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ABSTRACT 

This report covers a bachelor thesis project to design a concept for a levelling system to a point 

absorbing wave energy converter that uses a winch with a chain, which has restricted capabilities 

to bending and thus requires a system which compensates for this. 

First of all, a literature study was made to see if there were any technologies that could be used, 

and also a wide search for information about the wave conditions in the Baltic sea were performed 

to find what requirements would be necessary for the concept to be able to withstand the conditions 

faced there. 

Following this, several brainstorming sessions were had to get ideas for different types of 

constructions that could solve the problem. After multiple ideas had been conceptualized, they 

were rated in a Pugh matrix with five different criteria which were: 1. mechanical complexity 2. 

complexity of required motion control 3. complexity of the structure 4. amount of potential critical 

weak points 5. mass of the system and lastly 6. how symmetrical it could be made.  

The concept that was deemed most viable out of all them is a cradle that holds the winch-drum 

and is controlled by a motor to compensate for one angular shift, and this is paired with a mooring 

system that limits the yawing motion of the entire buoy and thus removes the need for the 

compensation of that angle. This concept was then modelled in Solid Edge and following this; a 

stress analysis was made to determine the forces that would act upon the system. These were then 

used to determine whether the system would live up to the requirements or not with fatigue 

calculations. Lastly a list of recommended future work is presented.  
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SAMMANFATTNING 

Denna rapport täcker ett kandidatarbetsprojekt för att utforma ett koncept för ett 

nivelleringssystem till ett punktabsorberande vågkraftverk som använder en kedjevinsch med 

begränsad kapacitet till böjning och därmed kräver ett system som kompenserar för detta. 

Först gjordes en litteraturstudie för att se om det fanns teknik som kunde användas, och även en 

bred sökning efter information om vågförhållandena i Östersjön gjordes för att hitta vilka krav 

som skulle vara nödvändiga för att konceptet skulle kunna motstå dessa förhållanden. 

Efter detta hölls flera brainstormingssessioner för att få idéer för olika typer av konstruktioner som 

kunde lösa problemet. Efter att flera idéer hade konceptualiserats, bedömdes de i en Pugh-matris 

med fem olika kriterier som var: 1. mekanisk komplexitet 2. komplexitet för krävd rörelsekontroll 

3. Strukturellkomplexitet 4. Antalet potentiella svaga punkter 5. Massan på systemet och slutligen 

6. Hur symmetriskt systemet kunde göras. 

Det koncept som bedömdes vara mest genomförbart av dem alla var en vagga som håller 

vinschtrumman och styrs av en motor för att kompensera för en vinkelförskjutning, och detta är 

kombinerat med ett förtöjningssystem som begränsar girrörelsen för hela bojen och tar således bort 

behovet av kompensation av den vinkeln. Detta koncept modellerades sedan med Solid Edge och 

efter detta gjordes en kraftanalys för att bestämma krafterna som skulle agera på systemet. Dessa 

användes sedan för att bestämma om systemet skulle uppfylla kraven eller inte med 

utmattningsberäkningar. Till sist presenteras en lista med framtida arbete som rekommenderar. 
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NOMENCLATURE 

Denotation 

Symbol Description 

D Diameter of the buoy [m] 

d Diameter of circular cross section [m] 

𝑑𝑖 Inner diameter of circular tube cross section [m] 

𝑑𝑚𝑖𝑛 Average diameter of a thin walled axle [m] 

𝑑𝑠𝑜𝑙𝑖𝑑 Diameter of a solid axle [m] 

𝑑𝑦 Outer diameter of tube cross section [m] 

𝐹𝐾 Force acting on the chain from the generator [N] 

𝐹𝑠1
 Force in system suspension [N] 

𝐹𝑠2
 Force in system suspension [N] 

𝐹𝑡1
 Force acting on the left drum suspension [N] 

𝐹𝑡2
 Force acting on the right drum suspension [N] 

𝐹𝑡1𝐿𝑎𝑟𝑔𝑒𝑠𝑡
 Largest force in the left suspension 

𝐹𝑡2𝐿𝑎𝑟𝑔𝑒𝑠𝑡
 Largest force in the right suspension 

𝐹𝑡1𝑚𝑒𝑎𝑛
 Mean value for 𝐹𝑡1

 

𝐹𝑡2𝑚𝑒𝑎𝑛
 Mean value for 𝐹𝑡2

 

𝐹𝑡1𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡
 Smallest force in the left suspension [N] 

𝐹𝑡2𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡
 Smallest force in the right suspension [N] 

g Gravitational acceleration [𝑚/𝑠2] 

H Sea depth [m] 

𝐻𝑠  Significant wave height [m] 

𝐻𝑚𝑎𝑥 Depth while on top of wave [m] 

𝐻𝑚𝑖𝑛  Depth at bottom of a wave [m] 

J Moment of inertia for the system [𝑘𝑔 ∙ 𝑚2] 

𝐾𝑑 Reduction factor 

𝐾𝑓 Reduction factor 

𝐾𝑟 Reduction factor 

𝐿𝑑𝑟𝑢𝑚 Length of the transmission drum [m] 

𝐿𝐾 Distance to center of the drum [m] 

𝐿𝐿 Distance between the drum and the suspension [m] 



 

  

𝐿𝑚𝑔 Distance to the center of mass of the system [m] 

𝐿𝑚𝑜𝑜𝑟𝑖𝑛𝑔 Length of the mooring line [m] 

𝐿𝑜𝑓𝑓 𝑐𝑒𝑛𝑡𝑒𝑟 Movement of the chain due to wave height [m] 

𝐿𝑝𝑓 Length of the system [m] 

𝐿𝑤𝑖𝑟𝑒 Length of the wire part of the chain [m] 

𝐿1 Distance from anchor point during drift [m] 

𝐿2 Distance from anchor point in original position [m] 

𝐿3 Drift distance from original position [m] 

𝐿4 Distance between anchor point and point on perimeter of buoy [m]  

𝐿10 Basic life rating for bearings 

𝑀𝑣 Torque [Nm] 

𝑚𝑑𝑟𝑢𝑚 Mass of the transmission drum [kg] 

𝑚𝑤𝑖𝑛𝑐ℎ Mass of the entire winch-chain, including link part and wire part [kg] 

𝑚𝑙𝑖𝑛𝑘 𝑝𝑎𝑟𝑡 Mass of the link part of the chain [kg] 

𝑚𝑠𝑦𝑠𝑡𝑒𝑚 Mass of the system [kg] 

𝑚𝑤𝑖𝑟𝑒 𝑝𝑎𝑟𝑡 Mass of the wire part of the chain [kg] 

𝑛𝑙𝑖𝑛𝑘𝑠 Amount of links in the link part of the chain [-] 

𝑛𝑠𝑓 Safety factor to fatigue [-] 

n Nominal safety factor 

𝑂𝑑𝑟𝑢𝑚 Circumference of the winch-drum [m] 

R Radius of the buoy [m] 

𝑅𝑑𝑟𝑢𝑚 Radius of the winch-drum [m] 

T Torque [Nm] 

𝑇𝑝𝑡  Pre-tension torque [Nm] 

𝑇𝑊𝑃 Wave period [s] 

t Thickness of tube cross section [m] 

𝑉𝑙𝑖𝑛𝑘 Volume of one link set [𝑚3] 

𝑉𝑤𝑖𝑛𝑐ℎ Volume of the entire chain and wire [𝑚3] 

𝑊𝑣 Torsional stiffness [𝑚4] 

 Roll angle of the system 

�̇� Angular velocity in the roll direction 

�̈� Angular acceleration in the roll direction 

 Pitch angle of the system 

 Yaw angle of the system 

max Maximum rotation of the buoy [°] 



 

  

𝜆 Reduction factor 

𝜌𝑑𝑢𝑝𝑙𝑒𝑥 Density of duplex steel [𝑘𝑔/𝑚3] 

𝜌𝐻2𝑂 Density of water [𝑘𝑔/𝑚3] 

𝜌𝑘𝑔

𝑚

 Weight per meter of wire [𝑘𝑔/𝑚] 

𝜏𝑢𝑣 Fatigue limit [Pa] 

𝜏𝑣 Shear tress [Pa] 

𝜏𝑣𝑚𝑎𝑥 Maximum shear stress [Pa] 

Ψ Form factor reduction 

 

Abbreviations 

CAD Computer Aided Design 

KTH Kungliga Tekniska Högskolan (Royal Institute of Technology) 

WEC Wave Energy Converter 

PTO Power Take-Off 

SMHI Sveriges Meterologiska och Hydrologiska Institut 

LIMPET Land Installed Marine Power Energy Transmitter 

FEA Finite Element Analysis 

  



 

  

Degrees of freedom 

The motion of a buoy has six degrees of freedom and we will follow the standard maritime naming 

convention, as illustrated in figure 1 below: 

 

 
Figure 1 - Image from K. Anderson et. al., A flexible chain proposal for winch-based point absorbers. 

 

The traditional z-axis shall be defined as parallel to the heave of the waves and about which Yaw 

is measured. The y-axis corresponds to the Sway, about which the Pitch is measured. The x-axis 

aligns perpendicularly to the sway, and is labeled Surge, about which the Roll is measured. It is 

in the plane that is formed by the XY-plane that waves propagate and transverse in. 
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1  INTRODUCTION 

1.1 Historical Background 

Wave power is the capture of wind-generated waves to use as a renewable energy source. Wind 

passing over the surface of a body of water generates waves and as long as the speed of the waves 

are slower than the wind speed, there is energy being transferred between them. Wave power is 

distinct from tidal power which energy from the current caused by the high and low tides.  

There are many different methods to capture the energy from the waves and the four most common 

WEC concepts are: Point absorbers, overtopping devices, oscillating water columns and surface 

attenuators. A point absorber is usually a buoy that floats on the surface of a body of water that 

is connected to the seabed. The buoy rises and falls with the waves and generate electricity from, 

for example, a linear alternator or a crank. An overtopping device is a structure with a reservoir 

that are placed on top of the water surface which then is filled when the waves pass over the edge 

of the structure. the overtopped water the flows down to match the level of the water level on the 

outside. This motion is captured by turbines to generate electricity. An oscillating water column 

is a sealed chamber or shaft connected to a body of water under the surface. The oscillation of the 

water level inside the chamber causes fluctuations of the air pressure inside which is then converted 

to electricity via air turbines. Surface attenuators are similar to point absorbers but works by 

having multiple long sections perpendicular to the waves that flexes as waves pass along the 

length. This flexing motion drives hydraulic pumps to generate electricity. The oscillating motion 

of a wave diminishes with depth and is highest at the surface. In most cases the characteristic of 

the wave is considered to be a deep-water wave which is when the depth of the water is larger than 

half the wavelength. For a deep-water wave, the vertical and horizontal motion of a water particle 

decreases with the increasing depth, while for a shallow water wave the vertical motion of the 

particle decreases faster than its horizontal motion.  

