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Abstract
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Oceans cover two thirds of the Earth’s surface and the energy potential of ocean waves as a
renewable energy source is huge. It would therefore be a tremendous achievement if the vast
mechanical energy in waves was converted into a form of energy that could be used successfully
by society. For years, scientists and engineers have endeavored to exploit this renewable energy
by inventing various generators designed to transform wave energy into electrical energy.
Generally, this sort of generator is called a Wave Energy Converter (WEC).

In this thesis, the research is based on the WEC developed in the Lysekil Project. The Lysekil
Project is led by a research group at Uppsala University and has a test site located on the west
coast of Sweden. The project started in 2002. So far, more than ten prototypes of the WEC
have been deployed and relevant experiments have been carried out at the test site. The WEC
developed at Uppsala University can be categorized as a point absorber. It consists of a direct-
drive linear generator connected to a floating buoy. The linear generator is deployed on the
seabed and driven by a floating buoy to extract wave energy. The absorbed energy is converted
to electricity and transmitted to a measuring station on land.

The work presented in this thesis focuses on building a linear generator model which is able
to predict the performance of the Lysekil WEC. Studies are also carried out on the damping
behavior of the WEC under the impact of different sea climates. The purpose is to optimize the
energy absorption with a specific optimal damping coefficient. The obtained results indicate an
optimal damping for the Lysekil WEC which can be used for optimizing the damping control.

Additionally, the impact two central engineering design features (the translator weight and the
stroke length) are investigated. The aim is to find a reasonable structural design for the generator
which balances the cost and the energy production.
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Nomenclature and abbreviations 

Chapter 2—Theory 
Chapter 2.1  

Symbol SI unit Description 
𝑓 𝐻𝑧 Frequency 

𝑔 𝑚 𝑠' Acceleration of gravity 

𝐻 𝑚 Wave height 
𝐻( 𝑚 Significant wave height 
𝐽 𝑊/𝑚 Energy flux 
𝑚, 𝑚' 𝑠, Spectral moment at the nth order 
𝑇/ 𝑠 Energy period 
𝑆 𝑓  𝑚'𝑠/𝑟𝑎𝑑 Wave power spectrum 

𝑆45 𝑚'𝑠/𝑟𝑎𝑑 Bretschneider spectrum 
𝜌 𝑘𝑔 𝑚8 Density of the sea water 
𝜔 𝑟𝑎𝑑/𝑠 Angular frequency 
𝜔: 𝑟𝑎𝑑/𝑠 Modal frequency for any given wave 

 
Chapter 2.2 

Symbol SI unit Description 

𝑓;<:=	 𝑁	 Damping	 force	 induced	 inside	 lin-
ear	generator	

𝑓Q	 𝑁	 Hydrostatic	force	
𝑓/TU	 𝑁	 Excitation	force	
𝑓XY,/	 𝑁	 Line	force	

𝑓[==_/(	 𝑁	 Spring	force	on	upper	end	stop	

𝑓X^__/(	 𝑁	 Spring	force	on	lower	end	stop	

ℎ(𝑡)	 −	 Impulse	 response	 function	 for	 the	
radiation	impedance	

𝑘XY,/	 𝑁/𝑚	 Spring	constant	of	line	

𝑘(h	 𝑁/𝑚	 Spring	constant	 for	 the	upper	end	
stop	

𝑘('	 𝑁/𝑚	 Spring	 constant	 for	 the	 lower	 end	
stop	

𝑙h	 𝑚	 Stroke	length	to	upper	end	stop	
𝑙'	 𝑚	 Stroke	length	to	lower	end	stop	
𝑚<	 𝑘𝑔	 Mass	of	the	buoy	
𝑚m	 𝑘𝑔	 Mass	of	the	translator	



 

𝑚∞	 𝑘𝑔	 Added	 mass	 in	 infinity	 frequency	
limit	

𝑃q<rY^	 %	 Power	capture	ratio	

𝑃<m(^qm/;	 𝑘𝑊	 Absorbed	wave	power	from	the	ab-
sorber	

𝑃<v<YX<mX/	 𝑘𝑊	 Wave	power	density	
𝑥h	 𝑚	 Buoy	position	
𝑥'	 𝑚	 Translator	position	
𝛾	 	𝑁𝑠/𝑚	 Damping	coefficient	
𝜙	 𝑚	 Diameter	of	the	buoy	

 
Chapter 2.3 

Symbol SI unit Description 

𝐴~<U	 −	 Reactive	 area	 between	 translator	
and	stator	

𝜀	 𝑉	 Open	circuit	voltage	
𝜀<	 𝑉	 Voltage	drop	on	Phase	A	
𝜀m	 𝑉	 Voltage	drop	on	Phase	B	
𝜀U	 𝑉	 Voltage	drop	on	Phase	C	
𝑖<	 𝐴	 Phase	current	flowing	at	A	
𝑖m	 𝐴	 Phase	current	flowing	at	B	
𝑖U	 𝐴	 Phase	current	flowing	at	C	
𝑘	 1/𝑚	 Wave	number	
𝐿	 𝐻	 Inductance	

𝑁	 −	 Number	of	turns	of	the	winding	in-
side	the	stator	

𝑅�	 𝛺	 Resistance	of	generator	windings	
𝑅U	 𝛺	 Resistance	of	the	sea	cable	
𝑅X^<;	 𝛺	 Load	resistance	
𝑅	 𝛺	 Resistance	

𝑉�	 𝑉	 Phase	Voltage	output	from	the	gen-
erator	on	phase	A	

𝑉m	 𝑉	 Phase	Voltage	output	from	the	gen-
erator	on	phase	B	

𝑉U	 𝑉	 Phase	Voltage	output	from	the	gen-
erator	on	phase	C	

𝑉�	 𝑉	 Voltage	drop	over	the	generator	re-
sistance	

𝑉(/<	 𝑉	 Voltage	drop	over	the	sea	cable	

𝑉X^<;	 𝑉	 Load	voltage	
𝜌	 𝑘𝑔 𝑚8	 Density	of	the	sea	water	
𝛼	 −	 Factor	for	calculating	the	A���	
𝛽	 −	 Factor	for	calculating	the	A���	
𝜃	 𝑟𝑎𝑑	 Phase	angle	
𝜆	 𝑚	 Wave	length	
𝛷	 𝑊𝑏	 Magnetic	flux	
	𝛷�	 𝑊𝑏	 Magnitude	of	magnetic	flux	



 

Chapter 6—Impact by translator mass 
Symbol SI unit Description 
𝐸� 𝐽 The kinetic energy of the translator 

𝐸= 𝐽 The gravitational potential energy on 
the translator 

𝑊;<:= 𝐽 The work done by the damping force 

𝑊XY,/ 𝐽 The work done by the force on the 
guiding line 

 
 
 

Abbreviation Description 
AC 
DC 

Alternating Current 
Direct Current 

OWC Oscillating Water Column 
WEC Wave Energy Converter 
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1. Introduction 

The concept of the Wave Energy Converter (WEC) was first introduced the 
70s [1]. It was originally a navigation buoy [2], which was designed to be self-
powered by transforming the wave mechanics into electricity. Since then, the 
concept has been developed into a variety of advanced applications and even 
deployed in a large-scale project [3, 4, 5]. With increasing knowledge and 
experience, expectations are growing for wave energy plants to be able to open 
up the ocean’s potential, and provide electricity by connecting to the grid. 
However, budgeting can be one of the trickiest parts of a project, especially 
with regards to the high cost of manufacturing, operating and maintaining a 
high power rating WECs [6]. Furthermore, to make the WECs competitive in 
the electricity market, it is necessary to be able to guarantee a stable power 
supply. 

In this introduction, I briefly categorize different types of WECs, in line 
with one of my review articles PAPER I. This is followed by an outline of the 
Lysekil project [7, 8] which my research proposal is a part of. Lastly, the re-
search aim is specified. 

1.1 Wave energy technologies 
Wave energy technologies vary wildly in the mechanical and electrical prin-
cipal of operation [9]. In this study, the WEC devices are categorized based 
on their mechanics. More details and relevant electrical strategies can be found 
in PAPER I. 

1.1.1 Oscillating water column 
The oscillating water column (OWC) device consists of a partially submerged 
chamber with a water column that rises and falls in response to the pressure 
from the ocean waves [10, 11]. Both the upward and downward movement of 
the column drive air through a turbine and the turbine drives a generator for 
electricity production. One of the typical OWC devices is the Pico Plant on 
the Azores in Portugal [12], see Figure 1.1(a). 
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1.1.2 Overtopping devices 
Overtopping devices are partially submerged wave energy converters with 
reservoirs for capturing wave crests and water turbines to produce electricity. 
The kinetic energy of the waves is converted into potential energy when in-
coming waves are led up a ramp and water is collected in a reservoir [13]. The 
water returns to the ocean from the reservoir through water turbines, thus uti-
lizing the potential difference between the ocean and the reservoir to generate 
electricity. The Wave Dragon [14, 15] deployed and tested offshore in Den-
mark, as shown in Figure 1.1(b) is a famous example of an overtopping device. 

Figure 1.1 Illustration on different types of WECs (reused from PAPER I). 

1.1.3 Attenuators 
Attenuators are devices where the water physically pushes and induces motion 
in the WEC’s structure and energy is converted by dampening this motion [17, 
18]. The devices are often constructions that float on and interact with the 
ocean waves without being physically fixed in place. 

