is evaluated in each point in the  file WavePressure.m 

For calculating the absorbed energy the losses in the generator are not taken into account. This could 
however easily be added since it is already prepared in line 57 the file System_EOM 

  

                                                           
4
 For ships there is a wave making resistance which differ from a point absorber that makes this comparison 

questionable. However, the principle of relating the fluid inertia and viscous importance indicate that the point 
absorber concept appears more promising to physical scale tests then other marine systems.   
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6.3 Suggested Design Improvements 

6.3.1 Structure design 

By inspecting the section modulus requirement for the girders stipulated in equation (38), one 
realizes that it could be worth considering using a structural members similar to bulkheads in ships so 
that the girder span would be smaller.  

For the investigated reference design, the maximum generator force is given by the design stroke 
length and the projected cross section of the buoy which results in a design load in the line which the 
structure must withstand. Another line load which the structure must withstand is the drag force due 
to the maximum environmental loads. Since the drag force is typically 5 times as large as the 
generator force for the investigated designs, it is suggested to aim to lower the drag of the buoy. 
Otherwise the buoy structure will be designed to withstand a 100 year wave while in normal 
operation the line load could be 5 times smaller meaning that the buoy structure will be obsessively 
large.   

6.3.2 Control Forces 

As seen in Figure 32 on page 47, the main idea with the evaluated control strategy is to use the 
generator partly as a negative spring. In the evaluated reference design the motion amplitude is in 
the magnitude of 3 meters. By assuming that the initial submerged part would be considered as a 
compressible volume with an initial volume at atmospheric pressure, by submerging this body 3 
meters, the increase of the hydrostatic pressure would be in the magnitude of 30% and hence the 
displaced volume would differ with 30%. This would correspond to a force change of 118 kN which is 
the same as the negative spring force part of the generator. Based on this simple calculation in (60) it 
is illustrated that by using a hydrostatic instable body one could in theory lower the required forces 
from the generator and thus have a smaller generator working more like a damper.  
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This could be achieved for example by the bottom part of the buoy being similar to a diving bell, or to 
use a pretension spring force which is depending on position similar to [33]. These ideas do need 
more investigation to make a certain statement. 

Another way of achieving a “negative spring force” could be to change the cross section of the buoy 
since this is what results in the “positive spring” the generator is to cancel out to lower the resonance 
frequency of the buoy. There is however a risk that the excitation forces also will be smaller and 
therefore affect the dynamics negatively.  
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6.3.3 Energy absorption 

An example of highlighting the importance of using control for point absorber is the difference of the 
energy absorption factor, see equation (20), between the reference case with the lowered mass, as 
presented in section 5.1, and the one with the correct generator mass, presented in Appendix H. As 
seen in Table 11, the absorbed energy for these concepts vary significantly and cannot be solely due 
to the difference in mass since that was studied in the sensitivity study in section 5.3.   

Table 11 – Comparison between the reference case with lowered generator mass and the correct mass. Note that the 
pretension force is the same as the amplitude of the generator force is both cases. 

Generator mass [ton] 
System mass + Added 

mass [ton] 
Pretension Force [kN] 

Absorption efficiency  
[-] 

5.7 52 210 0.862 

14.3 61 127 0.519 

 

Since the “spring force” are significantly larger than the damping force used to extract energy as seen 
in Figure 32 on page 47, it is paramount that the efficiency of these systems are high. If one pulls a 
spring a certain distance, a work (energy) is stored in the spring. If the spring then is released, it may 
give back for example 95% of its total work. Assuming that the spring part of the generator force is 4 
times larger than damping part, then a 5 % loss will result in a total of 17% losses the total absorbed 
energy, which is derived in Appendix G. One should therefore not make the pretension force larger 
than necessary. However, this may be a tradeoff with the current control force strategy since a 
“large” pretension force is necessary to be able to use a large control force since the line force 
cannot be negative.  
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8 Appendix A – Convolution Time Step 

The objective is to evaluate the damping force at each time step in the simulation. To do this a causal 
relationship is expected, meaning that the radiation force do not depend on future values of velocity 
which entails the upper limit for the convolution integral defined in equation (A1) to be current time 

value 
ct  . The lower bound value (for ) defined as 

c backt t   is selected to be sufficiently small so 

that the remainder of the time domain response function  B t  has a small value. By plotting the 

signal  33 cB t  , as seen in Figure 38, one realizes that there is no need to convolve the signal 

backwards for infinitive amount of time and that a suggested convolution time 
backt  can be taken 

directly Figure 8.  
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Figure 38 - Illustration that the backwards convolution can be made shorter. 