The total wave power resource is estimated to be 2.11 ± 0.05 TW (Gunn, 2012). Compared to the 

global electricity generating capacity of 6.14 TW (CIA World Factbook, 2014) wave power could 

potentially supply a third of what all other energy conversion methods supply collectively. But 

this figure is dependent of for example which WEC concept is applied and how many is operational 

at the same time. In the article “Quantifying the global wave power resource” by K. Gunn and C 

Stock-Williams in 2012 a theoretical scenario was created where the P2 Pelamis WEC was 

distributed in arrays of five converters per kilometer around the shores of all the continents. This 

was calculated to generate a total of 96.6 ± 1.3 GW, which is 4.6% of the entire world wave power 

resource. In comparison the combined capacity of all operational nuclear power plants in the world 

is 391.25 GW (World Nuclear Association, 2020). More than half of the world’s population lives 

within 100 kilometers from any coastline making wave power available to billions of people 

(United Nations Climate Change, 2020). 

Timeline 

This timeline of the previous work in the area of wave energy conversion is meant to help 

demonstrate the different solutions to the problems faced when trying to harness the energy of 

waves. It also demonstrates how long we have been trying to make use of the literal ocean of 

energy that our planets oceans contain.  
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1799 – The earliest patent that used energy generated from waves was filed by French 

mathematician and engineer Pierre-Simon Girard and his son. The idea was mainly about 

exploiting the mass of energy in the waves breaking against the coast. Girard and his son designed 

a machine to mechanically capture the energy and potentially use it to power heavy machinery like 

pumps or sawmills. We have for a long time entertained 

the idea of harnessing the power of waves and this patent 

was only the first of many more. Between 1855 and 

1973 there were already 340 filed patents related to 

wave power converters in UK alone.  

1890 – Several devices were proposed for the wave-rich 

beaches of Southern California. One of the only designs 

that made it to full scale was the “wave motor” shoreline 

system by P. Wright. A simple system of a floater riding 

the approaching waves connected by a hinged lever that 

drove a vertical connecting rod operating a hydraulic 

pump. See figure 2. Wright patented this design in 1898. 

(Lynn, 2013)  

1910 – Monsieur Bochard-Praceique needed a way to 

supply power and light his home in Royan near 

Bordeaux in France. This wave power converter used a 

sealed shaft sunk into a nearby cliff that was connected 

to the sea by a short tunnel below water level. When 

waves caused the water level to rise the water in the 

shaft also rose, causing pressure fluctuations in the air 

trapped inside the shaft. These fluctuations drove a 

turbine connected to a generator producing electricity. 

This was one of the first examples of an oscillating 

water column generating up to 1 KW of energy. Cross 

section of this WEC is displayed in figure 3. 

1945 – Yoshio Masuda is considered the father of 

modern wave power conversion technology. He 

designed and developed a navigation buoy 

functioning as a floating variant of the oscillating 

water column type of wave power converter. See the 

general design in figure 4. The buoy’s purpose was to 

charge a battery that provided power to the navigation 

lights on the buoy. This way the buoy did not have to 

be connected to the main land’s power grid and could 

operate independently wherever it was placed. These 

navigation buoys were commercialized in Japan 1965 

and later in the USA.  

 

 

 

Figure 2 - Image of P. Wright’s wave 

motor 

Figure 3 - Oscillating water column 

WEC at Royan, France, 1910 

 

Figure 4 - Sketch of Yoshio Masuda’s 

wave powered navigation buoy 
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2000 – The Islay LIMPET is an oscillating water column WEC and was the first WEC to be 

connected to a national power grid. It was connected to the United Kingdom’s National Grid in 

2000 after a 75kW prototype was decommissioned. It initially produced 500kW but was later 

downgraded to 250kW. Islay LIMPET was decommissioned in 2012 and all installation, except 

the concrete chamber, was removed. 

Today – Swedish company Eco Wave power 

developed an on-shore/near-shore based WEC which 

uses floaters that follows the motion of the waves and 

compresses hydraulic pistons connected to a 

hydraulic motor and a generator. As seen in figure 5, 

this design is similar to the one designed by P. Wright 

in 1898. The system produces electricity from waves 

above 0.5 meters and is designed to rise above water 

level when the wave height is too large to operate 

safely in. It is currently connected to the power-grid 

in Gibraltar and will after its expansion to 5 MW 

supply the country with up to 15% of its electricity 

demand. In 2018 the station had been connected to a grid for over 15,000 hours which is the longest 

time a WEC has been connected to a grid (United Nations Climate Change, 2020). Eco Wave-

Power claims that they, as of 2020, have the only wave energy array connected to a power grid 

(Eco Wave-power, 2020). 

Challenges 

Economic – Looking at the timeline in section 1.1 above it is clear that most solutions to 

harnessing the energy in ocean waves have ended in decommissioning or stopped development 

after attempts to upscale. The difficulties encountered when upscaling might be both economic 

and environmental. The harsh environment at sea makes it difficult to construct something that 

will both withstand the stresses and generate electricity at a competitive price. The problem can 

also be that the sea is not able to supply enough energy, or have a reliable enough wave spectrum, 

to justify using a WEC to generate power to a power grid economically.  

Disturbances – Construction of off-shore WECs is also troublesome and expensive which raises 

the question if near-shore or on-shore construction is a better option. It would be beneficial to build 

large energy conversion units in spaces that currently is unused or unavailable for most people 

both for safety and for esthetical reasons. The same goes if the WECs emits a lot of noise that is 

harmful to surrounding life. 

Figure 5 - Sketch of Eco Wave Power’s 

WEC 
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Solid mechanics – Because wear is a big issue with large moving machinery, most parts would 

need to be either over-dimensioned or constantly serviced. And since producing power relies 

heavily on being profitable to make it worth developing in the first place, making use of 

lightweight materials is not always the option. The chosen material that goes into a construction 

need to make compromises between performance, 

weight, and cost. The solution is often to engineer it to 

have a long enough lifetime to make up for the cost of to 

build and manage them. 

Limitations in extractable energy – The problem might 

simply be that the amount of energy that is extractable 

from the waves is too little to even make it worth 

extracting. As seen in section 2.1 above with Masuda’s 

navigation buoys, small amounts of energy can be used 

to power equipment off-shore that would otherwise need 

connection to a power grid on land or make use of solar- 

or wind power. Even if there might not be enough energy 

to supply to a power grid, it can be applied in other ways 

to supply power. There are also variations in power 

depending on time of the year. There might not be enough 

energy to extract in certain months. As seen in figure 6 from (Gunn, 2012) and in figure 10 in 

section 2.2, fluctuations in wave height and power is illustrated.  

1.2 Scope 

Goal of the project 

The goal of this construction project is to design a durable self-leveling platform to use on a point 

absorbing wave energy conversion buoy. A lot of work has been done in the past with the goal of 

achieving this and the purpose of the concepts handled in this report is to act as a mounting 

platform for a winch-based PTO consisting of a transmission chain and a drum. The transmission 

chain has been designed to have a long lifespan but with the compromise that it will not allow 

displacement in certain angles. Therefore, a self-leveling mounting platform is necessary to limit 

movement only in the directions acceptable. 

The platform should be designed following the following requirements: 

 It should be able to level itself through its full expected lifespan. 

 The platform should be designed to accommodate for use with the already proposed 

concepts for winch-drum and transmission chain. 

 It should be able to handle the harsh environment faced when operating at sea. 

To show that the requirements are met up with, the project aims to present the following: 

 A CAD model to illustrate the parts in the platform concept. 

 Free body diagrams to illustrate where the loads are distributed on the platform. 

 Calculations based on these free body diagrams to establish the dimensions needed to 

withstand these loads. 

 Calculations to verify the assumptions made in the project. 

 Analysis to verify and support the validity of the concept. 

Figure 6 - Fluctuation of monthly wave 

mean power in both hemispheres 
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Delimitations 

Mooring –Because of the complexity of the combined movement a buoy will experience, and the 

unpredictable nature of the forces that will act upon it, it has been determined that we will work 

under the premise that the buoy will be anchored in such a way that yaw will be greatly reduced. 

The detail solutions of said mooring system required to accomplish this, be it a separate system or 

a combination of winch systems, fall outside of the scope of this project. However, the 

requirements of said mooring system will be discussed further in chapter 3. 

Safety system – How the WEC will handle much larger than usual waves will not be covered in 

this project but will be left as future work. The mooring system is expected to absorb those forces. 

Platform/Buoy – The design of the buoy that is needed for this project is left entirely to future 

work. 

Electronic control system and sensors – The self levelling system will need some form of active 

control system. How this will work will be left out of the scope of this project. Also, examining 

what type of sensors that will be required for the control system to function properly will be left 

out as well. 

Construction and detail design – This project consist of developing a conceptual design. No 

detailed dimensioning, in-depth construction drawing, or prototype manufacturing will be made. 

Environmental delimitations – Large restrictions have been made in this project on how much 

environmental data that is to be considered when designing the concept. The things that will not 

be considered are: 

 How growth of plants and animals on the WEC will affect it. 

 The salinity of the ocean water, this will only be accounted for in the choice of material. 

 The impact of UV-light, or other types of radiation, on the WEC will not be examined or 

considered. 

 No consideration will be made to the effects on ice buildup on any part of the WEC, but it 

is recognized that such measures would have to be made in an actual application. 

 The WEC should be placed so that is not exposed to floating sheet ice, as this would greatly 

alter the requirements of both mooring of the WEC as well as the WEC itself. 

 The system should be located so that it is exposed primarily to deep-water waves. They 

offer more regularity as opposed to shallow-water waves and these types of waves occur 

where the depth of the ocean is at least twice the wavelength. (Deep Water Waves: 

Definition & Speed Calculation, 2019) 

 

Winch-Drum and Chain - No specifics have been given about the system that is to be levelled. 

Therefore, this project will be based on the winch-drum and chain that was designed by previous 

students at KTH. (Lingaiah et al., 2017). 

Economic – The economic viability of the concept has not been considered. This project is based 

on previous designs and reports (Lingaiah et al., 2017). Those aspects are either considered there 

or will be considered in future projects.  
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1.3 Method 

To begin with, there is a lot of information that need to be gathered to get a better understanding 

of what need to be done. This involved researching what was already available in terms of WEC 

and in the cases where the end products were unsuccessful, discuss what it was that made them 

unsuccessful. By identifying the challenges early on, the risk of encountering them in a later stage 

is lower. 

After the initial gathering of relevant information, the next step then should be determining some 

concepts that might be able to fulfill the requirements, these concepts where conceived through 

several brainstorming sessions. Multiple concepts should be proposed as there might be multiple 

solutions that lives up to the requirements. To determine which concept will be further studied, the 

concepts is compared in a “Pugh Decision Matrix” described in figure 7, in order evaluate which 

of the concepts is optimal. The Pugh matrix will consider some pre-determined criteria that fulfill 

the requirements of a final product. To differentiate the more important criteria from the more 

trivial ones, a scaled factor was added to the criteria. This means that the more important criteria 

would weigh more than a trivial one. The concepts are then looked at one by one how they would 

handle the different criteria and given a rating, presumably in the range: 1-5. It is then multiplied 

with their respective weight and summed up. The concept with the highest total sum would be the 

most reasonable concept to continue working on. 