 
(a)The Pico Plant located on Azores Island 

in Portugal [12]. 

 
(c) Pelamis with hydraulic conver-

sion system [22]. 

 
(d)The direct drive WEC developed 
in the Lysekil Project (courtesy of 

Rafael Waters). 

 
(b)The wave Dragon tested in the sea [16]. 
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Attenuators can be categorized into two types: hinged attenuators and point 
absorbers [19]. 

a. Hinged attenuators 
Hinged attenuators consist of several parts linked horizontally by universal 
joints, allowing flexing movement in multiple directions. The Pelamis for in-
stance, is a device that floats semi-submerged on the surface of the water and 
faces the direction of waves [20, 21], see Figure 1.1(c). As waves pass down 
the length of the machine and the sections bend in the water, the movement is 
converted into electricity via hydraulic systems. The power is then transmitted 
to the grid on the shore. 

b. Point absorbers 
Point absorbers are usually smaller than other WECs. Point absorbers are 
equipped with a floating part which enables a heave motion driven by the 
waves, and a generator which is connected to the floating structure and which 
converts the mechanics into electricity [23]. As illustrated in Figure 1.1(d), the 
Lysekil WEC developed in Sweden is a typical example [24]. 

1.2 Lysekil Project 
1.2.1 Test site 
The Lysekil Project is one of the world’s ongoing wave energy research pro-
jects, aiming to develop a WEC farm will full scale devices for Swedish con-
ditions and study wave energy conversion [25]. This project is led by a re-
search group from the division for electricity at Uppsala University [26]. The 
test site is located offshore, in Västra Götaland county, on the west coast of 
Sweden (58.18N, 11.37E).  Several points make this location suitable as a test 
site [27]: 

a. A flat and wide sea bottom with an average depth of around 25 meters. 
This condition makes it possible to accommodate over 10 WECs. 

b. The nearby island Härmanö provides convenient transportation pos-
sibilities and enables connection to the gird on the surrounding island. 

c. The nearby city of Lysekil has a well-equipped harbor and serves as 
a starting point for the deployments of WECs and other large scale 
equipment. 

1.2.2 History 
The project started in 2002 [28] and has developed into a multi-physics plat-
form for different research programs [29]. The project’s first WEC, named the 
L1, was installed and connected to an onshore load in March 2006 [30, 31]. 
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During the last ten years, over ten different prototypes of the WECs and two 
marine substations [32, 33] have been deployed at the test site. 

The first generator (L1) was installed with the purpose of verifying the con-
cept of the WEC. After the installation of the L2 and the L3 in 2009, the three 
generators were connected into a farm through a marine substation [34]. The 
converted electricity was transferred to an onshore measuring station. The L2 
and the L3, had an updated measurement system, as well as an improved me-
chanical design. At the end of 2009, a new linear generator, the L9, was de-
ployed at the site [35]. The L9 had an updated design, aimed at obtaining a 
higher power production. In November 2010, four generators (L4, L5, L7 and 
L8) with various designs were installed. The L7 was connected to a resonant 
electrical circuit for rectification, while the L8 was connected to a diode rec-
tifier.  In 2015, three different generators (L10, L11 and L12) were launched 
as well as an advanced marine substation equipped with auxiliary control 
modules [36, 37, 38]. 

A variety of buoys have been developed and tested for the connection to 
the generators. So far, three types of buoys have been developed and investi-
gated: cylindrical buoys, torus buoys and discus buoys [25, 39, 40]. Both force 
sensors and accelerometers have been installed in the buoys. 

A measuring station was built to provide a platform for the load tests [41]. 
From 2006 to 2008, the WECs were connected with resistive loads and a pas-
sive rectified circuit [42, 43]. In 2010, a resonant circuit was designed to up-
grade the power production [44, 45] and the electrical system has been con-
tinually upgraded since then, currently e.g. hosting full AC/DC/AC conver-
sion and grid connection. 

The project also has a number of ongoing interdisciplinary studies, such as 
studies on the cooling systems for the substations [46, 47, 48], remotely oper-
ated vehicles [49] and buoys that can alter the length of the buoy line in re-
sponse to sea level variations [50, 51]. All aim to improve the overall viability 
of the WEC concept. Furthermore, there are studies on different areas of en-
vironmental impact [52, 53, 54]. An observation tower was built during 2007 
and 2008 to monitor the test site as well as collecting wave data with the wave 
measuring buoys [55]. At the same time, biology buoys were deployed to 
study the biofouling and the impact from the WECs on the marine environ-
ment [56]. 

1.2.3 Previous work with published thesis 
At present, 20 PhD theses have been published by the wave energy research 
group at Uppsala University. A brief summary of the contributions is provided 
here.  

Dr. Thorburn proposed an electrical approach on the concept of Wave En-
ergy Conversion focused on the modelling of rectification and transmission of 
the generated electricity [57].  
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Extensive studies on the linear permanent magnet generator designed for 
the studied WEC concept was carried out by Dr. Danielsson [58].   

Dr. Eriksson proposed and verified a hydrodynamic model on the interac-
tion between the point absorbing type WEC and the ocean waves [59]. 

Dr. Waters main contribution was a mechanical design and the construction 
of the first full scale linear generator (the L1). Experiments on the prototype 
were carried out over several years. [60]. 

The environmental impact caused by the WEC on the marine ecosystem 
was carried out by Dr. Langhamer [61].  

The first marine substation for electrical conversion and connection of up 
to three WECs in a small wave farm was designed by Dr. Rahm [62].  

Dr. Lindroth performed research on the L1’s in the presence of changing 
water levels, wave heights and how the WEC behavior corresponded to the 
spectral shapes of different sea states [63]. 

A two-body system WEC was proposed by Dr. Engström, presenting a op-
tion for enhancing the wave energy capture ratio [64].  

Different load strategies of the WECs were studied by Dr. Boström both in 
modelling and experiments at the Lysekil test site [65].  

Force measurements on the buoy and measurement systems in the substa-
tion and measuring station were installed by Dr. Svensson [66].  

Dr. Strömstedt studied the linear lead through for the WEC and performed 
extensive measurements on the WECs [67]. 

Dr. Andrej studied the reliability of the mechanical parts of the linear gen-
erator as well as the lateral forces acting on the outer structure of the WEC 
[68].  

A new type of linear generator equipped with ferrite permanent magnets 
was studied by Dr. Ekergård [69].  

Dr. Ekström developed a marine substation, for up to 7 WECs, equipped 
with advanced measuring and control systems [70]. 

Dr. Gravråkmo investigated the point absorbing buoys with respect to their 
different geometry, size and hydrodynamic performance [40].  

Dr. Haikonen conducted research on the radiated noise from the WEC and 
possible impact to the marine environment [71].  

The electrical conversion of a three-level inverter from WEC to the grid 
was studied by Dr. Krishna [72]. 

Dr. Hai proposed an approach on equivalent circuit modelling to simulate 
the performance for the WEC developed in the project [73].  

Dr. Lejerskog performed a study on the cogging forces generated inside the 
generator. He also studied new generator designs [74].  

A sea level compensation system was developed by Dr. Castellucci aiming 
to optimize the energy extraction from the ocean waves in areas with high 
tides [75]. 
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1.3 Aims of thesis 
My research aim has been focused on developing and using WEC models to 
study the energy conversion of the chosen WEC concept. The performance of 
the WECs is investigated by varying the mechanical design, aiming to opti-
mize the energy absorption. 
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2. Theory 

This chapter begins with a basic theory on the wave energy spectrum. The 
hydrodynamic theory is proposed in the second paragraph to illustrate the in-
teraction between the waves and the WEC device. This theory is important to 
predict the WEC behavior and energy extraction by solving the mechanical 
relationships. The theory is applied when building the numeric model, as well 
as to perform the studies in Papers V and VI on the WEC device.  

Later in this chapter, the electrical theory on the linear generator is pro-
posed and a WEC model is developed based on it. The theory is explained in 
paper IV. Furthermore, three load strategies for practical tests in the Lysekil 
project are presented and simulated with the proposed WEC models. 

2.1 Ocean waves and energy spectrum  
Ocean waves, regarding as the irregular waves, can be defined by the wave 
height	𝐻, wave length	𝜆 and wave period 𝑇, see Figure 2.1. On the premise 
that the linear theory is applicable [76] when the water depth ℎ > 2𝜆 [77], the 
irregular waves is concerned as a superposition of series of different frequen-
cies. An analysis approach of the wave spectrum S 𝑓  is commonly utilized 
to describe the real sea state, where 𝑓 is the frequency [78]. The 𝑛rQ moment 
if the spectral density in continuous form is interpreted in Equation (2.1), 

𝑚, = 𝑓,𝑆 𝑓�
� 𝑑𝑓																																														(2.1)	

The significant wave height and average energy period are expressed respec-
tively as below, 

𝐻( = 4 𝑚�																																																			(2.2)	
𝑇/ = 𝑚�h 𝑚�																																																	(2.3)	

According to (2.1) under the deep water condition [79], the energy flux for the 
real ocean waves could be then obtained: 

𝐽 =  �¡

¢£¤
𝑇/𝐻('																																																					(2.4)	

where	𝜌 is the density of the sea water and 𝑔 is the acceleration of gravity. 
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Figure 2.1. a simple definition of the ocean wave’s characteristics with wave length 
ì, wave height " and water depth a. 