The way this is implemented in Matlab is that every time the ODE solver evaluates a successful step, 
it calls a standalone function zpStoreFunc.m which stores the current step velocity in a global variable 

vector. The ( )B t  signal is design specific and does not change during the simulation. In the final 

implementation the damping force is calculated by taking the scalar product between a velocity 
vector and damping coefficient vector and multiply it with the time resolution dt  as 
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9 Appendix B - Choice of ODE Solver 

To solve the ordinary differential equation describing the motion of the buoy, Matlab’s built in 
solvers has been considered and chosen with care since it affects to output. Since different solvers 
use different algorithms their suitability for various problems varies with respect to: accuracy, 
robustness and computational time.  

A desired attribute when controlling the buoy is to have a large motion response of the buoy in a 
wave, typically larger than the wave amplitude. As mentioned, the initial estimate of the added mass 
can be the displaced water which is several times larger than the actual mass of the system (due to 
the pretension). Since the displacement could also affect the hydrodynamic damping, the overall 
dynamics of the system is considered to be strongly affected by the displaced volume.  

If one would consider a solution to the motion response with the buoy moving with constant 
displacement in the wave, the solution (z-position and velocity) would vary slowly. However, to 
consider a “close by” solution would mean that the buoy had a displacement somewhat different 
then in first solution. Deviation in the solution would entail deviations in inertia (added mass) and the 
hydrodynamic damping. This means that there are different solutions close to the original one which 
means that the system is stiff [34]. The stiffness of the ODE is affected by multiple variables such as 
wave input, initial conditions and control force.  

When the control force is altered the stiffness of the ODE changes and therefore also which ODE 
solver that is most suitable. Since the built in ODE solvers for stiff problems have lower accuracy than 
the solvers for non-stiff problems [35],  if the ODE could become less stiff the accuracy could play a 
larger influence in the solution. When finding the optimal control force by changing the inputs to 
trying Energy_absorption.m, it is desired to have a robust code that always finds a solution.  

To have a robust code the choice of ODE solver is prioritized and after each motion response, the 
solution is checked. If a solution was not reached, the next solver is tried. The idea for prioritizing the 
solvers is to first assume that the problem is stiff, second to use a general solver, and lastly to use a 
solver with high accuracy. 

Table 12 – Solver priority with information from [35].  

Priority Solver name Motivation 

1 ‘ode23t’ Fast moderate stiff solver; No numerical damping; 
Low accuracy 

2 Ode15s Stiff solver with higher accuracy than ‘ode23t’ 

3 ‘ode45’ General use solver 

4 ‘ode113b’ High accuracy solver 
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10 Appendix C – Wave Statistics 

The used wave statistics was originally published in [21].  

Table 13 – Scatter diagram for the Baltic Sea.  

 

Table 14 – Scatter diagram for the North Sea. 
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Table 15 – Scatter diagram for the Atlantic. 

 

To determine the maximum environmental load, an expected maximum wave in a 100 year period is 
estimated based on statistics which is done for each wave climate based on their the corresponding 
scatter diagram.  

The probability for a wave having the height 
ih in a sea state given with significant wave height 

1/3

jH  

and the zero mean crossing j

zT , can be estimated by  

  
 

2

1/3

1/3 2

1/3

2
,

i

j
HH

h

j
j i

i z j

H

h
P h H T e

H





 
 
 
    (C1) 

where 
H  is given by [30]. The likelihood in (C1) multiplied with the likelihood that a sea state j   

would occur which is given by the scatter diagram and is denoted  1/3,j j

zP H T  which results in the 

likelihood that a wave with height 
ih   will be encountered as  
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In 100 years and assuming a mean wave period of 8 seconds, there will be approximately 400 million 

wave encounters denoted by 100

encountersN . The design maximum wave is therefore given by what you 

expect to occur at a probability of  
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where the result for the different wave climates can be found in Figure 19 on page 29. 
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Zero crosssing period [s]
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11 Appendix D –Structure design Assumptions 

To be able to use the method outlined in standard [31], several assumptions had to be made 
regarding the structure. The general approach is to be conservative so that the resulting structure 
mass in not underestimated. 