 

 

 Concept 

      

Criteria Weight Concept 1 Concept 2 … Concept N 

Criteria 1 W1     

Criteria 2 W2     

… …     

Criteria M WM     
      

     Sum     

 

When a final concept has been chosen the work continues with a more detailed analysis of the 

concept. This involves making free-body diagrams to better understand what stresses are acting 

on the platform and their directions as well. These information in these diagrams will be used 

throughout the rest of the project when designing components and choosing standard parts. 

To determine the safety factor the Pugsley Safety Factor Approach is used. By determining the 

importance and precision of different characteristics, a safety factor can be approximated. These 

characteristics is as follows: 

A. Quality of materials, workmanship, maintenance, and inspection. 

B. Control over load applied to part. 

C. Accuracy of strass analysis, experimental data, or experience with similar parts. 

D. Danger to personnel 

E. Economic impact 

 

Figure 7 – layout of the Pugh decision matrix. 
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The characteristics A-C are rated for their precision on the scale: 

 vg = very good  

 g = good  

 f = fair 

 p = poor. 

The characteristics D and E are rated for their impact in case of failure on the scale: 

 vs = very serious 

 s = serious 

 ns = not serious 

The characteristics are each given a rating and are then traced to their respective cells in table 1. 

The product of both the result from tables are the determined safety factor. 

 

Characteristics 
B = 

 

Characteristics 
D = 

ns s vs 

E ={
𝑛𝑠
𝑠

𝑣𝑠
 

1.0
1.0
1.2

 
1.2
1.3
1.4

 
1.4
1.5
1.6

 

vg g f p 

A = vg C = {

𝑣𝑔
𝑔
𝑓
𝑝

 

1.1
1.2
1.3
1.4

 

1.3
1.45
1.6

1.75

 

1.5
1.7
1.9
2.1

 

1.7
1.95
2.2

2.45

 

A = g C = {

𝑣𝑔
𝑔
𝑓
𝑝

 

1.3
1.45
1.6

1.75

 

1.55
1.75
1.95
2.15

 

1.8
2.05
2.3

2.55

 

2.05
2.35
2.65
2.95

 

A = f C ={

𝑣𝑔
𝑔
𝑓
𝑝

 

1.5
1.7
1.9
2.1

 

1.8
2.05
2.3

2.55

 

2.1
2.4
2.7
3.0

 

2.4
2.75
3.1

3.45

 

A = p C ={

𝑣𝑔
𝑔
𝑓
𝑝

 

1.7
1.95
2.2

2.45

 

2.15
2.35
2.65
2.95

 

2.4
2.75
3.1

3.45

 

2.75
3.15
3.55
3.95

 

 

The different tools that will be used during the design part of the project is: 

 CAD programs: Siemens Solid Edge ST10 for 3D visualization. 

 MATLAB for larger calculations. 

 ZOOM for online meetings. 

 Word processing software: Microsoft Word, PowerPoint, and Excel 

 Google drive for cloud storage. 

 Literature like: SKF catalogue for standard parts. Handbooks in solid mechanics, and 

machine construction. 

 

 

 

Table 1 – Pugsley’s Safety Factor Approach 

 



TRITA-ITM-EX 2020:131 

 

8 

   

2 FRAMES OF REFERENCE 

2.1 Existing components 

Fred. Olsen’s BOLT Lifesaver – The Norwegian company Fred. Olsen Renewables developed a 

point absorber WEC containing three PTO units un a 16 m, 35 tones, ring shaped buoy to generate 

electricity from the ocean waves (BOLT Sea Power, 2016). Testing of the rig was performed in 

Falmouth, UK in 2012 where it produced 315 kW of power which after a year amounted to a total 

of 4.64 MWh (Babarit, 2017). It is winch-based and have been tried with many different solutions 

to maximize efficiency and reliability. It however encountered many technical failures that 

immediately needed to be repaired (Babarit, 2017). In 2018, the BOLT Lifesaver successfully ran 

for over 50 days when operating in 100% of the uptime. (Offshore Energy, 2018)  

Winch-chain – Since the problem that Fred Olsen’s 

Lifesaver encountered was that a wire-based winch was 

not durable enough to reach the required lifespans 

(Andersson, 2017) a new concept for a winch-chain was 

designed at KTH (Lingaiah et al., 2017). This chain is 

designed to last for at least 20 years or 80 million load 

cycles by minimizing the strain between the pin and link 

and using sliding bearings that will ensure that fatigue is 

not an issue. But even though ensuring that the 

movement around the axis of the pins is accounted for, 

the movement in the other two rotation directions is not. 

To help the chain operate its entire lifespan, a solution to 

limit the movement in those rotational directions is 

needed. A self levelling system that compensate for the 

movements of the waves to make the chain only rotate in 

the allowed direction is one possible solution to this. One 

link pair is displayed in figure 8. 

Winch-drum – A concept for a winch-drum that is able 

to work together with the winch-chain above have been 

designed and tested at KTH, see figure 9. It is designed to 

help the chain reach its long expected life span by making 

a compromise of having a larger diameter to reduce the 

stress on the chain when it rolls up and down on the drum 

but at the cost of having a lower efficiency. The drum is 

designed to operate in harsh environment and able to 

withstand the forces without being too heavy and 

expensive. The outside drum is lined with Orkot® lining 

to act as bearings for the contact area between the chain 

and the drum. It also has a spiral pattern of ridges to 

prevent the chain to roll over itself. This further pushes 

the issue that a levelling system is needed to allow the 

chain to find its place between the ridges (Lingaiah et al., 2017).  

Figure 9 – Drum with Orkot® lining 

Figure 8 – Winch-chain 
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2.2 Environmental data 

As mentioned in the delimitations during this project, only wave data when is used when 

considering the environmental effects on the WEC-buoy.  

The system is primarily designed to be placed in the Baltic ocean, but it should be possible to 

increase the scale of it for it to function in harsher wave climates as well. The Baltic ocean is very 

elongated, and the wave climate varies drastically depending on how far north you travel. Due to 

the scarcity of data collecting buoys in this area, data from locations that is not considered to be 

ideal for placing the buoy is used. During this project the possibility of ice build-up affecting the 

performance of the WEC so it would then have to be assumed that it must be located in the southern 

Baltic sea that does not freeze during winter even though the data is from areas which have a 

chance of freezing.  

The Swedish Meteorological and Hydrological Institute has collected data on the significant wave 

heights in the Baltic sea. The significant wave height is the difference between the wave’s crest 

and trough. The location for the data used is from Finngrundet, which is located in the northern 

part of the Baltic sea. According to their collected data, January is the month with the largest 

significant wave height with a mean height of 1.4 m as seen in figure 10. Significant wave height 

is defined as; The mean of the height of the 33rd percentile of all waves. The wave period presented 

in the graph in figure 11 varies between 3 and 6 seconds. The largest ever registered wave in the 

Baltic had a wave height of 14 m (Meteorologiska Institutet, 2019). 

According to the book “An introduction to hydrodynamics and water waves” by Bernard Le 

Méhauté, the theoretical maximum steepness, or the quotient between the wave height and 

wavelength, for deep water waves is 0.142 which equates to an 8° angle. This angle is what will 

be used in the calculations further on in this project as it will be the highest angle that a levelling 

platform will have to compensate for. 

Due to the size of the Baltic ocean the depth varies a lot, the average depth is only 55 m. The WEC 

in this project have then been dimensioned to operate on depths that are at least 60 m. 

 

Figure 11 – Wave data for January 2020 from 

Finngrundet (SMHI 2020) 

Figure 10 – Significant wave height 

for every month (SMHI 2020) 
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3 PROCESS 

3.1 Mooring 

Before proposing possible concepts to solve the self-levelling problem there might be solutions 

beside a self-levelling platform that will help reducing the problem into a more manageable one. 

As the chain is limited in its movement in two of its three rotational degrees of freedom, a system 

that reliably compensates in the two directions at the same time might be very complex. Because 

of this the possibility to rule out one of these degrees of freedom will help solving the problem by 

reducing it to one that only need to fully compensate in one direction. And as mentioned in the 

delimitations the buoy it is intended to be moored to the sea floor to reduce the yaw and drift of 

the platform. 

Initially the buoy was planned to be moored with some sort of chain or wire. But as the project 

progressed, it was realized that you cannot both limit rotation and allow for the buoy to move with 

the motion of the waves if a simple mooring is used. There need to be slack in the mooring line 

when the buoy is in its original position on the surface to allow it to move vertically with the 

waves. When all the mooring lines are fully stretched, the buoy cannot rise up any further. This is 

illustrated below in figure 12. 

 

“ 

 

 

Figure 12 shows how the mooring lines are stretched when it is in its highest possible position and 

how the lines are slacked when it is in its original position. It also shows of far it can drift from its 

original position with regular mooring lines in the bottom part of the figure. Only two of the three 

lines are shown. 

Figure 13 shows how much it can rotate with the same mooring lines. Only one mooring line is 

shown in the figure, but all three will act in the same way. 

 

Figure 12 - Mooring with different wave 

height. Not to scale and only two lines are 

shown 

Figure 13 – Maximum rotation. Not to scale and 

only one line shown 
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From figure 12, the drift can be calculated with the Pythagorean theorem. Lmooring is the length of 

the mooring line, and L2 is how far away the mooring point is located on the sea floor. L2 can then 

be used to calculate the required length of the line. H, Hmin, Hmax is the average, lowest, and highest 

surface level this mooring will be dimensioned for. L3 is the furthest distance it can drift. The 

values for the different values of H were decided to be the depth of the Baltic ocean  a wave 

height of 14 m. The resulting values are: 

𝐻 = 60 𝑚 

𝐻𝑚𝑖𝑛 = 𝐻 − 14 𝑚 = 46 𝑚 

𝐻𝑚𝑎𝑥 = 𝐻 + 14 𝑚 = 74 𝑚 

 

With this, the lengths can be expressed as: 

Eq. 1 

𝐿𝑚𝑜𝑜𝑟𝑖𝑛𝑔 = √𝐿2
2 + 𝐻𝑚𝑎𝑥

2  

Eq. 2 

𝐿1 = √𝐿𝑚𝑜𝑜𝑟𝑖𝑛𝑔
2 − 𝐻𝑚𝑖𝑛

2  

Eq. 3 

𝐿3 = 𝐿1 − 𝐿2 

 

In figure 14, the distance the buoy can drift as a function of on how far away the mooring line is 

anchored, is displayed. 

The relationship between the drift and the distance to the mooring lines anchor points is inversely 

proportional. Which means placing the anchor points further away from the buoy will reduce drift. 

 

Figure 14 – Drift as a function of distance to mooring point 
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If the drift of the buoy is restricted, its ability to rotate around its own axis is also limited. Which 

would mean that placing the anchor points further away is favorable. The maximum angle γmax 

that the buoy is allowed to rotate before the mooring line is taut without drifting is L4 as seen in 

figure 13. The length L4 Can be expressed with the Pythagorean theorem as: 

Eq. 4 

𝐿4 =  √𝐿𝑚𝑜𝑜𝑟𝑖𝑛𝑔
2 − 𝐻2. 