In addition, the Bretschneider spectrum [80] is also used as one of the empir-
ical approaches to describe the ocean waves, defined as below, 

 

045 9 ú •
h¢

¶ß
®

¶© "(
'™ü•¶ß

® £¶®                                 (2.5) 

In Equation (2.5) where 9  is the angular frequency, 9:  is the modal fre-
quency for any given wave. Figure 2.2 gives an example of the Bretschneider 
spectrum used for describing five different sea states.  

!
Figure 2.2. An example of Bretschneider spectrum describing the ocean waves by 
known wave period and significant wave height.!
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2.2 Hydrodynamics model 
The mechanic interaction between a Wave Energy Converter and the waves is 
described in Equation (2.6). In this study, the floating buoy is restricted to the 
heave motion only. In Equation (2.6), 𝑥h is the vertical position of the buoy 
and 𝑥' is the translator position under excitation from the waves. The upper 
differential equation describes the interaction between the buoy and the 
waves, where 𝑚< is the mass of the buoy, 𝑚� is the added mass in infinity 
frequency limit, 𝑓/TU	is the time dependent excitation force, ℎ 𝑡  is the im-
pulse response function for the radiation impedance, 𝑓Q  is the hydrostatic 
force and 𝑓XY,/ is the line force.  

 
𝑚< + 𝑚� 𝑥h = 𝑓/TU 𝑡 − ℎ 𝑡 𝑥h 𝑡 − 𝑓Q − 𝑓XY,/ 𝑥h, 𝑥' − 𝑚<𝑔
𝑚m𝑥' = 𝑓XY,/ 𝑥h, 𝑥' + 𝑓;<:= 𝑥', 𝑥' − 𝑚m𝑔 + 𝑓[==_/( + 𝑓X^__/(

	          

(2.6) 
The lower differential equation describes the motion of the translator driven 
by the buoy, where 𝑚m  is the translator mass and 𝑓;<:=  is the generator 
damping force. The end stops are springs with a high spring constant, denoted 
as 𝑓[==_/( and 𝑓X^__/( respectively in the equation. The line between the buoy 
and the translator is modelled as a stiff spring, which becomes active when the 
distance between buoy and translator becomes larger than the length of the 
line. The line force is modelled by Equation (2.7), where the spring constant 
is denoted as 𝑘XY,/.  

 

𝑓XY,/ 𝑥h, 𝑥' = 𝑘XY,/ 𝑥h − 𝑥' 𝑖𝑓		𝑥h > 𝑥'		
0																						𝑒𝑙𝑠𝑒

                         (2.7) 
 

The upper and lower end stop forces are described in Equation (2.8) and (2.9). 
In the equations where 𝑘(h and 𝑘(' are the spring constant for the end stops, 
𝑙h and 𝑙' are the stroke length to the upper and lower end stop respectively.  

 

      𝑓[==_/( 𝑥' = −𝑘(h 𝑥' − 𝑙h 𝑖𝑓		𝑥' > 𝑙h		
0																			𝑒𝑙𝑠𝑒

                     (2.8) 

 

𝑓X^__/( 𝑥' = −𝑘(' 𝑥' − 𝑙' 𝑖𝑓		𝑥' < −𝑙'		
0																			𝑒𝑙𝑠𝑒

                   (2.9) 

 
The generator damping force is proportional to the translator speed with the 
damping coefficient 𝛾, is given by. 

𝑓;<:= 𝑥' = −𝛾𝑥'	                        (2.10) 
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The ratio between average absorbed power and the power transport towards 
the buoy is defined as the power capture ratio. The expression for the power 
capture ratio is given by,  

𝑃q<rY^ =
¯°±²³´±µ¶
¯°·°¸¹°±¹µ

×100%																																						 (2.11)	
	

Where 𝑃<m(^qm/; is the average absorbed power by the buoy and 𝑃<v<YX<mX/ 
is given by,  

𝑃<v<YX<mX/ = 𝜙  �¡

¢£¤
𝑇/𝐻('																																										(2.12)	

	
where the buoy diameter is denoted by 𝜙, while 𝑇/ and 𝐻( is the mean en-

ergy period and the significant wave height respectively.  

2.3 Electrical theory of linear generator model 
In the linear generator, the magnetic flux is generated by the permanent mag-
nets on the translator. The flux is confined inside the magnetic path along the 
laminated steel sheets, enclosing the isolated conductors mounted on the stator 
[81]. Assuming that the magnetic flux has a sinusoidal form, the flux can be 
described as 

𝛷 = 𝛷�𝑠𝑖𝑛	(𝑘𝑥' + 𝜃)                                        (2.13) 
 

In the equation above, 𝑘 is the wave number, 𝑘 = '¤
»

 , 𝜆 is the wave length. 
𝛷� is the magnitude of the magnetic flux, 𝑥 is the position of the translator, 
and	𝜃 is the phase angle. If the position is time-dependent, the flux can be 
derived with respect to time, 

 
;¼
;r
= 𝑘𝛷�𝑐𝑜𝑠	(𝑘𝑥' + 𝜃) ∙

;T¡
;r
																																			  (2.14)	

	
According to Faraday’s Law [82], when the magnetic flux is induced and 
flows through the path of a magnetic circuit, a voltage is induced according to 
the rate of change of the magnetic flux. The induced open circuit voltage is 
expressed as, 

𝜀 = −𝑁 ;¼
;r
																																																					(2.15)	

	
where 𝑁 is the number of turns of the cable winding inside the stator. 

Inserting Equation (13) into the right side of Equation (14), it gives,   

𝜀 = −𝑁𝑘𝛷�𝑐𝑜𝑠(𝑘𝑥' + 𝜃) ∙
;T¡
;r
																																		(2.16)	
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For a three-phase generator, like the L9, the induced three-phase voltage is 
described by a system of Equations (2.17).    

Ä< ú e?7îñΩæ&b7x'd ø
;T°
;r

Äm ú e?7îñΩæ&b7x' ´
'§
8
d ø ;T°

;r

ÄU ú e?7îñΩæ&b7x' e
'§
8
d ø ;T°

;r

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>(2.17)>>

!
In the generator, the output voltage is also influenced by the active area be-
tween the stator and translator. The area represents the portion of the magnetic 
circuit that contributes to the induced voltage. The A factor is used to describe 
how much surface of the stator is active between the translator and stator. The 
A factor is depending on the position of the translator’s central point instead.  
Figure 2.3. An illustration of the A factor’s relation to ç and ë. 

The system of Equations (2.18), shows how the A factor varies with respect 
to the position of the translator’s central point W, as illustrated in Figure 2.3.   

}bx'd~<U ú

Ü x' Æ ç
h

¿ü¡
x' e ç ´ Ü ç Æ x' Æ ë

≠ x' ô ë
                   (2.18) 

 
According to Kirchhoff’s Law for a star-connected generator, the voltages 

have to fulfil the system of Equations (18) 

Ä<}bx'd~<U ú âÖ< ´ á ;Y∞
;r

´ Å<

Äm}bx'd~<U ú âÖm ´ á ;Y±
;r

´ Åm

ÄU}bx'd~<U ú âÖU ´ á ;Y¬
;r

´ ÅU

>>>>>>>>>>>>>>>>>>>>>>>>>>>(2.19)>
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Taking the linear generator L9 as an example, factor 𝛼 and 𝛽 are	𝛼 = 0,
𝛽 = 2, then the A factor can be calculated as: 

𝐴(𝑥')~<U =
0 𝑥' > 2

1 − h
'
𝑥' 0 < 𝑥' < 2																											(2.20)	

The damping force is calculated out by using Equation (2.10) as below: 

𝑓;<:= = 𝛾 𝑥' 𝐴~<U 𝑥' 𝑥' 𝑡 = 3 h
ÄÅ

ÆÅ
T¡

+ h
ÄÂ

Æ²µ°
T¡

+ 8
Ä¹³°¶

Æ¹³°¶
T¡

'
                   

(2.21) 
where	γ, VÈ , VÉÊ� , and VËÌ�Í  are, respectively, the damping coefficient, the 
voltage drops over the resistances of the generator, the sea cable, and the load. 

2.4 Load strategies for generator 
At the Lysekil research site, off the Swedish west coast, three cases of load 
strategies have been applied in experiments. They are the linear load, passive 
rectification and the resonant circuit. More details are presented in [65]. 

2.4.1 Linear load 
The linear load is a three-phase star-connected resistive load, as shown in Fig-
ure 2.4. This basic load was first applied to the WECs, in order to observe the 
output profile and the performance of the WEC.  

 
Figure 2.4. A basic circuit of a wye-connected linear generator and a delta-con-
nected load. 
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2.4.2 Passive rectification and filter 
A three-phase diode-bridge was used as a full-wave rectifier, converting the 
AC voltage generated from the L9 generator into a DC voltage [83]. The cor-
responding circuit diagram is shown in Figure 2.5. A π-section filter is applied 
at the DC side. This circuit is built and connected to the linear generator model 
in the simulation to observe the response.  

 
Figure 2.5. Circuit diagram of the passive rectified circuit and filters connected to 
the linear generator. 

2.4.3 Resonant rectification 
The resonant circuit was previously developed by C. Boström [84] at Uppsala 
University and has been tested at the Lysekil research site. Figure 2.6 shows 
one phase of the circuit diagram. The purpose of the circuit is to increase the 
damping factor and thus to extract more wave energy and deliver more power 
to the load compared to the passive rectification case. More details about the 
design and the theory of the circuit are provided in the reference [85].  