 The plate is to take the pressure from the water.  These pressure loads are then transferred 
to stiffeners which in turn transfer the load to the girder.  

 The design pressure on the side is the same over the entire side.  This means that the plate 
and stiffeners in the top part will be over dimensioned and the ones in the lower part will be 
under dimensioned. 

 The aspect ratio of the bottom plate is set to 1 since the width and span of this plate is 
considered to be in the same magnitude. 

 All plates are considered clamped and therefore is the fixation parameters for all plates are 
set to 1.  

 The span of the bottom girder is considered to be the buoy diameter even though there is an 
intersection in the middle. This is considered to be conservative and results in a large 
modulus requirement. 

 The load area breadth of the bottom girders are considered to be half the buoy diameter.  

 The load area breadth of the side girders are considered to be the stiffener span. 

 The bending factor is considered to be 12 which mean that the bending in the ends of the 
girder is considered for a clamped beam. The reason why the middle is not considered is 
because in bottom girders there is an intersection, and the side girder spans are suggested to 
be shortened for the next design. 

 The stiffener span in the bottom plate (for the plate calcualtions) is considered to be half the 
stiffener span in the side, since the bottom plates are going to be stiffened by the side plate 
and the girders.  

 The fixation parameter 
psk  is considered to be 1 for all stiffeners which means that at least 

one end is considered clamped. 

 The design pressure in maximum use is considered to be the sum of the hydrostatic and the 
calculated hydrodynamic pressure. In the normal use the dynamic part is neglected since it 
has very small effect on the total pressure.  

 The bottom plate is only dimensioned with respect to bending strength for the rotating 
generator concepts and only the hydrostatic pressure is considered for this part, and is the 
same for the maximum and normal use. The thickness of this plate is governed by the normal 
use since the knock down factor will be lower for normal use. 

 The thickness of the bottom plate in the linear concepts is set to be the same as for the side 
plate since this plate is not load carrying in the same way as the bottom plate in the rotating 
generator concepts.  

 The upper and bottom plates are set to have the same thickness for both concepts.  

 No load carrying calculations has been done on the top plate which has no stiffening 
elements. 

 The maximum design pressure for the girder is considered to be the maximum of either the 
spring force or the displacement divided with the cross section area.  

 The thickness of the stiffeners are set to be 2x the side plate thickness. 

 Both the bottom and side girder thickness is 4x  thicker than the side plate.  

 The effective flange of the stiffeners are assumed to be the stiffener spacing. 

 The effective flange of the side girders are considered to be half the stiffener span. 

 The effective flange of the bottom girders are considered to be half 25% of the buoy 
diameter. 
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 To estimate the downward force for the linear concept the maximum of the spring force and 
the displacement force is considered.  

 To estimate the bending in the lower part for the linear concepts the maximum side force 
from the waves are considered.  

 The hydrostatic pressure on the linear generator is evaluated at the middle of the buoy. This 
point will be somewhat below the middle of the girder span and is therefore considered 
conservative. 

 The load estimations depends on the total system (point absorber) mass. As an initial 
estimation was the system mass set to twice the generator mass. When the final design were 
presented this seemed a sufficiently good estimation.  
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12 Appendix E –Design Data  

12.1 Baltic  

 

Table 16 – Design data for the Baltic Sea. 

 

 

 

  

12.2 North Sea 

 

Table 17 - Design data for the North Sea. 

 

 

Site: Baltic 0; 45; 90 1

Height [m] Period [s]

Normal use wave 2.5 6

Maximum 100 year wave 14 11

Side [kPa] Bottom [kPa] Side [kPa] Bottom [kPa]

Linear 2.1 5.5 2.5 25 50 1.3 44 13 28 N/A 5 94 114 192 305 55 4.74E+06 1.07 1

Rotating 2.1 2.5 2.5 11 23 1.5 44 13 13 25 6 46 N/A 87 N/A 25 5.28E+06 1.07 1

Added mass coefficient 

used [-]

Generator Force 

[kN]

Design Wave Pressure  

[kPa]

End Stop Spring Force 

[kN]

Horizontal Wave 

Force [kN]