The rotation will be dependent on the radius of the buoy, where a smaller radius will have a bigger 

rotation. The rotation expressed as a function of buoy radius R, distance to anchor points L2, and 

the maximum length of the mooring line when maximum rotation is reached L4 is with the law of 

cosine: 
 

Eq. 5 

𝛾𝑚𝑎𝑥 = 𝑎𝑟𝑐𝑐𝑜𝑠
𝐿4

2 −(𝐿2+𝑅)2−𝑅2

(−2(𝐿2+𝑅)∙𝑅)
. 

 

The maximum possible rotation of the buoy with L2 set at 100 m and with a variable radius R. The 

rotation can be reduced by increasing the size of the buoy, table 2 below shows how the angle is 

reduced by increasing the diameter of the buoy. With a buoy radius of 5 m the buoy can rotate 142 

degrees. The winch-chain is what will limit how much the buoy is allowed to rotate and as the 

chain will tolerate movements of 180 degrees, 142 degrees is also tolerable (Anderson et al., 2017). 
The maximum possible rotation as a function of buoy diameter is presented in table 2. 

 

Table 2 – How possible yaw varies with the diameter of the buoy 

𝐷, 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑢𝑜𝑦 [𝑚] 𝛾, 𝑀𝑎𝑥 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 [°] 
10 142° 

15 99° 

20 82° 

25 70° 

30 63° 

35 57° 

40 52° 

 

If limiting the allowed rotation would be of question; by increasing the diameter of the buoy from 

10 m to 40 m you can reduce the rotational angle by ~3 times. But according to “Wave Power 

Surveillance study of the development. Holmberg et al. 2011” the diameter of the buoy should be 

no larger than 1/6 of the wavelength or else it will start counteracting itself. Increasing the size of 

the buoy to much is then limited to the wavelengths. Shortening the mooring lines is also not a 

possibility as that would reduce the heave motion of the buoy and thus reducing the efficiency. 
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3.2 Conceptualization 

There are many ways of achieving self-leveling. Perhaps 

the oldest way is by means of the plumb-bob/pendulum, 

which appear to have existed since at least the ancient 

Egyptians (CivilGeo, 2017). The plumb bob is arguably 

one of the simplest mechanisms with which one can 

achieve self-leveling. It is a familiar concept; A weight 

attached to a string, that hangs freely, and thus autocorrects 

its plumb by means of gravitational pull. If this concept is 

expanded on slightly, a child favorite easily emerges, the 

classic tire swing, as in figure 15. Further imagining a more 

industrial application of this true self leveling platform is 

not that far of a stretch. Depending on the means of 

attachment, unrestricted rotation about the pendulum axis 

is also easily achieved. 

 

 

Moving forward into history and up in complexity, the 

venerable gimbal, as documented as early as 3rd century 

BC by Philo of Byzantium (Sarton, 1970), is found. The 

gimbal mechanism is perhaps most well-known for its 

application of suspension of a compass. However, the 

mechanism is often used in far more complex applications. 

For example, in aeronautics, where gimbaled thrust can be 

used to achieve torque vectoring for rocket propulsion 

(NASA, 2018). Or perhaps the more familiar gyroscope, as 

illustrated in figure 16. 

 

 

Today there is yet more to choose from. One of the best 

recognized and more advanced options is the perhaps the 

Steward Platform. This mechanism is also known with the 

alternative name, hexapod. In Latin this translates to “six 

feet”, which is evident in figure 17 (Collins, 2018). These 

six, load supporting feet/legs, can be individually 

extended, and/or contracted, which gives the non-

stationary platform its six axes of freedom. The Stewart 

Platform has been used successfully in industrial 

applications for quite some time now and can for example 

be found in flight simulators. Generally, the idea is to 

position the platform, as opposed to maintaining a 

constant level, but the principle is virtually identical.  

  

Figure 16 - Gyroscope  

Figure 17 - Steward platform 

 

 

Figure 15 - Swing 
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As discussed in section 3.1, the mooring required in this concept will effectively eliminate the 

need for compensating for motion in yaw. Being a winch-based mechanism also eliminate the need 

for active compensation of motion in pitch as this follows the circumference of the winch-drum 

itself, see figure 18. This leaves motion in roll as the sole direction in need of compensation and 

these restrictions greatly affect the choice of concepts. 

 

Figure 18 - Pitch Motion 

 

To ensure that a concept is not chosen haphazardly, various criteria are defined and applied in a 

Pugh Decision Matrix. After considering the degrees of motion necessary, four main concepts 

were chosen to be evaluated. Two of them are versions of the Gimbal mechanism and two are 

plumb-bob/Pendulum concepts. Although the plumb-bob and gimbal concepts were thought of 

independently, they are in effect two versions of the same design. The main difference being the 

number of attachment points to the axis of rotation. The cradle is suspended from two points, 

whereas the pendulum is generally suspended from only one. A secondary difference between the 

two options is the motion control of that cradle. Active compensation will be required, and one 

concept version will use linear actuator(s) and the other rotary motor(s), for motion control. 
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Concept 1 and 2 – When considering a gimbal mechanism two degrees of freedom can be 

compensated for. But, as explained above, only one degree of freedom is needed to be 

compensated for. In a gyroscope solution, this would mean that only one ring would be needed. A 

gyroscope with only one ring would be a cradle and that is a sufficient construction for levelling 

in one degree of freedom. This can be accomplished by either having a rotational motor on the 

axles that the cradle turns on, or to have linear actuators lifting the ends of the cradle to help it 

rotate around its axle. The first concept is thus split into two sub-concepts that both rely on a cradle 

design but whose oscillating motion is controlled by different means. One controlled by a 

rotational motor, as in figure 19, and one by linear actuators, as in figure 20. 

 

Figure 20 - Cradle with Linear Actuators 

 

Concept 3 and 4 – Once again, since the requirements limit the need for compensating to one 

degree of freedom, the pendulum concept evolves into a planar pendulum. By design, the center 

of gravity would always want to align itself with the direction of gravity about the fulcrum. 

However, as the buoy moves around this is not always desired. Active compensation is still needed 

to ensure perpendicularity between the winch-drum and chain. As with concept 1 and 2, this is 

also achieved by means of either a motor or linear actuator. These concepts are illustrated in figure 

21 and 22. 

 

  

 

 

 

Figure 19 - Cradle with Rotary Motor 

Figure 21 - Pendulum with motor Figure 22 - Pendulum with actuators 
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The criteria used to evaluate these concepts are as follows: 

 

1. Mechanical Complexity Potential 

How complex is the mechanism responsible for achieving the desired 

degrees of freedom? i.e. number of components, ease of 

manufacturability, commercial availability of components, etc. 

 

2. Motion Control Complexity Potential 

How complex is the combination of motors, sensors, and programming 

etc. that will achieve the desired degrees of freedom? i.e. number of 

components, commercial availability, etc.  

 

3. Structural Complexity Potential 

How complex is the platform and supporting structure? i.e. number of 

components, ease of manufacturability, etc. 

 

4. Critical Weak Points 

How many potential points for mechanical failure that can lead to 

catastrophic motion failure are inherent in the concept? How easy would it 

be to build in redundancy to counteract these weak points? 

 

5. Mass 

How difficult will it be to limit the overall mass, as well as moving mass, 

of the design? 

 

6. Symmetry (center of mass) 

How difficult will it be to control the inherent center of mass of the 

design, to ease control of motion? 

 

For increased intuition, a scale of 1-5 is used, where higher numbers are desirable. And a weight 

for each criterion, on the same 1-5 scale to indicate the order of perceived importance, is included 

as well. Each criterion is multiplied by the weight factor and summed for each concept. The highest 

scoring concept will be chosen to further study. 

After the concepts were evaluated in the Pugh matrix as seen in table 3 below, it is clear that the 

rotation-based cradle concept was chosen for further study. 
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Table 3 – Pugh diagram for general concepts 

 

 

 

Comments on the grading in the Pugh Decision Matrix: 

 

1. Mechanical Complexity Potential 

 Weight 5, This is the core of this project. 

 Cradle (Rotary & Linear) 4, a hammock = simple 

 Pendulum (Rotary & Linear) 5, a weight on a string = beautifully simple 

 

2. Motion Control Complexity Potential 

 Weight 4, This has a potentially profound effect on the design, but it is 

ultimately not the focus of this paper. 

 Rotary 4, a direct drive motor and rotary encoder is one of the simplest 

designs for motion control. 

 Linear 3, Linear motion is inherently more complex than rotary drive, 

regardless if it is electric, pneumatic, or hydraulic. 

 

3. Structural Complexity Potential 

 Weight 3, This is important but as the manufacturability is not a main 

concern, we give this average weight. 

 Cradle 3, Should be relatively simple to construct with rigidity in all 

necessary directions 

 Pendulum 1, We foresee a quite involved support structure with heavy 

guides for motion control. 

 

4. Critical Weak Points 

 Weight 2, Something we feel can be compensated for with redundancy etc. 

Therefore, not overly important in this paper. 

 Cradle 2, There are two points of rotation. If one were to fail, the design 

should keep the mechanism from exploring the bottom of the sea. 

 Pendulum 1, A single point of suspension potentially lead to immediate 

catastrophic failure. 
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5. Mass 

 Weight 5, This is of paramount concern. Unnecessary mass will greatly 

affect the energy capture potential negatively as well as lead to oversized 

components. 

 Cradle 2, An evenly distributed footprint, and presumably easily 

manufacturable components lead to a better score than for the Pendulum. 

However, by nature of things, overall mass will likely be substantial 

regardless. 

 Pendulum 1, We suspect that a single fulcrum design by default will need 

to be braced heavily and therefore the mass is perceived to be greater than 

for the Cradle. 

 

6. Symmetry (location of center of mass) 

 Weight 3, Geometry rules and little can be done to compensate. A balanced 

approach with center of mass near the axis of rotation is desirable, to reduce 

the energy spent to balance the platform. 

 Cradle 4, This is inherently a symmetrical configuration. The supports are 

dual and balanced. The distance from center of mass to rotational axis 

should be able to be easily adjusted. Even to the point that the center of mass 

can be placed above the rotational axis, without the use of extra balancing 

weights.  

 Pendulum 2, A single point fulcrum design would potentially require an 

unbalanced support structure, unless overall total mass is disregarded. It 

also, by default, positions the rotational axis further above the center of 

mass. 

 

To reduce overall mass and to reduce mechanical complexity, the possibility to have double duty 

generator/motor design to both convert the oscillating motion of the drum to electricity, as well as 

provide the necessary pre-tension on the winch is a beneficial solution. This falls in line with the 

Fred Olsen design (BOLT Sea Power, 2016) and since it is the net difference in energy 

consumption vs generation that is sought after, it seems like a plausible solution. It is also possible 

to combine the winch-drum and the generator/motor in various geometrical configurations. Center 

of mass and moment of inertia can be affected greatly, depending on how and where these 
components are placed together. Therefor a second round of the decision matrix procedure is 

performed. This time 3 basic configuration concepts are evaluated, where: 1, The winch-drum and 

generator are placed coaxially on the self-leveling platform. 2, The winch-drum and generator are 

placed axially parallel on the self-leveling platform. 3, The generator is separated from the winch-

drum and placed off the self-leveling platform.  
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The criteria used to evaluate these second-tier concepts are similar to the previous and as 

follows: 

 

1. Mechanical Complexity 

How complex will the required connection between the winch-drum and 

the generator be? 