 26 

 
Figure 2.6. Circuit diagram of one phase of the resonant circuit. 
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3.! Material and Method 

3.1 Wave climates at test site 
In this study, irregular waves are used for the WEC modelling. The data are 
from one of the Lysekil test sites at the Swedish west coast. The wave facts 
used in this study were purchased from Fugro OCEANOR of Norway [86].  

Figure 3.1(a) is a map representing the location of the test sites studied by 
the Lysekil Project. Site 9 is the location of the actual experimental test site. The 
documented wave climates at Test Site 6 was used in the models studied in this 
thesis. A scatter diagram including the energy content in the waves is illustrated 
in Figure 3.1(b). The scatter diagram is from a previous study by R. Waters et 
al [87]. In the figure, the values displayed on the scattered squares are the accu-
mulated hours for each sea during one year and the colours represent the annual 
available energy for the combinations of wave height and period.  

Figure 3.1. Map and sea states at Test Site 6 studied by the Lysekil Project: (a) Map 
depicting the location of the studied sites. The wave roses are placed with their cen-
tre on the studied sites and show the distribution in time of the direction of the in-
coming waves; (b) Combined scatter and energy diagrams for Test Site 6. Colours 
show the annual energy transport per meter of wave front (kWh/year). Numbers give 
the average occurrence in hours per year. These two figures are cited from a pub-
lished research article [87]. 

 
(a)!

 
(b)!



 28 

3.2 Device parameters 
For the simulation, the model parameters are taken from the prototype L9 de-
veloped in the Lysekil project. Parameters relating to the Wave Energy Con-
verter are listed in Table 3.1.   

                 Table 3.1. the WEC (L9) specifications 

Specifications of L9  

Nominal power at 0.7m/s 20 kW 
Generator resistance  1±1.5%Ω 
Generator inductance 20mH 
Vertical stator length 2m 
Vertical translator length 2m 
Translator weight 
Buoy diameter 
Buoy weight 

2700kg 
4m 
6300kg 

3.3 Simulation tools 
This study uses the software MATLAB as the platform for the all the model-
ling, as well as its Toolbox SIMULINK and GUI. Taking Figure 3.2 as an 
example, it presents an interface built in GUI for the numeric WEC model. 
The interface provides a convenient monitor and control by adjusting the pa-
rameters on the menu. Figure 3.2(a) displays the irregular wave (Te= 4s, 
Hs=7]) introduced by the hydrodynamic model, in addition to a subplot of the 
wave spectrum. 

Figure 3.2(b) gives a displacement of the translator under the wave climate 
shown in Figure 3.2. Several WEC parameters can be adjusted in the menu, 
including the damping coefficient, the translator mass, the stroke length and 
the buoy size.  

The linear generator is built by using the toolbox SIMULINK. Figure 3.3 
gives a layout of the linear generator model with the load connection. On the 
left side, the boxes are built up according to the different functions to be 
achieved of the study. 
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!
Figure 3.2. The interface of the WEC models with parameters option. 

!

!
Figure 3.3. A layout of the linear generator model connected to a load system in 
Matlab Simulink. 
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4. Linear Generator Model 

The numeric modelling of a WEC has an important role in designing a competi-
tive WEC and predicting its future performance under various circumstances. A 
good model can help to lower the cost of the device. Mechanical parameters for 
the device can be adjusted conveniently in the model and it will be much easier to 
observe the impact of different engineering decisions. This is a considerable eco-
nomic advantage, especially compared to the price of developing a new device or 
designing and carrying out a new offshore experiment. 

The linear generator model, as a means of transforming wave energy into elec-
trical energy production, provides a vital platform for the whole performance of 
the WEC model. In this section, the WEC model is proposed and the linear gen-
erator model is validated with the experimental results from the research project. 
Furthermore, the generator model will integrate the hydrodynamic model and 
three different load systems to study the overall performance of the WEC model.  

4.1 Validation of linear generator model 
The WEC model consists of two parts, a buoy floating on the surface and a 
linear generator on the seabed. The floating buoy is connected to the generator 
with a line. Electrical power is generated by the relative motion between a 
fixed stator and a movable translator, as illustrated in Figure 4.1. There are 
two end stops installed inside the generator to protect the generator from dam-
age during rough wave conditions. 

To provide proper support for designing a WEC device, it is necessary to 
build the model as realistic as possible. In that case, the numeric WEC model 
should be tested and proved to match the WEC prototype. In this study, the 
generator model is validated by comparing its simulated results with the ex-
perimental results. 

Figure 4.2 gives the results of the validation of the linear generator model. 
Figure 4.2(a) presents the experimental result from one Lysekil WEC (L9), 
showing the displacement of the translator’s central point under realistic wave 
climates in a time frame of 60s. By connecting to a star-connected resistive 
load, the simulated voltage from the model is obtained and further compared 
to the experimental voltage, displaced in Figure 4.2(b). Figure 4.2(c) shows 
the comparison during a time frame of 30s. Note that there are some obvious 
errors between the compared data, for example, the error occurred at 46.6s in 
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Figure 4.2(c). Error analysis is performed in the section of Discussion, and 
more details on the validation can be found in PAPER IV. 

 
Figure 4.1. A simplified diagram of a direct-drive type WEC device. 

 
Figure 4.2. Output phase voltage from the linear generator model corresponding to 
the translator’s displacement: (a) Displacement of the translator; (b) Comparison of 
the phase voltage between the experimental result and the simulated result; (c) a 
drawn-out comparison of Figure (b) within a time span of 5s. Similar results are pre-
sented in PAPER IV. 
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4.2 Hydrodynamic wave 
In this study, a hydrodynamic model is used with the generator model. The 
hydrodynamic model was designed by Mikael Eriksson and gives both regular 
and irregular waves as a source to drive the generator model, as presented by 
Figure 4.3.  

In this study, the harmonic waves are used as an elementary tool for the 
WEC’s model, in order to provide a regular source for a regular voltage output. 
In this case, the voltage obtained is used as feedback to verify the parameters 
in the model. Irregular waves are used as a second step after the harmonic 
waves. Irregular waves simulate a realistic wave environment and drive the 
generator model to produce the uneven electrical power that is generated un-
der such circumstances. Figure 4.3 shows a case with a significant height of 
0.75m and an energy period of 3.5s.  

 
Figure 4.3. Wave source from the hydrodynamic model (a) the harmonic wave; (b) 
the irregular wave with a subplot of the wave spectrum. 

4.3 Connection to load cases 
For the following case studies, both harmonic waves and irregular waves are 
applied as the driving force of the WEC model. There is a parallel comparison 
for the three cases with harmonic waves. Also, for the studies with irregular 
waves, the three cases are all investigated with one identical irregular wave 
(Te=6s, Hs=2m).  
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4.3.1 Resistive load 
A star-connected three-phase resistive load is used as the linear load. The pur-
pose is to observe the voltage and the current profile of the generator, both 
under the conditions of harmonic waves and irregular waves. The results are 
presented in Figure 4.4 for the harmonic waves and Figure 4.5 for the irregular 
waves (Te=6s, Hs=2m).  

 

 
Figure 4.4. The performance of the linear generator: (a) the harmonic waves, (b) the 
displacement of the translator and (c) the phase voltage. 
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Figure 4.5. The performance of the linear generator: (a) the irregular waves, (b) the 
displacement of the translator and (c) the phase voltage. 

4.3.2 Passive rectifier circuit 
Figure 4.6 and Figure 4.7 present the results from the model connected to the 
passive rectifier circuit. In Figure 4.6, the WEC is working under harmonic 
waves, while the results in Figure 4.7 are from irregular waves. Besides the 
load, the DC voltage and the current from the rectification also depend on the 
initial voltage of the capacitive filters. 

4.3.3 Resonant circuit 
Some results from the study on the resonant circuit are presented in Figure 4.8 
and Figure 4.9, for the harmonic waves and the irregular waves respectively. 
By comparing Figure 4.6, and Figure 4.8, it can be observed that the phase 
current of the resonant circuit has a higher amplitude than that of the rectifier 
circuit. However, the load voltage is much more stable for the passive rectifi-
cation case. This is due to the large capacitors used as a filter. Furthermore, 
the same result for the case with irregular waves. 
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Figure 4.6. Simulated outputs from the generator, connected to passive rectifiers and 
capacitive filters, under harmonic waves: (a) Phase current flowing through the gen-
erator; (b) the DC voltage over the loads and the load currents. 

 
Figure 4.7. Simulated outputs from the generator, connected to passive rectifiers and 
capacitive filters, under irregular waves: (a) three phase voltage from the generator; 
(b) the DC voltage over the load after rectification. 
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Figure 4.8. Outputs from the generator connected to the resonant circuit with 
harmonic waves: (a) Phase current through the generator; (b) load voltage and load 
current. 

 
Figure 4.9. Outputs from the generator connected to the resonant circuit with 
irregular waves: (a) three-phase voltage from the generator; (b) the power 
production on the load. 
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5. Optimal Damping Coefficient 

5.1 Different sea states and linear damping 
To study the impact of the damping coefficient on the generator’s performance, 
modelling is done by varying the value of the damping coefficient from 5 
kNs/m to 190 kNs/m. Thus, a power profile can be obtained for a specific 
wave climate. In this study, 12 different sea states are used as the input source, 
to be able to observe the pattern of the profiles better. Figure 5.1 plots the 
power profiles for all 12 sea states.  