Wave phases considered [deg]:

Normal use Maximum

"Small"

Maximum Displacement 

Force [kN]

Maxium Displacement + End 

Stop Force [kN]

Mean Reynoulds Number 

(maximum wave) [-]

Drag Coefficient 

used [-]

Diameter 

[m]

Buoy height 

[m]

Design Stroke length 

[m]

Hydrostatic pressure [kPa] Design Wave 

Pressure [kPa]

Hydrostatic pressure [kPa] Bottom Maximum Design 

Pressure Girder [kPa]

Generator Pressure 

[kPa]

Stifferners Side Girder Bottom Girder Side Plate thickness [mm] Bottom plate [mm] Stiffener thickness [mm] Stiffener Height [mm] Girder thickness [mm] Side [mm] Bottom [mm]

"Small" Linear 2.1 5.5 2.5 2.92E+04 3.04E+05 1.40E+05 5.0 5.0 10.0 94 19.96 115 83

Rotating 2.1 2.5 2.5 2.74E+04 7.93E+04 6.52E+04 5.0 4.6 10.0 90 19.96 57 56

Section Modulus Requirements [mm3] Girder Height [mm]

Dimension overview

Diameter [m] Buoy height [m] Design Stroke length [m]

Site: North Sea
0; 45; 90

1

Height [m] Period [s]

Normal use wave 5 7

Maximum 100 year wave 23 14

Hydrostatic pressure [kPa]

Side [kPa] Bottom [kPa] Side [kPa] Bottom [kPa]

Linear 3 7.7 3.5 35 3.9 124 18 79 N/A 11 397 269 547 816 77 8.73E+06 1.07 1

Rotating 3 3.5 3.5 16 32 2.1 124 18 18 35 9 146 N/A N/A N/A 35 9.72E+06 1.07 1

Linear 5 12.0 5.4 54 3.4 537 27 60 N/A 12 1104 822 2365 3187 120 1.00E+07 1.07 1

Rotating 5 5.4 5.4 25 49 4.3 537 27 27 55 13 560 N/A N/A N/A 55 1.59E+07 1.07 1

Normal use

"Small"

Wave phases considered [deg]:

Drag Coefficient 

used [-]

Horizontal 

Wave Force 

[kN]

Mean Reynoulds Number 

(maximum wave) [-]

Maxium Displacement 

+ End Stop Force [kN]
Maximum Displacement Force [kN]

Generator Pressure 

[kPa]

DragMaximum

Bottom Maximum Design 

Pressure Girder [kPa]

"Reference"

Generator Force 

[kN]
Design Wave Pressure  [kPa]

End Stop Spring Force 

[kN]

Hydrostatic pressure [kPa] Design Wave 

Pressure [kPa]
Design Stroke length [m]Buoy height [m]

Diameter 

[m]

Added mass 

coefficient used [-]

Diameter [m]

Stifferners Side Girder Bottom Girder Side [mm] Bottom [mm]

"Small" Linear 3 7.7 3.5 1.43E+05 2.23E+06 5.57E+05 6.9 6.9 13.7 184 27.4 270 151

Rotating 3 3.5 3.5 5.70E+04 3.17E+05 2.61E+05 5.1 7.9 10.1 132 20.3 114 107

"Reference"Linear 5 12.0 5.4 2.46E+05 6.89E+06 3.48E+06 5.0 5.0 10.0 299 20.0 573 575

Rotating 5 5.4 5.4 2.14E+05 1.88E+06 1.82E+06 5.5 16.3 11.1 254 22.2 267 260

Section Modulus Requirements [mm3] Girder Height [mm]
Side Plate thickness [mm] Bottom Plate thickness [mm] Stiffener thickness [mm] Stiffener Height [mm] Girder thickness [mm]

Dimension overview

Buoy height [m] Design Stroke length [m]
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12.3 Atlantic 

 

Table 18 - Design data for the Atlantic. 