 

2. Structural Complexity 

How complex will the mounting requirements be for the generator? 

 

3. Mass in Motion 

How will the moving mass of the system be affected, and can it be 

adjusted? 

 

4. Symmetry (center of mass) 

How will the center of mass and/or moment of inertia be affected, and can 

it be adjusted? 

 

Once again, and as seen below in table 4, one of the options come out as the clear winner, 

the parallel option, and it is the one being evaluated further. 

 

Table 4 – Pugh diagram for motor placements 

 

 

 

Comments on the grading in the second Pugh Decision Matrix: 

 

1. Mechanical Complexity 

 Weight 3, average importance 

 Parallel & Co Axial 4, a simple gearbox 

 Separated 2, will require axial offsets 

 

2. Structural Complexity 

 Weight 3, average importance 

 Parallel & Co Axial 3, accommodations must be made to the cradle itself 

 Separated 4, a separate motor mount  
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3. Mass in Motion 

 Weight 2, increases of requirements of motors etc. 

 Parallel & Co Axial 2, direct addition of mass 

 Separated 3, a separate motor mount  

 

4. Symmetry (center of mass) 

 Weight 5, ability to adjust is paramount to compensate for other 

inadequacies. 

 Parallel 4, generator position freely in the plane and height 

 Co Axial 2, generator position adjustability limited to linear and height 

 Separated 1, generator is separate. 
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3.3 Stress analysis 

Extreme cases.  

We need to speculate that in the WEC lifetime it will encounter some rare extreme situations that 

it will need to be able to handle. Even though some of these cases are so improbable that they 

likely will not even occur once in its entire lifetime, it will still need to be able to handle a situation 

like that if it somehow would occur. 

 We encounter waves with length of stroke that would need close to the entire length 

of the winch-chain.  

Consequences: The torque required to level the platform when the winch-chain rolls out 

far enough to reach the ends of the drum increases. 

 

 We encounter waves with length of stroke that would need more than the entire length 

of the winch-chain.  

Consequences: We run out of available chain or drum when the buoy reaches its highest 

point. 

 

Possible solutions. 

 Increase dimensions of drum.  

 Use a thinner winch-chain to allow more to be rolled onto the drum. 

 Use bigger motors. 

 Limiting PTO on generator when encountering an extreme case to decrease the 

required torque when levelling. 

 Have a separate system to help levelling when needed. 

 Allow the winch-chain to release from drum to avoid damage to drum and platform. 

 The mooring has a inherit limit to how high waves are tolerated. Any higher waves 

would transfer most forces out to the mooring lines. In that case the mooring lines 

will behave as a safety system. 

 

Necessary torque to roll up the winch-chain and keep it in tension 

The force acting on the winch-chain and wire is 

dependent on the amount of resistance the 

generator can produce. On top of this the 

generator, or a separate motor, also has to 

produce a torque to ensure that the winch-chain 

does not roll off from the drum due to the 

gravitational force from the mass of it and also 

ensure that the winch-chain is tense at all times. 

The winch-chain consists of two parts, one part 

built up of links that is intended to be rolled up 

on the drum and a wire part that is not supposed 

to be rolled up. 

The pre-tension torque 𝑇𝑝𝑡 that has to be applied 

is equal to the weight of the entire winch-chain, 

minus the lifting force from the displaced water 

by the winch-chain times the radius of the drum 

as in figure 23. 

 Figure 23 - Free body diagram of winch drum 

and winch chain 



TRITA-ITM-EX 2020:131 

 

22 

   

Eq. 6 

𝑇𝑝𝑡 = (𝑚𝑤𝑖𝑛𝑐ℎ −  𝜌𝐻2𝑂 ∙ 𝑉𝑤𝑖𝑛𝑐ℎ) ∙ 𝑔 ∙ 𝑅𝑑𝑟𝑢𝑚 

 

where 𝑚𝑤𝑖𝑛𝑐ℎ is the weight of the entire winch-chain and also including the wire part, 𝑅𝑑𝑟𝑢𝑚 is 

the radius of the drum, 𝜌𝐻2𝑂 is the density of the sea water and 𝑉𝑤𝑖𝑛𝑐ℎ is the volume of the entire 

winch-chain.  

The mass of the winch-chain can be calculated from:  

Eq. 7 

𝑚𝑤𝑖𝑛𝑐ℎ = 𝑚𝑙𝑖𝑛𝑘 𝑝𝑎𝑟𝑡 + 𝑚𝑤𝑖𝑟𝑒 𝑝𝑎𝑟𝑡 = 𝑛𝑙𝑖𝑛𝑘𝑠 ∙ 𝑉𝑙𝑖𝑛𝑘 ∙ 𝜌𝑠𝑡𝑒𝑒𝑙 + 𝐿𝑤𝑖𝑟𝑒 ∙ 𝜌𝑘𝑔
𝑚

 

Where 𝑚𝑙𝑖𝑛𝑘 𝑝𝑎𝑟𝑡 is the mass a single pair of links in the winch-chain, this in turn can be calculated 

from the amount of links, 𝑛𝑙𝑖𝑛𝑘𝑠, times the volume 𝑉𝑙𝑖𝑛𝑘 of one link times the density 𝜌𝑑𝑢𝑝𝑙𝑒𝑥of 

the material they are made out of. The mass of the wire part is calculated from taking the length 

of the wire 𝐿𝑤𝑖𝑟𝑒 times the weight per meter of wire 𝜌𝑘𝑔

𝑚

. 

Table 5 – Data used to calculate required torque to prevent the winch-chain from rolling off 

Density of sea water 𝜌𝐻2𝑂 1000
𝑘𝑔

𝑚3⁄  

Volume of the winch-chain 

and wire 
𝑉𝑤𝑖𝑛𝑐ℎ  0.2508 𝑚3 

Radius of the drum 𝑅𝑑𝑟𝑢𝑚 0.75 𝑚 

Circumference of the drum 𝑂𝑑𝑟𝑢𝑚 = 2𝜋𝑅𝑑𝑟𝑢𝑚 4.7124 𝑚 

Number of links 𝑛𝑙𝑖𝑛𝑘𝑠 58 

Volume of one link 𝑉𝑙𝑖𝑛𝑘 1.65 𝑑𝑚3 

Duplex steel density 𝜌𝑑𝑢𝑝𝑙𝑒𝑥 7800
𝑘𝑔

𝑚3⁄  

Length of the wire part 𝐿𝑤𝑖𝑟𝑒 45 𝑚 

Weight per meter of wire 𝜌𝑘𝑔
𝑚

 1.8 𝑘𝑔 

Mass of link part 𝑚𝑙𝑖𝑛𝑘 𝑝𝑎𝑟𝑡 746.5 𝑘𝑔 

Mass of wire part 𝑚𝑤𝑖𝑟𝑒 𝑝𝑎𝑟𝑡 81 𝑘𝑔 

Using the values from table 5, the resulting necessary pre-tension torque to prevent the winch-

chain from rolling off from the weight of the winch-chain and wire is: 4.2 kNm.  
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Drum suspension 

The force that is acting upon the winch-chain 

is decided by the amount of resistance in the 

generator. Since the winch-chain we have 

decided to use is designed to withstand forces 

up to 200 kN (Anderson et al., 2017) we are 

assuming that the chosen generator will cause 

a resulting force of up to the same amount in 

the winch-chain.  

This downward force on the winch-chain will 

cause reaction forces in the suspensions on 

the platform, the forces are illustrated in 

figure 24.  

 

 

Depending on the amount of winch-chain that 

has been rolled on or off from the drum the force FK’s position varies. When the WEC is installed 

it is configured so that regular sea level means that the winch-chain is located in the middle of the 

drum. If all the winch-chain is rolled on or off the force moves to the ends of the drum. These two 

extreme cases are symmetrical, meaning that one of the suspensions receives its largest load and 

the other the smallest and vice versa when the winch-chain is on the other side. When the force is 

located in the middle the forces acting on the suspensions are considered the same. 

From a torque and force equilibrium we get the following two equations: 

 

When FK is in the middle: 

Eq. 8 

𝐹𝑡1𝑚𝑒𝑎𝑛
= 𝐹𝑡2𝑚𝑒𝑎𝑛

=
𝐹𝐾 + 𝑚𝑑𝑟𝑢𝑚 ∙ 𝑔

2
  

When FK is on the far left side: 

Eq. 9 

𝐹𝑡2
= 𝑚𝑑𝑟𝑢𝑚𝑔 + 𝐹𝐾 − 𝐹𝑡1

= 𝐹𝑡2𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡
 

And because of the symmetry: 

Eq. 10 

𝐹𝑡1
= 𝑚𝑑𝑟𝑢𝑚𝑔 + 𝐹𝐾 − 𝐹𝑡2

= 𝐹𝑡1𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡
 

Torque around B gives 𝐹𝑡1
: 

Eq. 11 

𝐹𝑡1
=

𝑚𝑑𝑟𝑢𝑚𝑔

2
+ 𝐹𝐾 (

𝐿𝐿 + 𝐿𝑑𝑟𝑢𝑚

2𝐿𝐿 + 𝐿𝑑𝑟𝑢𝑚
) = 𝐹𝑡1 𝐿𝑎𝑟𝑔𝑒𝑠𝑡

= 𝐹𝑡2𝐿𝑎𝑟𝑔𝑒𝑠𝑡
 

 

With the values from the table 6 below:  

Figure 24 – Free body diagram of the drum 

and its suspensions  
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Table 6 – Drum data 

Force in the winch-chain 𝐹𝐾 200 𝑘𝑁 

Mass of the drum 𝑚𝑑𝑟𝑢𝑚 2986 𝑘𝑔 

Distance between drum and suspension 𝐿𝐿 95 𝑚𝑚  

Length of the drum 𝐿𝑑𝑟𝑢𝑚 1.8 𝑚 

 

We get the following forces presented in table 7: 

 

Table 7 – Resulting forces 

𝐹𝑡1𝑚𝑒𝑎𝑛
 = 𝐹𝑡2𝑚𝑒𝑎𝑛

 114661 𝑁 

𝐹𝑡1𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡
= 𝐹𝑡2𝑆𝑚𝑎𝑙𝑙𝑒𝑠𝑡

 24209 𝑁 

𝐹𝑡1𝐿𝑎𝑟𝑔𝑒𝑠𝑡
= 𝐹𝑡2𝐿𝑎𝑟𝑔𝑒𝑠𝑡

 205114 𝑁 

 

Although these extreme cases will only occur when waves with a height of more than 15 m appear. 

During usual weather conditions with average waves, the height will be roughly the significant 

wave height of 1.4 m. How much these waves will move the position of the winch-chain is shown 

below. 