 
Figure 5.1. Generated power profile in response to the varying damping coefficients 
for 12 different sea states.  

In Figure 5.1, a similar pattern can be found for the 12 different power profiles. 
For each profile, there is a maximum power point, which relates to an optimal 
damping coefficient. The power profiles get closer to each other as the waves 
becomes harsher. For instance, the difference in the power profile between 
[3.5s, 1.25m] and [5.5s, 1.75m] is much bigger than that between [9.5s, 5.25m] 
and [10.5s, 5.75m]. Moreover, the power production for all the profiles drops 
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slowly after the maximum power point even for a large increase in the value 
of the damping coefficient.  

To provide a better view of the optimal damping, the results in Figure 5.1 
are classified into three groups based on the levels of the sea state, as shown 
in Figure 5.2. A narrow damping interval, 45 kNs/m to 75 kNs/m, is chosen 
to zoom in on the zero of highest interest. 

 
Figure 5.2. Grouped power profiles with damping coefficients from 45 kNs/m to 75 
kNs/m. 

A comparison between and within the three groups can be seen in Figure 5.2. 
The maximum power points in both Group (1) and Group (2) are not as obvi-
ous as those in Group (3). In Group (3), the optimal damping coefficient 
greatly influences the power production, and the effect increases with increas-
ingly powerful sea states. Furthermore, it can be observed that for linear damp-
ing the optimal damping coefficient is positioned around 60 kNs/m in Group 
(3), as opposed to 50 kNs/m in Group (1) and Group (2). More details can be 
found in PAPER V. 

5.2 Sea state dependent power production 
In line with the results in Section 5.1, a damping coefficient of 60 kNs/m was 
chosen as the optimal damping coefficient for the following study. It was used 
to model all the sea states occurring at Test Site 6. A power distribution matrix 
of the results is shown in Figure 5.3.  

In the figure, each value displayed in a square presents the power produc-
tion in response to a specific sea state. The color bar shows that higher levels 
of the sea state lead to a higher power production.  It should be noticed that 
the maximum annual energy production is obtained at an energy period of 
around 5s, when the responding significant wave height is beneath 1.75m, see 
below. 
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According to the power matrix in Figure 5.3, the annual energy production 
can be obtained by knowing the annual occurrence of sea states at a test site. 
The energy distribution for each sea state is displayed in Figure 5.4.  

 
Figure 5.3. The power matrix for the wave climates at Test Site 6 with a constant 
damping coefficient of 60 kNs/m. 

 
Figure 5.4. The annual energy production for each wave climate at Test Site 6 with 
a constant damping coefficient 60 kNs/m. 

The total annual energy absorption at the studied site is 22.57 MWh. In Figure 
5.4, the maximum energy production is found at the wave climate [5.5s, 
1.75m], and provides 13.11% of the total production. Even though the power 
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production is higher at larger sea states, as shown in Figure 5.3, the low oc-
currence of these sea states makes it so they only provide a small percentage 
of the overall annual absorption.  
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6. Impact by Translator Mass 

6.1 Comparison between translator weights 
In the model, the translator mass was set to 2500 kg, 5000 kg and 10000 kg 
respectively. A power profile for each mass was generated in relation to a 
damping coefficient ranging from 5 kNs/m to 190 kNs/m, as presented by the 
results in Figure 6.1.  

 
Figure 6.1. Comparison between three translator masses by varying the value of the 
damping coefficient: (a) under the wave climate [3.5s, 0.75m]; (b) under the wave 
climate [6.5s, 2.75m]. 

The model was run for two different sea states. Figure 6.1(a) shows [Te=3.5s, 
Hs=0.75m] and Figure 6.1(b) shows [Te=6.5 s, Hs=2.75 m].  The power pro-
files in Figure 6.1 exhibit a similar pattern. The power production increases 
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and reaches a maximum power point as the damping coefficient increases. 
After the maximum power point, the power profile drops slowly.  

Differences are observed when comparing the two sea states.  In case (a), 
the 10000kg translator obtains the highest amount of power when the damping 
coefficient is below 120 kNs/m. However, as the damping coefficient in-
creases to a value over 120 kNs/m, the power profiles for both the 5000 kg 
and 10000 kg case decreases to slightly lower than that for the 2500kg trans-
lator, probably due to the limited excitation force from the wave in combina-
tion with weight and damping. For case (b), the linear generator with a 2500 
kg translator has the lowest power production of the three. The maximum 
power is associated with the 10000 kg case. The optimal damping coefficient 
is shown to increase with increasing translator weight. 

Based on the findings presented in Figure 6.1, a further study was carried 
out on the energy transformation over a duration of 10 minutes with the pur-
pose of investigating how the potential energy stored in the translator mass is 
converted during the translator’s descent.  

The mechanical force on the translator, as presented in Equation (2.6), is 
simplified as below, 

𝑚m𝑥' = 𝑓XY,/ + 𝑓;<:= − 𝑚m𝑔 + 𝑓[==_/( + 𝑓X^__/(              (6.1) 
The energy transformation, in accordance with the conservation of energy, 

is shown in Equation (6.2), and further simplified in Equation (6.3).  

𝑚m𝑥'𝑑𝑥
T
� = 𝑓XY,/

T
� 𝑑𝑥 + 𝑓;<:=𝑑𝑡

Ó
� − 𝑚m𝑔𝑑𝑥

T
�               (6.2) 

 
Δ𝐸= = Δ𝑊XY,/ + Δ𝑊;<:= − Δ𝐸�                             (6.3) 

 
where 𝑊;<:= is the work done by the damping force and 𝑊XY,/  is the work 
done by the force on the buoy line. Note that the energy loss due to friction 
and heat dissipation is neglected, as well as the energy dissipated from con-
tact with the end stops. 

The potential energy stored in the translator, after it has been lifted by a 
wave, is converted into the three types of energy: kinetic energy, energy con-
sumed by the buoy line, and the damping energy associated with the genera-
tion of electricity. The energy consumed in they buoy line (i.e. that which is 
not converted to kinetic energy or electricity) is energy that is being transmit-
ted back out into the water through the buoy. 

In this case, the amount of work done by the line force and damping force 
is investigated in order to study how much energy that is being transmitted 
back to the water for different translator masses. Furthermore the study is done 
to show how much of the stored potential energy that is not converted into 
useful electrical energy in this case of linear damping. 



 43 

 
Figure 6.2. The produced energy on the WEC under sea state [3.5 s, 0.75 m], with a 
variation of damping coefficients from 5 kNs/m to 190 kNs/m: (a) Energy consumed 
by the buoy line and transmitted back into the ocean through the buoy acting “as a 
parachute”; (b) energy absorbed by the generator damping and primarily converted 
into electrical energy; (c) the ratio of energy converted through the line and the gen-
erator. 

The results are shown in Figure 6.2 and Figure 6.3, respectively, under two 
different sea states [3.5 s, 0.75 m] and [6.5 s, 2.75 m]. Figure 6.2(a) presents 
the energy consumed on the buoy line, while 6.2(b) is the energy absorbed by 
the generator for the less powerful sea state [3.5 s, 0.75 m]. Figure 6.2(c) gives 
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the ratio of 6.2(a) and 6.2(b). Figure 6.3 gives the same results for the more 
powerful sea state [6.5 s, 2.75 m]. 

 
Figure 6.3. The produced energy on the WEC under sea state [6.5 s, 2.75 m], with a 
variation of damping coefficients from 5 kNs/m to 190 kNs/m: (a) Energy consumed 
on the buoy line; (b) energy absorbed by the generator damping and primarily con-
verted into electrical energy; (c) the ratio of energy converted through the line and 
the generator. 

In both Figure 6.2 and Figure 6.3, it is clear that a high amount of energy is 
dissipated through the line force compared with the energy absorbed through 
the damping force.  
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A phenomenon is observed: the relative amount of energy consumed on the 
buoy line decreases as the damping coefficient increases, i.e. more of the ab-
sorbed wave energy is converted into useful electrical energy. According to 
the results for the three studied cases of translator mass, it can be observed 
that the heavier translators tend to have more energy consumed on the buoy 
line. 

Additionally, as described in Section 5, the optimal damping coefficient 
shifts with different sea states. Similarly, the optimal damping coefficient dif-
fers according to the translator mass. For the sea state of case (a) in Figure 6.1, 
the optimal damping coefficient does not differ much. On the other hand, the 
difference is obvious for the three translator weights during the powerful 
waves of case (b). The optimal damping coefficient tends to be larger as the 
translator weight increases, but the power production increases as well.  

6.2 Power matrix and energy production 
By using the recorded wave climates at Test Site 6, power matrices were gen-
erated for the three cases of translator weight. The matrices are presented in 
Figure 6.4. The red lines in case (b) and case (c) are used to visualize the 
difference between (a), (b) and (c). In case (b), the values above the red line 
are larger than the corresponding values in case (a). Similarly, in case (c), the 
values in the part above the red line are larger than the corresponding ones in 
case (b). The red lines make it easier to observe that most of the sea states in 
case (b) contribute more power than in case (a). Less than half of the sea states 
in case (c) produce more power than in case (b).  

Table 6.1. The overall annual energy with different translator masses for all the wave cli-
mates at Test Site 6.   