 

 

 

 

 

 

Site: Atlantic 0; 45; 90 1

Height [m] Period [s]

Normal use wave 7 9

Maximum 100 year wave27 15

Side [kPa] Bottom [kPa] Side [kPa] Bottom [kPa]

Linear 4 9.9 4.5 45 89 3.3 284 23 83 N/A 13 823 885 1251 2136 100 1.28E+07 1.07 1

Rotating 4 4.5 4.5 20 41 3.9 284 23 23 45 16 446 N/A N/A N/A 45 1.40E+07 1.07 1
"Small"

Wave phases considered [deg]:

Normal use Maximum

Diameter 

[m]

Buoy 

height [m]

Design Stroke 

length [m]

Hydrostatic pressure [kPa] Design Wave 

Pressure [kPa]

Generator 

Force [kN]

Design Wave 

Pressure  [kPa]

End Stop Spring 

Force [kN]

Maximum 

Displacement Force 

Horizontal 

Wave Force 

Hydrostatic pressure [kPa]Generator Pressure 

[kPa]

Bottom Maximum Design 

Pressure Girder [kPa]

Maxium Displacement 

+ End Stop Force [kN]

Mean Reynoulds Number 

(maximum wave) [-]

Drag Coefficient 

used [-]

Added mass 

coefficient used [-]

Stifferners Side Girder Bottom Girder Side Plate thickness [mm] Bottom plate [mm] Stiffener thickness [mm] Stiffener Height [mm] Girder thickness [mm] Side [mm] Bottom [mm]

Linear 4 9.9 4.5 1.99E+05 5.03E+06 1.57E+06 5.2 5.2 10.4 262 20.85 490 351

Rotating 4 4.5 4.5 1.26E+05 9.89E+05 7.81E+05 5.2 11.9 10.5 199 20.91 200 178

Diameter [m] Buoy height [m] Design Stroke length [m]

"Small"

Dimension overview
Section Modulus Requirements [mm3] Girder Height [mm]

Site: Atlantic 0; 45; 90 1

Height [m] Period [s]

Normal use wave 7 9

Maximum 100 year wave 27 15

Side [kPa] Bottom [kPa] Side [kPa] Bottom [kPa] m [kg]
Generator mass 

[kg] Az z_endstop [m]
V [m3]

v_max [m/s]k  [N/m] F_end stop [kN]

Linear 4 8.6 4.5 39 77 3.5 284 23 90 N/A 13 701 1019 1087 2106 86 1.27E+07 1.07 1 28421 9474 12.6 0.860 108 5.55 1184721 1019

Rotating 4 3.9 4.5 18 35 3.9 284 23 20 39 16 390 N/A 493 N/A 39 1.41E+07 1.07 1 22858 7619 12.6 0.390 49 5.55 4633199 1807

Linear 5 11.9 5.4 54 107 3.7 533 27 69 N/A 14 1294 1443 2349 3792 120 1.10E+07 1.07 1 55686 18562 19.6 1.190 234 5.55 1212339 1443

Rotating 5 5.4 5.4 24 49 4.4 533 27 27 54 16 661 N/A 1066 N/A 54 1.74E+07 1.07 1 42859 14286 19.6 0.540 106 5.55 4531311 2447

Linear 6 15.4 7 69 139 4.0 995 35 77 N/A 14 1962 2240 4378 6618 155 1.29E+07 1.07 1 111901 37300 28.3 1.540 435 5.55 1454653 2240

Rotating 6 7 7 32 63 4.9 995 35 35 70 15 1006 N/A 1990 N/A 70 2.06E+07 1.07 1 80004 26668 28.3 0.700 198 5.55 5033640 3524

Linear 8 15.4 7 69 139 5.4 1769 35 77 N/A 14 2616 3983 7784 11766 155 2.58E+07 1.07 1 198934 66311 50.3 1.540 774 5.55 2586050 3983

Rotating 8 7 7 32 63 6.4 1769 35 35 70 15 1341 N/A 3538 N/A 70 2.75E+07 1.07 1 142229 47410 50.3 0.700 352 5.55 8948693 6264

Wave phases considered [deg]:

Normal use Maximum

Hydrostatic pressure [kPa]
Design Wave 

Pressure [kPa]

Generator Force 

[kN]

Design Wave Pressure  

[kPa]

Horizontal Wave 

Force [kN]

Drag Coefficient 

used [-]

Added mass coefficient 

used [-]

Ref1

Ref2

Ref3

End Stop Spring Force 

[kN]

Maximum Displacement 

Force [kN]

Maxium Displacement + End 

Stop Force [kN]

Mean Reynoulds Number 

(maximum wave) [-]

Diameter 

[m]