The winch-chain moves 230 mm to the side on the drum when winch-chain equal to the 

circumference of the drum has been rolled on. This is due to the pattern on the drums surface that 

will guide the winch-chain into place. The circumference of the drum is 4.7124 m from table 5.  

By calculating how much 1.4 m is out of one loop we can calculate how much the winch-chain 

will move,  

Eq. 12 

𝐿𝑜𝑓𝑓 𝑐𝑒𝑛𝑡𝑒𝑟 = 0.230 ∙
𝐻𝑠

𝑂𝑑𝑟𝑢𝑚
 

With the significant wave height discussed in section 2.2, and the drum circumference from table 

3 above, the winch-chain will only move roughly 34 mm from the center of the drum. This tiny 

movement will only change the forces in the suspensions by 2,4%. If this small increase is 

significant or not has not yet been determined.  

System suspension 

Like the drum, the entire system is suspended on two axles. A free body diagram is illustrated in 

figure 25 where a suggested distribution of the weight to show how the faces are distributed on the 

axles when the center of mass is off center. This distribution may be beneficial since the winch-

chain chain will go through the center of platform. The lengths in the diagram is presented in table 

8. 

Here two equations are enough to find 𝐹𝑠1
 and 𝐹𝑠2

, a force and a torque equilibrium. 
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Eq. 13 

𝐹𝑠1
= 𝑚𝑠𝑦𝑠𝑡𝑒𝑚𝑔 + 𝐹𝐾 − 𝐹𝑠2

 

Torque equilibrium around S1 gives, 

Eq. 14 

𝐹𝑠2
=

𝐹𝐾𝐿𝐾 + 𝑚𝑠𝑦𝑠𝑡𝑒𝑚𝑔𝐿𝑚𝑔

𝐿𝑝𝑓
 

With the same force in the winch-chain as earlier 

and with the entire weight of the entire system 

being 9.5 ton the resulting forces are:  

𝐹𝑠1
=  198913 𝑁 

𝐹𝑠2
= 94376 𝑁 

Note that this is with a weight distribution that is 

shifted to the left to allow the winch-chain to run 

through the center of the platform. These will be 

used later to determine what bearings are needed. 

Table 8 – 

Values from figure 25 

 

Required torque to level the system 

To level the system the engine has to produce a torque that is large enough to withstand the moment 

created by the winch-chain but also large enough to rotate the moment of inertia of the system. 

The following equation gives the required torque T: 

Eq. 15 

𝑇 = 𝐽�̈� + 𝐹𝐾𝐿𝑜𝑓𝑓 𝑐𝑒𝑛𝑡𝑒𝑟 

Where 𝐽 is the moment of inertia for our designed system around the y-axis, �̈� is the angular 

acceleration, 𝐹𝐾is the aforementioned force in the winch-chain from the generator and lastly 

𝐿𝑜𝑓𝑓 𝑐𝑒𝑛𝑡𝑒𝑟 is how far the winch-chain has moved from its original centered position. 

The angular acceleration is determined by taking the change of angular velocity over the time of 

change. The angular velocity is calculated by taking the angular change the system has to make 

over a quarter wave period. Which is equivalent to going from 8° to 0°.  

This is illustrated in figure 26. 

 

Length from left axle to vertical force located on the center of 

the drum 
𝐿𝐾 0.87 𝑚 

Distance from left axle to center of mass 𝐿𝑚𝑔 1.45 𝑚 

Length of entire system  𝐿𝑝𝑓 3.277 𝑚 

Mass of entire system 𝑚𝑠𝑦𝑠𝑡𝑒𝑚 9500 𝑘𝑔 

Moment of inertia 𝐽 5500 𝑘𝑔 ∙ 𝑚2 

Figure 25 – Free body diagram of the entire 

system 
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Figure 26 – Angle shift 

over a quarter wave 

period, illustrated as the 

buoy is moving but in 

reality the wave is moving 

and the buoy is in the same 

place 

 

 

 

 

 

 

With the values from section 2.2 the angular velocity is calculated to: 

Eq. 16 

�̇� =
𝑑𝛼

𝑑𝑡
=

∆𝛼

∆𝑡
=

8° (
𝜋

180°) − 0° (
𝜋

180°)

𝑇𝑊𝑃

4

 

With a wave period 𝑇𝑊𝑃, of 3 seconds the angular velocity is equal to 
8

135
𝜋

𝑟𝑎𝑑

𝑠
. By dividing with 

the time for a quarter period again the angular acceleration, if it is presumed to be constant over 

the wave period, is: 

Eq. 17 

�̈� =
𝛼

𝑇
4

̇
=

32

135 ∙ 𝑇
𝜋

𝑟𝑎𝑑

𝑠
 

By using equation 15 and 17, the required torque T needed to level the platform as a function of 

the incoming waves height is plotted in figure 27. 

Eq. 18 

𝑇 =
32

135 ∙ 𝑇
𝜋 ∙ 𝐽 + 0,230 ∙ 𝐹𝐾 ∙ (

𝐻𝑠

𝑂𝑑𝑟𝑢𝑚
) 
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Figure 27 – Graph over required torque depending on wave height 

 

According to equation 18 and figure 27, the required torque increases with the wave height. This 

would require a very powerful engine and gearbox to be able to level the system during large 

waves, instead it is proposed that the generator should reduce its resistance during these waves to 

decrease the magnitude of the force acting on the winch-chain and thus reducing the required 

torque. Since most waves will be smaller than 2.5 meters an output of 25 kNm should be enough, 

and for heights above that the generator adapts it resistance so the available torque is sufficient. 

To produce this, an electrical motor with an output torque of 800 Nm is proposed. To achieve the 

required torque of 25 kNm to level the system a gear with a ratio of 32 would be needed with the 

aforementioned motor. That it is an electrical motor is vital so that it can feed of the generated 

energy from the WEC but most importantly it can produce the same torque at all operating speeds 

as the necessary output speed will vary with the wave period. It is possible to attach a second motor 

on the other side to halve the required torque output of the motor. This would in turn also reduce 

the stress on the axles. 

Axles 

The dimensions of the axles that the cradle will rotate on will have to be dimensioned to not break 

when the motor is applying maximum torque when levelling the platform. To do this the maximum 

shear stress is calculated as:  

Eq. 19 

𝜏𝑣𝑚𝑎𝑥 =
𝑀𝑣

𝑊𝑣
. 

Where the torque is the maximum torque which is previously specified as T and 𝑊𝑣 is the torsional 

stiffness of the cross section of the axles. The choices of cross section are a circular or a hollow 

cross section presented in table 9. The limit where an axle would break due high torsional stress is 

its yield stress 𝜏𝑣 and for break due to fatigue, 𝜏𝑢𝑣. Which would leave the diameters of the cross 

section to be determined. This relationship is also presented in table 9. 
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Table 9 – Torsional stiffness for different cross sections 

Cross section shape 𝑾𝒗 Limiting diameters 

 

𝜋𝑑𝑠𝑜𝑙𝑖𝑑
3

16
 

Eq. 20 

𝑑𝑠𝑜𝑙𝑖𝑑 = (
16𝑀𝑣

𝜋𝜏𝑣
)

1
3⁄

 

 

𝜋𝑑𝑚𝑒𝑎𝑛
2𝑡

2
 

Eq. 21 

𝑑𝑚𝑒𝑎𝑛𝑡 = √
2𝑀𝑣

𝜋𝜏𝑣
 

 

𝜋(𝑑𝑦
4 − 𝑑𝑖

4)

16𝑑𝑦
 

Eq. 22 

𝑑𝑦
4 − 𝑑𝑖

4

𝑑𝑦
=

16𝑀𝑣

𝜋𝜏𝑣
 

 

When using the fatigue limit the resulting diameters will be 9.46 cm for the solid cross section 

using Eq. 20. And if a thin walled hollow cross section in Eq. 21 were to be used, the diameter 

would have to go up to extremely high diameters while keeping the constraint t<<𝑑𝑚𝑒𝑎𝑛 satisfied. 

But since a circular cross section spreads the stress due to torsion to the edges of the cross section, 

almost no stress will be in the center. Therefore, a hollow cross section is preferred to reduce 

weight. 

If a hollow cross section is used, an outer diameter of 10 cm and inner diameter of 6.24 cm is 

calculated using Eq. 22. This diameter would be able to handle the stresses as well as a solid cross 

section of 9.46 cm diameter. The resulting difference in cross section area would be: 

Eq. 23 

𝜋𝑑𝑠𝑜𝑙𝑖𝑑
2

4
− [

𝜋

4
(𝑑𝑦

2 − 𝑑𝑖
2)] 

Which is a reduction of 0.0223 m2 which makes the hollow cross section only 42% of the solid 

one while only increasing the diameter by 0.54 cm. In figure 28, the inner diameter as a function 

of the outer diameter when the maximum shear stress is constant. This relationship illustrates how 

the inner diameter need to be chosen in order for the shear stress to not exceed a modelled value. 

In the figure, any inner diameter chosen below the curve will result in a shear stress lower than the 

specified maximum.   
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The benefits of using hollow axles in place of solid ones have been known for over a century. 

Colt’s factory made use of hollow axles in its pistol shop in in the 1860’s (Scientific American, 

1869). 

3.4 Materials 

The choice of material for the cradle should be able to meet up with the following requirements: 

 High tensile strength. The cradle must be able to handle forces of high amplitude. 

Since the position of the winch-chain on the drum will travel along the length of 

the drum, the stress on each sides of the cradle will fluctuate. The stress on the axle 

will be highest in the case where it encounters a wave with a length of stroke that 

is close to the longest allowed without using up all available winch-chain. Since 

waves with these amplitudes will be rare, the axle will only need to have tensile 

strength high enough to not break in these conditions. 

 Long lifespan. Most of the force spectrum will be forces of low amplitudes and 

even though the material may be able to handle forces many times larger, it may 

also break from fatigue.  

 Resistance to the environment. Constant exposure to saltwater might affect the 

materials strength if it is sensitive to corrosion. 

 Weight. The weight of the entire assembly will affect the performance of the WEC. 

A compromise between weight and strength will have to be made.  

 

 

For this project, a duplex stainless steel (EN 1.4462.) was chosen for its favorable strength 

to weight ratio and corrosion resistant properties. However, this selection was mainly done 

for the construction to achieve conformity in calculations and adequately realistic 

mechanical properties. It is recognized that this choice of material should be evaluated 

further in further studies.   

Figure 28 – Relationship between diameters of a hollow axle 

with constant shear stress 
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3.5 Bearings 

There are two main axles of revolutions in this system. One is the rotational axle of the winch-

drum and the other is the pivoting axle of the cradle platform. While both will see high radial loads, 

neither will be exposed to any significant axial load. The forces that the bearings must be able to 

withstand are highlighted further in section 3.3. However, the oscillating motion will differ 

between the two. The drum bearings will be exposed to oscillations that are both partial and full. 

Whereas the cradle platform bearings will be limited to partial rotational oscillations. 