 Translator Mass [kg] Annual Energy [MWh] 
1 2500 21.62 
2 5000 22.57 
3 10000 20.84 

 
Power matrices and matrices showing the annual energy are provided in Fig-
ure 6.5. The red lines work in the same way as in Figure 6.4. Furthermore, the 
overall energy production for each case is calculated and listed in Table 6.1. 
It is interesting to notice that case (b) has the highest overall energy production 
of the three, even though case (a) has the advantage of having the highest en-
ergy production at the sea state of highest occurrence. 
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Figure 6.4. Power matrices for three different translator masses under the wave cli-
mate at Test Site 6. (a) 2500 kg; (b) 5000 kg; (c) 10000 kg. The power production in 
the matrices are obtained with a constant damping coefficient of 60 kNs/m and a 4m 
stroke length.  
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Figure 6.5. Annual energy matrices for three different translator masses under the 
wave climate at Test Site 6. (a) 2500 kg; (b) 5000 kg; (c) 10000 kg. The energy pro-
duction in the matrices are obtained with a constant damping coefficient of 60 
kNs/m and a 4m stroke length. 
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7. Influence of Stroke Length 

7.1 Concept of stroke length  
The stroke length is the vertical distance between the end stop and the trans-
lator. It allows the displacement of the translator so it can react with the stator. 
The stroke length plays an important role in the WEC performance and has a 
direct effect on how much electrical energy that can be produced from the 
waves by physically adjusting the translator’s available displacement. In an 
idealized case with an infinite stroke length, the electrical energy from the 
waves would be converted fully, without any restriction on the translator’s 
movement and regardless of the boundary constraint by the stator. In reality 
however, neither the generator stroke nor the stator can be made infinitely 
long. Because of this, one challenge is that the translator will hit the upper and 
lower part of the WEC structure during large waves, which has an impact on 
survivability and design requirements. Another challenge is that it is necessary 
to balance the energy production with the high cost of building a generator, 
e.g. by effective use of the stroke length. Hence it is necessary to study and 
determine an optimized length for the translator’s displacement so as to un-
derstand the consequences both in terms of survivability, energy absorption 
and production cost in different wave climates. 

7.2 Consequences of a limited stroke length 
The 2 m, 4 m and infinite stroke length were chosen as case studies, according 
to the wave climates recorded at the test site. Figure 7.1 gives the results of 
the generator’s performance under an identical irregular wave (9.5 s, 6.25 m), 
with three different settings of for the stroke length. The vertical axis is the 
movement of the translator’s central point, corresponding to a time domain of 
600 s. 
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Figure7.1. Translator displacement with three different stroke lengths under one 
identical wave climate. 

It can be observed in Figure 7.1 that the translator with an infinite stroke length 
follows the waves very well, while the stroke length of 2m and 4m both have 
a constraining effect on the translator’s movement, with the effect of reducing 
the energy absorption.   

7.3 Energy production at test sites 6 
A power matrix is obtained from limiting the stroke length, as shown in Figure 
7.2. In the figure, the upper diagram is the case of the 2 m stroke length, the 
middle diagram shows the 4m case and the lower diagram shows the case 
without a constraint by the stroke length on the translator’s motion. The values 
represent the average power during one hour at the corresponding sea state. 
The following observations can be made about the power matrices: i) The av-
erage power is enhanced as the significant wave height increases. This is ex-
pected and is explained by the higher excitation force brought by the more 
energetic waves; ii) For identical significant wave heights the average power 
generally decreases as the energy period becomes longer. The average energy 
absorption is clearly confined by the limits of the stroke length, as seen in (a) 
and (b).  

When comparing the power matrices of case (a) and case (b), a boundary 
can be observed that relates to the differences in stroke length. The boundary 
is marked with a red line in Figure 7.2(b) for the benefit of the reader. The 
values in the lower part of the diagram (b) matrix have identical values as in 
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Figure 7.2(a). However, the values in the upper part of Figure 7.2(b) are sig-
nificantly higher than those in Figure 7.2(a).  
 

 
Figure 7.2. Power matrices for three different stroke-lengths. (a) 2 m stroke length; 
(b) 4 m stroke length; (c) infinite stroke length. The power production in the matri-
ces is obtained by a constant damping coefficient of 60 kNs/m and a translator mass 
of 10000 kg. The red line marks the difference to the preceding power matrix. 

Similarly, there is a red boundary line in Figure 7.2(c). This line distinguishes 
the power production in case (b) from case (c). Here it can be observed that 
the values in the upper part of the matrix are higher for case (c) while the 
values in lower part are the same. 
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Figure 7.3. Annual energy matrices for three different stroke-lengths under the sea 
states occurring in Test Site 6. (a) 2 m stroke length; (b) 4 m stroke length; (c) infi-
nite stroke length. The power matrices are obtained with a constant damping coeffi-
cient of 60 kNs/m and a translator mass of 10000 kg. 

Figure 7.3 provides the annual energy matrix by using the annual occurrence 
of the sea states at Test Site 6. A comparison is made by calculating the annual 
energy using different cases of the stroke length.  

Table 7.1. Overall annual energy with three cases of stroke length at Test Site 6. 
 Stroke Length [m] Annual Energy [MWh] 
1 2 19.48 
2 4 20.84 
3 Free of limitation 21.10 
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8. Discussion  

Although most of the results are presented in the previous chapters, an expla-
nation of the whole work is necessary, in order to provide a comprehensive 
view of this study. The study focuses on building a linear generator model and 
on using the model in the Lysekil case. 

8.1 Reviews of control strategies and the Lysekil project 
During the earliest part of the thesis work a review was published on electrical 
strategies suggested for the control of WECs and higher energy production, 
see Paper I. In this study, the WECs were classified into three types with re-
gards to their mechanical construction: the oscillating water column, the over-
topping device and the attenuators. The electrical control strategies were stud-
ied according to these categories. The purpose of this review was to give a 
clear picture of which control methods that are commonly used for the WECs.  

Updates on all of the ongoing multidisciplinary research topics in the 
Lysekil Project are presented in Paper II and III. The review shows the signif-
icance of this WEC project in contributing knowledge and experience to the 
wave energy research field. Furthermore, this knowledge could provide a 
chance to seek cooperation between different WEC projects.  

8.2 The linear generator model  
The development of the numeric WEC model used in this thesis is based on 
the Lysekil Project WEC concept, and further validated by the test results from 
the WECs installed offshore, see Paper IV. The results show that the overall 
phase voltage obtained from the simulations match quite well with the exper-
imental results from the L9.  

An overall error analysis on the model is made accordingly, as shown in 
Figure 8.1 and Table 8.1. The errors could be classified as two types: one type 
are the errors occurring when the translator is at zero displacement; another 
type are the errors occurring when the translator’s speed is at 0 m/s. Figure 
8.1(a) gives the difference between the experimental and simulated phase volt-
age within 5 seconds, which is based on Figure 4.2(c). Note that a high error 
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difference occurred at 46.5s when the translator is at 0 m/s. Figure 8.1(b) pre-
sents a comparison between the experimental and simulated instantaneous 
power, in order to investigate the impact of this error on the generated power. 
It can be observed that although the impact is high for the instantaneous power 
the error over one minute of time is only 2.33% which calculated by Equation 
(8.1), or a standard deviation of 0.46 kW.  The error levels might be possible 
to improve with better calibration at the zero crossings of both the velocity 
and the position of the translator. 

 
 Figure 8.1. Error analysis of the linear generator model. (a) Difference between the 
experimental and simulated results; (b) Comparison between the experimental and 
simulated instantaneous power. 

𝐸𝑟𝑟𝑜𝑟	𝑅𝑎𝑡𝑒 = µ̄ÕÖ�¯²¸§
µ̄ÕÖ

×100%																												(8.1) 

Table 8.1. Error analysis of the linear generator model with experimental results. 
Analysis Value 

Simulated average power [kW] 19.06 
Experimental average power [kW] 19.51 

Percentage error on the average power[%] 2.33 
Standard deviation on average power [kW] 0.46 

Standard deviation on phase voltage [V] 16.41 
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After the validation, the model was connected to a series of electrical load 
systems. The load strategies used in the simulations are all based on real ex-
periments performed in the Lysekil Project. The WEC model can be used as a 
platform for the advanced studies on the performance of a direct-drive WEC 
device with a wide range of different design parameters. However, the WEC 
model could also be improved so as to be able to provide simulated results, 
e.g. including electrical and mechanical losses. In modelling, the function for 
calculating the losses is complicated, some elements including mechanical 
friction, losses in electrical transmission, eddy current losses and losses asso-
ciated with magnetic materials.  

It is important to clarify that there are always uncertainties associated with 
simulations. A minor mistake in programming can easily lead to unrealistic 
results, and this becomes more sensitive the more complicated the real case is. 
This is the basic reason why experiments, conducted in order to validate the 
theory, are so vital to research. 

8.3 Optimal damping coefficient 
8.3.1 Impact on power production 
Optimal damping is a key to enhancing the energy absorption for a direct-
drive WEC model, see Paper V. In the study, twelve different sea states are 
used to investigate the power production by varying the damping coefficient. 
The results show that each power profile has a maximum power point corre-
sponding to an optimal damping. Due to the random phase derived in the ir-
regular waves, the curves are not as smooth as expected with harmonic wave 
sources. However, this situation would be improved by using more samples 
in the modelling. Table 8.2 lists the maximum power for each wave case with 
a corresponding optimal damping coefficient, in addition to the power capture 
ratio.  