Buoy height 

[m]

Design Stroke length 

[m]

Hydrostatic pressure [kPa]
Generator Pressure 

[kPa]

Bottom Maximum Design 

Pressure Girder [kPa]

Design Paramaters

Ref4

Stifferners Side Girder Bottom Girder Side Plate thickness [mm] Bottom plate [mm] Stiffener thickness [mm] Stiffener Height [mm] Girder thickness [mm] Side [mm] Bottom [mm]

Linear 4 8.6 4.5 1.99E+05 4.04E+06 1.38E+06 5.0 5.0 10.1 268 20.13 423 329

Rotating 4 3.9 4.5 1.21E+05 6.90E+05 6.81E+05 5.2 11.1 10.5 194 20.91 166 166

Linear 5 11.9 5.4 2.99E+05 7.76E+06 3.51E+06 5.4 5.4 10.8 317 21.64 590 547

Rotating 5 5.4 5.4 1.97E+05 1.95E+06 1.79E+06 5.0 16.3 10.0 260 19.96 287 271

Linear 6 15.4 7 4.24E+05 1.66E+07 7.26E+06 5.2 5.2 10.3 398 20.68 995 858

Rotating 6 7 7 3.16E+05 4.54E+06 3.92E+06 5.1 22.2 10.2 333 20.33 437 394

Linear 8 15.4 7 7.55E+05 2.18E+07 1.63E+07 5.2 5.2 10.3 546 20.68 1057 1326

Rotating 8 7 7 5.62E+05 5.94E+06 9.12E+06 5.1 29.6 10.2 456 20.33 496 596

Diameter [m] Buoy height [m] Design Stroke length [m]

Ref2

Ref1

Ref3

Ref4

Section Modulus Requirements [mm3] Girder Height [mm]

Dimension overview
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13 Appendix F – Model Varification 

In order for the model to be considered good enough its credibility has been validated in three steps: 

 By separately checking that the output from the functions are correct.  

 By comparing the added mass and hydrodynamic damping based on empirical values 
published in [14] with values that derive from simulation published in [19], see also page 10.   

 By comparing the complete solution dynamic simulations with a general reference case for a 
dynamic system, and with compared values published in [36].   

13.1 Function Varification 

The two most important functions that have been tested are that the pressure is calculated correctly 
in each point which is illustrated in Figure 10 page 13, and the second is that the pressure integration 
is done correctly. The second is tested by checking that the buoyancy force is the same as the 
displaced volume in a calm water (no waves) state. When there are no waves present only the 
hydrostatic pressure will give a contribution in the pressure integration. Since the hydrodynamic 
pressure function works in the same way as the hydrostatic pressure, also the integration of the 
dynamic pressure is therefore also implicitly validated.  

13.2 General Dynamic Response  

The model was tested for a calm sea state where an external force was subjected to the buoy. From 
this it was expected the buoy would act as a spring mass system similar to the one described in 
section 5.1.2. This was first done by setting the hydrodynamic damping to zero and checked that by 
subjecting the system to a small external force the system would start to oscillate with larger and 
larger motions as seen in Figure 39.   

 

Figure 39 – Example of an un-damped buoy getting into resonance with an small external force. 

In the second elementary case was the buoy subjected to an external force with the same angular 
frequency as the natural frequency of the buoy. By using the amplitude response transfer function 
from equation (53) with the values a made up reference design, with a damping constant 
corresponding to 80% of the critical damping, the response amplitude the as seen in Figure 40, could 
be compared with the expected from the transfer function (F1). 
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Figure 40 – Response amplitude as expected. 

13.3 Time simulation validation 

In addition to the dynamic simulations with known solutions, the result from the model is compared 
with other published results in [36] which also use a model to simulate motion response for a point 
absorber. The article for comparison describes a point absorber with linear generator acting in a 
regular (sinusoid) wave. The model is altered to match the published comparison meaning the 
generator force is given a force proportionate to displacement and velocity with values from the 
article.  

  

 

Figure 41 – Simulation results from [36]. The solution marked “No control” is subject for comparison. 
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Figure 42 – results from the developed model to be compared with Figure 41. 