While the specific bearings will not be named in this project, as per the delimitations, the following 

has been accounted for, for the design of the concepts. It often recommended that the friction 

between components in oscillatory motion is reduced by means of either plain bearings or roller 

bearings (Bretz, 2014; SKF, 2000; Machine Design, 2007). It is also almost certain that this need 

to be in conjunction with a re-lubrication system, or service, that operate under applicable 

frequencies. Due to recommendations expressed in the sources cited above, it seems plausible that 

the bearings for the drum would be of the roller bearing design. Needle bearings may be slightly 

more advantageous, but it appears that a re-lubrication system may be easier to construct for a 

roller bearing since they by design are less compact. Furthermore, the ability to withstand axial 

loads make the roller bearing design a preferred choice in this application. For the cradle platform, 

a plain or a spherical plain bearing design, to promote easier assembly, would presumably be the 

simplest and most effective alternative. It is also recognized that service life estimations for 

bearings in oscillating motion require slightly more complex calculations than the standard L10 

formulae.  

3.6 Fatigue 

The axle that the platform rotates around is chosen for further analysis. The cross section of this 

axle needs to be dimensioned to not break within the 80 million load cycles that it is expected to 

encounter during its lifetime. If the axle would yield to either wear or to large static loads, the 

result would be that the platform would stop levelling which could possibly result in failure in 

multiple other systems. The shear stress in the axle from when the motor turns the platform will 

be considered before the stress produced from bending- or tensile loads. The reasoning behind this 

is that the case of bending can be avoided by allowing some freedom for the axle to bend in when 

high load is applied to the platform. Similarly, if the platform were simplified into a straight beam 

laid up on free supports, the location for maximum bending stress would then be in the middle. 

And in the case of deforming of the axles due to high tensile loads on their supports, this is avoided 

by having the axle seated on a larger surface area. 

For this analysis, the material SIS 141650-01 because this material is meant to be used axles of 

higher demand and because this material has the available data needed to perform these 

calculations. But even though the material that was chosen to be used on the platform, duplex 

Stainless Steel EN 1.4462, is both stronger and more resilient to corrosion and wear, the data 

needed for this fatigue analysis is missing. Either no experimental testing of the torsional stresses 

has been done in the past, or they are simply hard to find. But for this analysis, the premise that if 

the overall fatigue limit of duplex steel is higher that of another material, then it will not break 

from fatigue before the latter material. To show this the fatigue limit of duplex steel, according to 

CES Edupack, is compared that of the other material. The data for SIS 141650–01 was taken from 

Handbok och formelsamling i hållfasthetslära. (2017). The fatigue limit for duplex steel is given 

to 261 – 289 MP, and for the steel that is analyzed in this section: 200 MPa. The duplex should 

then be more resilient to fatigue. 

The stress in question is an alternating stress which is assumed to be of equal amplitude in both 

the clockwise, and the counterclockwise direction. This means that the mean stress will be zero. 
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With this information a Haigh-diagram can be plotted and a safety factor against fatigue can be 

calculated with the help of the geometric relationship:  

Eq. 24 

𝑛𝑠𝑓 =
𝐴𝐵

𝐴𝑃
 

Where AB is the distance between no load and fatigue limit 𝜏𝑢𝑣 , and AP is the distance between 

no load and nominal load, which is 𝜏𝑣𝑚𝑎𝑥  in this case. This, as well as the yield limit and an 

arbitrary point P, is plotted in the Haigh-diagram in figure 29. 

 

The safety factor against fatigue is in this case on the larger side. In a more realistic case, a form 

factor will have to be factored into the fatigue limit. This form factor is given by: 

Eq. 25 

0 < 𝛹 =
𝜆

𝐾𝑓𝐾𝑟𝐾𝑑
< 1 

Where 0 < Ψ = λ, 𝐾𝑓, 𝐾𝑟, 𝐾𝑑 < 1 is reduction factors that depend on material properties like 

shape, production method and surface quality. In this project this form factor is not considered and 

a demand for a larger safety factor is used instead. 

When the number of load cycles is considered, the fatigue limit is defined as the limit where 

probability of breaking due to fatigue around 106 - 107 load cycles, is 50% (Lundh, 2000). As long 

as the maximum shear stress on the axle is well under this limit, 80 million cycles will not be a 

problem. 

  

Figure 29 - Haigh diagram of steel SIS 14650-01 
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Choice of safety factor 

To choose a reasonable safety factor, the Pugsley Safety Factor Approach was used. The choices 

for the ingoing parameters for the matrix are presented in table 10. This would put the required at 

2.64 without taking the form factors into account. If the safety factor is instead set to 5, this would 

allow the form factor to be no less than 0.528. 

Using this safety factor, the calculations of the axle in section 3.6 would result in an axle with an 

outer diameter of at least 18 cm and inner diameter of 13 cm. 

 

Table 10 – Characteristics of Pugsley Safety Factor Approach 

Characteristic Choice Comments 

A Quality of material Very good 

In order to reach the expected life 

span, the material should be of as 

high quality as possible. 

B Control over load Poor 

Since the wave spectrum is next to 

random and do prediction algorithm 

has been proposed, the control has to 

be assumed poor. 

C Accuracy of stress analysis Fair 

The analysis has been as thorough as 

possible with as few simplifications 

as possible. But there could always 

be parts that can be studied even 

closer. 

D Danger to personnel if failure Not serious 

Since the platform is meant to 

operate out at sea, there is minimal 

risk to personnel in case of failure. 

The only people meant to be 

anywhere close to a platform is 

authorized personnel. 

E Economic impact of failure Very serious 

The economic viability of the 

platform depends on the ratio 

between up-time and down-time. A 

failure would mean more down-time. 

Resulting Pugsley Safety Factor 2.64 
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3.7 Concept Development and Validation 

Based on the prior calculations, a grossly simplified, static FEA was performed in Solid Edge. This 

analysis omits both fatigue and extensive topological optimisation. However, during the iterative 

process of modelling and as this FEA confirmed that there would be room for significant 

improvements, simple cut-outs were placed in the side walls and the motor mount base, to reduce 

overall mass. The max typical static loads in this analysis are illustrated in figure 30 below. The 

axles are pinned but with allowed rotation. A vertical bearing load of 114 kN, given by 𝐹𝑡1𝑚𝑒𝑎𝑛
 in 

table 7, is applied to each bearing seat which corresponds to the prior calculated nominal load. An 

axial force of 16 kN was applied horizontally to the side wall of each bearing seat to simulate the 

horizontal component force of the bearing load at full tilt of 8 degrees on the platform. A vertical 

force of 12.6 kN was applied to the motor mount to simulate an estimated motor mass. A 9.81 m/s2 

gravitational force was also added to the structure itself. The connections between the components 

(End Plates, Side Walls, and Motor Mount Base) were selected as ideal, to simulate the cradle as 

one unit, and without any further thought to how they are to be practically realized. The top of the 

bearing seats was omitted from this study as well, as it should have minimal effect on the 

structure’s overall performance in this context. 

 

 

Figure 30 Static Loads 
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The by Solid Edge calculated mean stress, displacement, and safety factor were observed (see 

figure 31, 32, and 33 below). The indicated areas of concentrated stress are in the corners of the 

cut-outs. The maximum displacement is calculated to 2.15 mm but is concentrated to the motor 

mounting bracket. The main structural components are limited to a sub 1 mm displacement. 

Overall, the corresponding factor of safety is indicated to be 3.5. All three of these factors should 

easily be able to be adjusted in a positive manner in more detailed designs, and all three factors 

are therefore deemed to be acceptable for this general concept and aid in its validation as intended.  

 

 

Figure 31 Mean Stress 
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Figure 32 Displacement 

 

 

Figure 33 Factor of Safety 
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4 RESULTS  

The final concept is a platform that houses a winch-drum and generator, that can rotate around one 

axis to maintain the angle with which the winch-chain rolls onto the drum. Concept is presented 

in figure 34. The material chosen for the platform is duplex stainless steel EN 1.4462. 

 

Figure 34 – Final result 

If the levelling is performed with a motor and gearbox which outputs a maximum torque of 25 

kNm, the resulting diameter of the platforms hollow axle will be at least 18 cm, with an inner 

diameter of 13 cm, but will most likely be able to handle even thinner diameters if the material 

chosen for the platform is stronger than the steel that the analysis was made with. This dimension 

will consider a safety factor of 5, which includes a factor of 2.64 from fatigue and allows the form 

factor of the axle to be in the range of 0.582 to 1.0. The results are presented in table 9. These 

values are based on the maximum load cases where the load on the winch-chain is 200 kN and the 

incoming wave that need to be compensated is at its theoretical maximum angle of 8 degrees, with 

a wave period of 3 seconds. This is presented in table 11. 

To ensure that the platform will be operational its full expected life span, the maximum shear stress 

due to the rotation of the electric motor on the axle when the platform is levelling, is dimensioned 

to not exceed the fatigue limit of the chosen material with a safety factor of 5. 
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Table 11 – Final results 

Result Symbol Value Unit 

Torque required for levelling T 25  kNm 

Axle minimum outer diameter 𝑑𝑦 >0.18  m 

Axle minimum inner diameter 𝑑𝑖 >0.13  m 

Safety factor against fatigue 𝑛𝑠𝑓 2.64  

Minimum form factor reduction Ψ 0.528  

Nominal safety factor n 5  

Overall Length (excluding axles)  3.059 m 

Overall Width  2.130 m 

Overall Height (cradle only)  0.900 m 

Overall Mass (cradle only, including axles)  4587 kg 
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5 DISCUSSION 

5.1 Discussion 

Impact of surrounding environment 

Since the environmental data, wave height and frequency and such, have all been collected from 

the same source, and concerning the same geographical area. A more in-depth study of wave data 

might result in give the WEC a wider selection of areas where it can operate. There might be areas 

more suitable for this kind of WEC than what is studied in this project. 

Since this project does not study the effect of the ocean environment, like ice or salinity on the 

WEC, there might be risks that will severely affect the operation of the WEC rendering this kind 

of energy conversion unsuitable for these geographical areas. 

FEM analysis 

The dimensioning against fatigue have been made with the premise that a break will occur in the 

platforms levelling axles before anywhere else. The stresses considered was limited to the shear 

stress from the turning of the axles, as both the bending stress and the pressure on the axles can be 

avoided by other means than increasing the dimensions of the axle. However, since these stresses 

have been neither considered nor calculated, their impact have not been considered. The fatigue 

on the contact surfaces between the moving parts and bearings is not studied. Also, the 

generalization that if the duplex steel has a higher fatigue limit, it also has a higher torsional fatigue 

limit, may prove erroneous. Should they be correct, the calculated dimensions for the hollow axle 

can be even thinner than what is presented in the result. 

The resulting stresses on the platform from both its own weight and from the loads have not been 

studied further than studying the static FEM analysis provided by Solid Edge. Originally the plan 

was to do this part of the analysis with the help of ANSYS Workbench, but due to the situation with 

COVID-19 this was not prioritized, as more time would be required to be spent on other parts of 

the analysis. ANSYS Workbench might have given a better result on the FEM analysis so that more 

of the platforms dimensions could be optimized. 