Power profiles under powerful sea states are more sensitive to the damping 
coefficient compared to weaker sea states. The corresponding optimal damp-
ing factors under powerful waves are more likely to be gathered in a narrow 
span. The results thus suggest that controlling the optimal damping is useful 
for gaining higher energy absorption under powerful wave conditions. Possi-
bly due to the lower excitation forces from the waves, the optimal damping 
under milder sea states is not as apparent. However, this does not mean that a 
damping control is not necessary since real wave climates include both mild 
and powerful sea states. Therefore, a control technique is useful, either to con-
trol forces from large waves or for the purpose of enhancing energy produc-
tion. For cases with gentle wave climates, the corresponding optimal damping 
suggests a lower threshold for the damping control. 
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Table 8.2. A list of the optimal damping coefficients and relevant average power for 
each sea state. 

Translator Weight = 5000 [kg] 
Wave 
Height 
[m] 

Wave 
Period 
[sec] 

Optimal 
Damping 
Coefficient 
[kNs/m] 

Average Power 
Corresponding 
to the Optimal 
Damping 
[kW] 

Available 
Captured 
Power 
[kW] 

Power 
Capture 
Ratio 
[%] 

0.25 2.50 25.00 0.12 0.15 80.00% 

0.75 3.50 35.00 1.42 1.93 73.58% 
1.25 4.50 45.00 3.84 6.89 55.73% 
1.75 5.50 75.00 7.10 16.51 43.01% 
2.25 6.50 65.00 10.15 32.24 31.48% 
2.75 6.50 55.00 13.78 48.17 28.61% 
3.25 7.50 45.00 15.30 77.63 19.71% 
3.75 7.50 45.00 18.81 103.36 18.20% 
4.25 7.50 65.00 22.70 132.76 17.10% 
4.75 8.50 55.00 23.60 187.95 12.56% 
5.25 9.50 65.00 25.21 256.61 9.82% 
5.75 10.50 65.00 25.87 340.21 7.60% 

 

8.3.2 Shift of optimal damping 
It is interesting to note that the optimal damping coefficient shifts as the wave 
climate changes, as listed in Table 8.2. The corresponding optimal damping 
increases as the waves become higher. This phenomenon shows that lower 
damping is needed to obtain maximum power production for a milder sea 
states. The relatively narrow band of optimal damping and the shape of the 
power profiles for milder sea states suggests that controlling the damping 
could be limited to a small range, or possibly even a specific value, as long as 
this value can balance the optimal damping between powerful and mild sea 
states – with the goal of maximizing the annual energy production. 

8.3.3 Energy production 
This study generated a method of power matrix, in order to display the power 
distribution during all occurring wave climates within one specific area. Sim-
ilarly, an annual energy matrix was generated. As shown by the colour-bar 
used in the matrices, the highest energy production is actually not in an area 
with powerful wave climates. This phenomenon is due to where the highest 
annual occurrence for the sea states, as illustrated in Figure 8.2.  

Table 8.3 gives a list of the most important sea states from an annual energy 
perspective. The results tell that sea states with wave heights between 0.75m 
to 2.75m and wave periods from 3.5s to 6.5s are contributing almost 54% of 
the overall energy production. This gives important suggestions for designing 
a WEC, i.e. the stroke length, and a damping control strategy.  
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Table 8.3. The sea states with the highest contribution to the annual energy at Test 
Site 6. 

Order Wave Period 
[s] 

Wave Height 
[m] 

Annual Energy Production 
[MWh] 

Percentage 
[%] 

1 5.50 1.75 2.96 13.11 
2 4.50 1.25 2.28 10.10 
3 6.50 2.75 1.94 8.61 
4 5.50 2.25 1.85 8.22 

5 6.50 2.25 1.69 7.49 
6 3.50 2.75 1.29 5.72 

To be noted, the performed study is based on constant damping coefficients. 
In reality, however, even for the case with a linear resistive electrical load, the 
damping coefficient is not exactly constant. This is due to several reasons such 
as the varying active area of the stator, and the inductances and capacitances 
of the coils and sea cables. For simulation purposes, however, it is much con-
venient to make comparison among different cases. Besides, it gives valuable 
reference on further study on control strategies to optimize the energy absorp-
tion. A constant coefficient, should it be desired in real experiments, could be 
achieved with active load control.  

 

8.4 Impact by varying the mechanic designs 
8.4.1 Translator mass 
The translator mass along with the sea state has a significant impact on the 
generator’s power production. The results show that the power production can 
be enhanced with a heavier translator mass.  

Our studies show that for heavier weights, as presented in Figure 6.2(c) and 
6.3(c), a large amount of the absorbed energy is dissipated by the line force. 
This means that instead of being transformed into electrical energy by the gen-
erator damping force it is sent back out into the ocean. Intuitively one can view 
the buoy as acting like a parachute during the translator’s descent. For the 
lighter weights, such as the 2500kg case, the ratio of the damping energy to 
the buoy line energy is higher meaning that, although the power production is 
lower than for then heavier translators, a larger portion of the absorbed energy 
is converted into useful electrical energy. The results for all translator masses, 
in particular the heavier ones, suggest a much higher potential for electrical 
power production, likely to be achieved through the implementation of active 
control strategies.  

In 6.1 (a) it is interesting to notice that when the damping coefficient 
reaches above 120 kNs/m, the work by damping with a 10000 kg translator is 
lower than that with a 5000 kg translator. The reason could be that the excita-
tion from the waves is insufficient to drive the heavy translator to overcome 
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the high inertia of the system, i.e. not enough translator motion is induced. 
Furthermore, the small size of the buoy is related to the excitation force and is 
thus a reason for the insufficient energy absorption from the waves.  

As illustrated by the results given in Figure 6.3, when the generator per-
forms under a more powerful sea state such as [6.5 s, 2.75 m], a lighter trans-
lator (2500 kg) fails to absorb as much energy as a heavier translator (10000 
kg). Due to the principle of operation of the studied WEC technology, poten-
tial energy is transferred to the translator when lifted by the waves. This po-
tential energy is all that is available for energy production during the transla-
tor’s descent. Thus, it is important to consider the weight of the translator 
when designing a WEC for a specific wave climate.   

Another interesting result is that after the maximum power is reached, a 
clear downward trend is observed. The reason is that the translator’s move-
ment is affected inversely if the damping force increases to a level where the 
excitation force fails to drive the translator. On the positive side, a high damp-
ing coefficient could also be used to prevent mechanical harm from large 
waves by decreasing the translator’s speed and avoiding hitting the end stop 
at high speeds. This could be purposefully achieved through advanced control 
techniques where monitoring and control of the damping coefficient is applied 
in order to limit the translator stroke to a safe working zone.  

Furthermore, our findings show that a light translator can cause spikes in 
the line force when the power production is at or near its maximum point. This 
is due to the increased risk of snap loads. For example, if the translator has 
been pulled to a high position but fails to fall through the stator with the same 
speed as the buoy is descending then there will be a slack in the line between 
buoy and translator. When the buoy starts moving upwards again, while the 
translator is still moving downwards, the sudden tightening of the rope will 
cause a snap associated with a high momentary force which can cause harm 
to the device.  

A heavier translator stores a higher amount of potential energy that can be 
harnessed as it moves downwards during half of a wave period. If the transla-
tor is too light and the damping high, then the buoy will move down in wave 
troughs at a higher speed than the translator moving through the stator. The 
translator will not make it all the way through the stator before the buoy pulls 
it upwards again. This will lead to an inefficient use of the generator and there-
fore lower energy absorption. If the translator is very heavy, less powerful sea 
states may not be able to make the translator move much, but the results indi-
cate that this is not as significant, at least not for the studied weights. The 
results of the study show that, for translators weighing 2500 kg to 10000 kg, 
the energy absorption increases with higher weight, particularly under the con-
ditions of more powerful sea states. 
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8.4.2 Stroke length  
The stroke length more or less affects the linear generator’s performance by 
limiting the behaviour of the translator, see Paper VI. The focus on the stroke 
length is to estimate how much impact it would have on the energy production 
of the direct-drive WEC device. Three cases of stroke length are investigated 
by simulating a prototype WEC from the Lysekil project under different wave 
environments.   

The impact of the stroke length on the power production is strongly wave 
climate dependent, i.e. a longer stroke length would surely contribute to higher 
energy absorption. However, by studying the wave climate of a particular site 
some indication is given for the design of the stroke length. Taking the studied 
site 6 on the Swedish west coast as an example, the energy production between 
a 4m stroke length and an infinite stroke length differs little. So there seems 
to be a strong economic incentive to limit the stroke length. In other words, a 
good design for the stroke length is one that is able to balance both the eco-
nomic benefits and the technical benefits. The results suggest that a 2m stroke 
length is sufficient for Sweden, while a longer stroke length has more benefits 
at test sites which contain more wave energy, such as the offshore locations 
studied in Scotland and Chile. 

Table 8.4. The annual energy absorption at different translator mass for all the wave 
climates occurring at Site 6.  