By comparing the results, it can be noticed that the period of the oscillations are the same, however, 
the phase and amplitude of the motions differ. The variations in phase are believed to be due to how 
the incoming wave is defined and the variations in amplitude could be due to uncertainty when 
reading the value from [36].  The amplitudes are 0.072 m from Wang and 0.066 from the developed 
model. To investigate if this difference could be due to the differences in the added mass, the model 
was altered by multiplying the added mass and the (hydrodynamic) damping forces by a factor 0.5 
and 0.25 respectively. This alteration did not provide any significant change in amplitude. Even 
though the results are not exactly the same, since the period and the magnitude of the motion 
amplitude are the same, this study is to considered to validate the system equations of motion and 
time integration is done correctly.  
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14 Appendix G – Scales of Losses 

The objective of this appendix is to illustrate that the efficiency of the machinery that provide the 
control forces is very important, and that different types of machinery have different behavior in this 
respect.  

If one considers a control force as having two separate functions, a negative spring enhancing the 
stroke and a damping force which absorbs energy, the control force can be expressed as  

  

 

sin

cos

control spring damp

spring spring

damp damp

F F F

F A t

F A t





 





  (G1) 

where the spring and the damping force are in phase with position and velocity respectively. Hence, 
we define the motion of the buoy and its 0 phase as  

 
 

   

ŝ in

ˆˆ cos cos

z z t

v z t v t



  



 
  (G2) 

The definition of energy is power over time as  

    
0

T

E F t v t dt    (G3) 

The losses of the system is then defined as  

 spring gen

loss loss lossE E E    (G4) 

We then introduce a loss factor defined as  

 1loss     (G5) 

 
where  is the efficiency ( for example 0.99 [-] ).  The losses is then calculated using the absolute 

value of the power of each force in (G1) using (G3) with the velocity from (G2) as  

      2

0 0

ˆ ˆsin cos cos

T T

loss loss Spring loss dampE A v t t dt A v t dt         (G6) 

where for the first term we use 
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And for the second term we get 
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The losses from equation (G6) is then determined as  

  
1

ˆ
2

loss loss Spring damp

T
E v A A T



 
  

 
  (G9) 

Since the only useful power is given by the damping part of the generator force, the useful energy 
the system can absorb is  

  2

0 0

ˆ ˆcos
2

T T

useful damp damp damp damp

T
E E F vdt A v t dt A v       (G10) 

In a last step, to estimate the relation between the losses and the useful energy from the damping 
part, the losses is divided over the useful energy as 
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We then use the from what we now from the results in section 5.1 that 4spring dampA A and 

assuming 5% losses, 0,05loss    which inserted into (G11) gives 

 

 
4 1

2(0,05) 0,177
2

fractionE


 
   

 
  (G12) 
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where we note that the largest contribution is from the spring term.  

From this one can conclude that even though the forces have a relative small losses, the total loss 
could scale differently in relation to the total absorbed energy. However, in the given example there 
are only the losses for the generator control forces are taken into account. If one would have a 
spring-like pretension system, this could mean that there would be another system in the same 
magnitude as the spring term which therefore could add additional spring term losses. The bottom 
line is that one must pay attention to the efficiency in the large forces such as the pretension and any 
negative spring force. 
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15 Appendix H – Results With a Correct Generator Mass 

 

Figure 43 - Illustration of how the system reaches resonance. 

 

Figure 44 - Generator force and its phase in relation to the buoy motion and the water surface. The surface position is 
evaluated at the middle of the buoy at each time. 
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Figure 45 - Generator force and its phase in relation to the buoy motion and the water surface. The surface position is 
evaluated at the middle of the buoy at each time. 

 

 

Figure 46 - Transfer function as a function of wave period and mass for different decrease in stiffness. 
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Figure 47 - Phasor diagram where the angle axis represents the phase difference compared to the position of the buoy 
and the length of each vector shows the amplitude of each force. Note the sign of the values which derive from the 
dynamic equilibrium in defined in equation (55). 
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15.1 Damping Disturbance 

 

Figure 48 - Disturbing the model by multiplying the damping force with a disturbance factor. 
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Figure 49 – Same as Figure 48 but will marked data points. 
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15.2 Added Mass Disturbance 

 

Figure 50 - Disturbance of added mass. 
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Figure 51 – Same as Figure 50 but will marked data points. 
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15.3 Excitation Force Disturbance 

 

 

Figure 52 - Disturbance on the excitation force. 
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