The material considered for the axles in this report, SIS 141650-01, was chosen because of the 

amount of easily available data on this material. And, because it is specialized for higher 

demanding axles. There could very well exist other materials that are more suitable for this 

implementation.  

Alternative concept solutions 

During the project, a concept where a system that guides the chain onto the drum instead of or in 

conjunction to a leveling system was considered. But this concept was not further investigated as 

it did not fall into the frame of the project’s scope. However, this type of concept might be more 

economically viable than a levelling system if it can be implemented with the existing or a new 

chain concept. 

A more compact system could be designed if the winch-drum is redesigned to accommodate for 

the generator to be placed coaxially, inside the winch-drum itself. However, the design of the drum 

is outside the scope of this project. 
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5.2 Conclusion 

 The leveling system will require a mooring system to reduce the motion in yaw of the 

buoy.  

 The active levelling should be able to compensate for most waves in the estimated wave 

spectrum with an output torque of 25 kNm. This is manageable with an electric motor 

and appropriate gearing. 

 It should be able to survive the desired life span of 8 ∙ 107 cycles. It should also be 

possible to reduce the resistance in the generator to reduce the forces applied to the 

system and thereby increasing its life span 

 There is a proposed solution for every angular misalignment. 
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6 FUTURE WORK AND RECOMMENDATIONS 

Following this report there is a lot of potential future work to do to gain more knowledge on the 

circumstances the WEC will face and how it will act during these, and there also is work to improve 

and develop tech that will be required for this wave energy converter. 

It is recommended to further study the actual movement of a buoy in applicable settings to 

determine a mooring system that is suitably adapted to the specific conditions due to buoy location 

and its environment.  

This report does not cover how the system is to be attached to the buoy, it should be investigated 

further if welding or if using bolts is the best way to go about. In junction with this the buoy also 

has to be designed and needs to be dimensioned to be able to provide enough stability and yet not 

to be too be big so it starts to counteract the generative ability of the WEC.   

The mooring system that has been proposed in this report will be subject to tension just like the 

winch-chain attached to the drum. Another possible solution to the mooring could be to replace 

each mooring line with a PTO-transmission drum and a winch-chain that also functions as a 

mooring to line increase the efficiency of the WEC. This could however substantially increase the 

complexity of the system.  

A sensor and software system need to be designed and implemented for activation and control of 

the leveling system. 

A comprehensive FEM-analysis could not be made on the structure. We recommend that a proper 

static and fatigue study is performed in conjunction with adequate topological optimization.  

A suitable transmission between the winch-drum and generator needs to be developed. Actual gear 

ratios and configuration as well as the potential need for flywheels etc., for optimal efficiency, 

needs to be determined. In the spirit of said efficiency, a dual ratio gearing, depending on direction 

of travel, may further aid in efficiency of the system. I.e. one ratio for when the chain is winding 

on and one ratio for when it is winding off the winch-drum 

Automated and controlled or not, bearings need to be chosen and seating mechanism needs to be 

determined and implemented. As does monitoring and lubrication procedures. 
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8 APPENDIX A – MATLAB CODE 

 

  
H_depth = 60; %Sea depth 

  
H_wave_max = 14; %Maximum wave height 

  

H_wave_min = - H_wave_max; % As 

  
H_max_water = H_depth + H_wave_max ; %H_max in figure 11 

  
H_min_water = H_depth + H_wave_min ; %H_min in figure 11 

  

L_drift = []; % L_3 in figure 11 
%Empty vector that will be filled with how far the buoy can drift 
%depending on how far away the anchor on the seabed is located 
L_mooring = []; 
for L_2 = [0:10:100]; %how far away the anchor point is 

     
    L = sqrt(L_2^2 + H_max_water^2); % The length of the required chain is 

calculated 
    L_mooring = [L_mooring L]; %Length is gathered in a vector 
    L_1 = sqrt((L^2) - (H_min_water^2)); %Pythagorean theorem, furthest 

distance from anchor point 

     
    L_3 = L_1 - L_2 ; %Furthest drift from original position 

     
    L_drift =[L_drift L_3]; %L_3 is gathered in a vecotr 
end 
L_2=[0:10:100]; 
figure(1) 
plot(L_2, L_drift) % 
xlabel(" How far away the mooring point is located, L_2  [m]") 
ylabel(" How far the buoy can drift from the original position, L_3 [m]") 

  
figure(2) 
%How long the chain has to be depending on how far away the mooring point 
%is 
plot(L_2, L_mooring) 
xlabel(" How far away the mooring point is located, L_2  [m]") 
ylabel(" required length of chain, L_mooring [m]") 

  

  

%% 
% Calculating how much the buoy can rotate (yaw) 

  

L2 = L_2(end) %Mooring furthest away ensures least amount of drift and 

rotation 

  
L_mooring = L_mooring(end) %Longest chain 

  
H_low = H_depth  % Normal conditions, depth 

  
L4 = sqrt((L_mooring^2) - (H_low^2)) %Pythagoras 

  
D = 10; R=D/2; %Diameter and radius of the buoy 
angle = []; 

for D = [10:5:40]; 

     
    gamma = acosd((((D/2)^2) + ((L2+(D/2))^2) - (L4^2)) /( 

(2*(D/2)*(L2+(D/2))))); 
    angle = [angle gamma];     
end 
Diameter = [10:5:40]'; 
Angle = angle'; 
Tabell=table(Diameter, Angle) 
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%% Wavedata 
T = 3;     % Wave period 
v = 7;     % Peak vertical speed 
f = 1/T ;  % Wave frequency 
L_v = v/f; % Wave length 

  

  
%% Systemet 
I = 5.5e3;    % Moment of Inertia 
da = 8 - 0 ; % Angular change over a quarter wave period see figure 19  
%%  
F_chain = 200e3;     
angular_vel_rad = zeros(1,4); %  
angular_vel_deg = zeros(1,4); %  
angular_acc_rad = zeros(1,4);  %  
Moment_I = zeros(1,4);        % Torque required due to the moment of inertia  
Moment_F = [];%zeros (1,4);       %  
for T = 3:6 % Wave period 
   t=T/4; %Quarter wave period to make an 8∞ change 
    angular_vel_rad(T-2) = ((2*pi)/45)/t; 
    angular_vel_deg(T-2) = angular_vel_rad(T-2)*(180/pi); 
    angular_acc_rad(T-2) = (angular_vel_rad(T-2)/t); 
    Moment_I(T-2) = I * angular_acc_rad(T -2); 

     
end 

     
    for L_hav = (10:10:1001) 
        Moment_F((L_hav/10)) = F_chain * ((L_hav -10)*1e-3); 
    end 
Havarm = [0:10:999]; 
plot(Havarm, Moment_F) 
xlabel(" How much the chain moves from the center [mm]" ) 
ylabel(" Required torque, [Nm]" ) 
T = 3:6; 

  
Moment_sum_T_3 = Moment_F + Moment_I(1);  
Moment_sum_T_4 = Moment_F + Moment_I(2);  
Moment_sum_T_5 = Moment_F + Moment_I(3);  
Moment_sum_T_6 = Moment_F + Moment_I(4); 
Tabell = table (T', angular_vel_rad', angular_acc_rad', 

Moment_I',angular_vel_deg', 

'VariableNames',{'Vagperiod','VinkelHast_Rad','VinkelAcc_Rad','Moment','Vinkel

Hast_Deg'}) 

 

 

%% Motor for leveling 
clear all,close all, clc 
%  
T = 3;                    %Wave period 
J = 5.5e3;                 % Moment of Inertia 
a = ((8/135)*pi)/(T/4); 
D_drum = 1.5;             %Drum diameter 
O_d = D_drum * pi;        %drum circumference 
F_K = 200e3; 
Moment = zeros(1,6); 
for H_s = 1:1:7 %Wave height 
    Moment(H_s) = J*a + 0.230*F_K*((H_s -1)/O_d); 

     
end  
H_s = 1:7; 

  
plot(H_s -1, Moment) 
xlabel(" Significant wave height, H_s  [m]" ) 
ylabel(" Required torque to level, T [kNm]") 
ay = gca; 
ay.YRuler.Exponent = 3; 
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disp(['   The force in the left suspension (see figure 18, F_s_1 ) is : 

',num2str(F_s1), ' N']); fprintf('\n') 
disp(['   The force in the right suspension (see figure 18 F_s_2)is : 

',num2str(F_s2), ' N']); fprintf('\n') 

  

  

  

%% Drum suspension 

  

  

  
F_t1_max = (0.5*(m_drum*g)) + F_chain *((L_L+L_drum)/(2*L_L+L_drum)); %Largest 

force when the chain is the same end 
F_t2_max = F_t1_max; % Same due to symmetry 
F_t1_mean = (0.5*(m_drum*g)) + F_chain *((L_L+(L_drum/2))/(2*L_L+L_drum)); % 

Chain in the middle 
F_t2_min = m_drum*g + F_chain - F_t1_max; 
F_t1_min = F_t2_min; % Same due to symmetry 

  
disp("Drum suspension"); fprintf("\n") 
disp(['   The maximum force a drum suspension can be subject to is, 

(F_t_1/2_Largest) : ',num2str(F_t1_max), 'N']); fprintf('\n') 
disp(['   The smallest force a drum suspension can be subject to is, 

(F_t_1/2_Smallest) : ',num2str(F_t1_min), ' N']); fprintf('\n') 
disp(['   When the force is in the middle the suspension will be subjected to 

a force equal to (F_t_1/2_mean) : ',num2str(F_t1_mean), ' N']); fprintf('\n') 
%% Pendlande kraft vid pÂ- och avrullning 
sign_wave = 1.4;              % Significant wave height[m]  
movement_per_loop = 230;      % How much the chain moves to the side per loop  
number_of_loops = (sign_wave/2)/O_drum; 
movement_side = number_of_loops * movement_per_loop; 
movement_side_1 = movement_side; 
disp("How the chain force moves due to wave height"); fprintf("\n") 
disp(['   The chain moves ',num2str(movement_per_loop), ' mm to the side for 

every loop made around it']); fprintf('\n') 
disp(['   It will move ',num2str(movement_side), ' mm from its original 

position in the middle of the drum']); 
disp(['   with a wave height of ' , num2str(sign_wave),' m']); fprintf('\n') 
disp('   plot over movement depending on wave height') 
movement_vek =zeros(1,8); 
for sign_wave = 1:8 
    number_of_loops = (sign_wave/2)/O_drum; 
    movement_side = number_of_loops * movement_per_loop; 
    movement_vek(sign_wave) = movement_side; 
end  
sign_wave = 1:8 ; 
plot(sign_wave, movement_vek) 
xlabel(" Significant wave height  [m]") 
ylabel(" Movement of the chain on the drum [m]") 
MM = m_drum*g*((L_drum/2)+L_L); 
KK = F_chain*((L_drum/2)+L_L+movement_side_1*1e-3); 
TT = (2 * L_L) + L_drum; 
F_t_1 = (MM + KK )/ TT; 

  
kvot = F_t_1/F_t1_mean; 