Overall Annual Energy [MWh] 
                  Translator    Mass [kg] 
 
Stroke Length [m] 

2500 5000 10000 

2 20.47 20.95 19.48 

4 21.62 22.57 20.84 

Free of Limitation 21.67 23.00 21.10 

 
The translator mass also plays an important role in designing the stroke length. 
Table 8.4 shows a relationship between the stroke length and the translator 
mass. Each overall annual energy for Site 6 is obtained based on the corre-
sponding stroke length and translator mass in the table. It is obvious that the 
weight of the translator and the stroke length both have an effect on the energy 
production. Aside from the case with unlimited stroke length, the highest en-
ergy production was obtained with the 5000 kg translator and a 4 m stroke 
length.  
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9. Conclusions 

The most significant conclusions drawn from this thesis work as follows: 
 

a. It has been verified that the linear generator model, including the hy-
drodynamic driving forces and electrical loads, agrees with the exper-
imental results from the WEC prototype in the Lysekil project. (Paper 
IV) 

 
b. The optimal linear damping for the studied direct-drive WEC device 

has been described in detail, with results that can be used to increase 
the energy absorption. The optimal damping is wave climate depend-
ent, i.e. the optimal damping shifts as the wave climate changes. Re-
sults suggest the optimal damping coefficient tends to increase as the 
wave climate becomes stronger. For the Lysekil case, 60 kNs/m is a 
good compromise to accommodate all the different sea states docu-
mented at the test site. (Paper V) 

 
c. The translator mass plays a significant role in the WEC’s performance. 

From the results, it can be concluded that linear generators with a 
heavy translator (up to the studied 10000 kg) can enhance the power 
and energy production. (Paper V) 

 
d. A longer stroke length contributes to more energy production in a di-

rect-drive WEC device. However, the wave climate at the test site 
should be taken into account as an important factor when designing 
the length. The design should aim to find a compromise between the 
construction cost and the gain to the energy production. Results from 
the numeric modelling suggest that a 2 m stroke length is sufficient 
for the Lysekil Project. (Paper VI)  

 
e. The translator mass and the stroke length have a combined effect on 

the energy production for a direct-drive WEC. For the wave climate 
in Test Site 6, a combination of a 4 m stroke length and a 5000 kg 
translator is suggested as optimal to obtain a higher energy production. 
However, a larger buoy together with a heavier translator is likely to 
increase the energy production even further.  
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f. Power matrices and annual energy absorption matrices for Uppsala 
University prototype WEC (L9) have been provided. The matrices 
have been used to indicate optimal design parameters for the WEC 
devices, both in terms of mechanics (stroke length and translator mass) 
and load strategies (energy absorption).  
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10. Future Work 

Although the direct-drive WEC model is validated by test results, more im-
provements can be made to optimize the simulations to a level where the 
model can perform even more realistic simulations. One challenge to this pur-
pose is to incorporate losses in the WEC model. Therefore, a thorough study 
of the losses in experiments would be an important step towards updating the 
WEC model.  

 
The optimal damping studies in this thesis have been focused on linear damp-
ing. There are many other types of damping suggested in the literature, out of 
which active control is of particular interest for the Uppsala university tech-
nology. A natural next step is to study this more thoroughly in theory, simu-
lations and experiments.  
 
Since the cost of constructing and maintaining a WEC is of paramount im-
portance for the long term viability of the technology, a financial model that 
takes into account the construction cost and the various engineering decisions 
outlined in this thesis (e.g. translator stroke length and mass) would be of great 
value. It is envisioned that such a model should be developed.  
 
The power matrix for the L9 allows for studies of energy production should 
the WEC be placed in other locations internationally. Power matrices for more 
modern versions of the WEC technology would also be interesting to study 
and to apply to wave climates around the world, and in combination with a 
financial model. 
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11. Summary of Papers 

All the papers included in this thesis deal with wave energy in one way or 
another. Paper I, categorizes the WEC devices based on the devices’ electrical 
control methods. Paper II and III present a status update of the Lysekil Project 
from 2011 to 2015. Paper IV proposes a numerical linear generator model 
which is verified by the test results. Paper V describes the study of how the 
damping coefficients affect the performance of the linear generator while Pa-
per VI focuses on the impact of the generator stroke length on the energy pro-
duction of the direct-drive WEC device. 

PAPER I  
Review on Electrical Control Strategies for Wave Energy Converting 
Systems 
In this paper, different types of wave energy converters are classified by their 
mechanical structure and by the way they absorb energy from ocean waves. 
The paper presents a review of the strategies for electrical control of wave 
energy converters as well as energy storage techniques.  

The author performed most of the work including reviewing literatures and 
writing work. 

Published in Renewable and Sustainable Energy Reviews, 31:329–342, 
2014. 

PAPER II 
Status Update of the Wave Energy Research at Uppsala University 
The paper gives an updated review on the researches happening within the 
Lysekil Project. The presented material includes both theoretical and experi-
mental research developments, such as new designs and installations of gen-
erators, experimental results of rectification on power production as well as 
further developments in the experimental setup at Lysekil. The paper also pre-
sents research on a device for avoiding tidal effects and environmental studies 
by Uppsala University. 

The author was responsible for organizing and writing all the info from co-
authors into one complete paper. 
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Presented by the author at the Proceedings of the 10th European Wave and 
Tidal Energy Conference, Aalborg, Danmark, 2-5 September, AWTEC 2013 

PAPER III 
Wave Energy Research at Uppsala University and The Lysekil Research 
Site, Sweden: A Status Update 
The paper provides a status update of the Lysekil wave power project from 
2013 up till 2015. In the paper, progress on different research topics are pre-
sented during these two years.  

The author contributed one sub-section to the article on the design of the 
linear generator model. 

Presented by Arvind Parwal at the Proceedings of the 11th European Wave 
and Tidal Energy Conference, Nantes, France, 6-11 September, EWTEC2015 

PAPER IV 
Linear Generator-based Wave Energy Converter Model with 
Experimental Verification and Three Loading Strategies 
In this paper a WEC model is proposed.  

The paper focuses on analyzing the operation of the model coupled to the 
three load cases. The results verify that the WEC model simulates the linear 
generator developed in the Lysekil Project correctly.  

The results give an indication on the efficiency of the energy production as 
well as on the force ripples and resulting mechanical loads on the wave energy 
converters. 

The author was responsible for the modelling results and wrote most part 
of the article. 

Published in IET Renewable Power Generation, 10(3): 349-359, 2015 

PAPER V 
A Study on the Damping Coefficient of a Direct-drive Type Wave 
Energy Converter 
The study gives an investigation of the mass of the generator’s translator with 
the purpose of quantifying the impact of the translator’s mass on the power 
production. The impact of the linear damping on the power production is also 
studied for different wave climates along with the potential annual energy ab-
sorption under the given conditions.  

The author ran the simulation and was responsible for all the results. She 
wrote most of the article. 

Conditionally accepted in Renewable Energy, September, 2016 
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PAPER VI 
Impact of Generator Stroke Length on Energy Production for a Direct 
Drive Wave Energy Converter 

This paper studies the impact of the generator stroke length on energy ab-
sorption for three sites off the coasts of Sweden, Chile and Scotland. 2 m, 4 m 
and unlimited stroke are considered. Power matrices for the studied WEC pro-
totype are presented for each of the studied stroke lengths.  

The author built up the modelling and was responsible for all the results. 
She wrote most of the article. 

Published in Energies, 9: 730-742, 2016 
 
 



 65 

12. Svensk Sammanfattning 

Havsvågor, som täcker två tredjedelar av jordens yta, har en enorm potential 
som en källa till förnybar energi. Det skulle därför vara en enorm prestation 
om tekniska innovationer lyckas omvandla energin till en form som kan an-
vändas framgångsrikt av samhället. I åratal har forskare och ingenjörer försökt 
göra detta genom att utveckla vågkraftverk av många olika slag med syfte att 
omvandla vågenergin till elektrisk energi.  

   
I denna avhandling studeras en vågkraftteknik som är utvecklad på avdel-
ningen för elektricitetslära vid Uppsala universitet, inom det så kallade Lyse-
kilsprojektet. Lysekilsprojektet startade 2002 och har en experimentanlägg-
ning på västkusten i närheten av Härmanö och Lysekil. Hittills har mer än tio 
prototyper av vågkraftverk tagits i bruk och en stor mängd experiment har 
utförts i experimentanläggningen.  
 
Den typ av vågkraftverk som utvecklats vid Uppsala universitet kategoriseras 
som en punktabsorbator. Den består av en direktdriven linjärgenerator som är 
kopplad till en flytande boj. Linjärgeneratorn står på havsbotten och kopplas 
via en lina eller vajer till den av havsvågorna drivna bojen på ytan. I genera-
torn omvandlas bojens rörelser till elektrisk energi, och den producerade elen 
överförs till en mätstation på land. 
 
Arbetet som presenteras i denna avhandling behandlar dels ett simulerings-
verktyg för att som bland annat beräknar hur mycket energi som vågkraftver-
ken absorberar beroende på en rad faktorer – bland annat vågklimat, kontroll-
metoder för generatorns dämpning, och mekaniska parametrar så som massa 
och slaglängd hos linjärgeneratorn. Syftet är att optimera energiabsorption och 
samtidigt ta hänsyn till de konsekvenser detta har på både ekonomi (att bygga 
och underhålla vågkraftverken) och mekanisk prestanda (att kraftverken över-
lever de stormar till havs). Två mekaniska egenskaper hos linjärgeneratorerna 
studeras i större detalj – deras slaglängd och vikt. Syftet är att hitta en rimlig 
konstruktion för generatorn som balanserar tillverkningskostnaden och ener-
giproduktionen. 
 
De erhållna resultaten visar att det vid linjär dämpning går att finna en dämp-
konstant som är en tillräckligt bra kompromiss för att användas vid alla 
Svenska vågklimat – och därigenom förenkla kontrollen av vågkraftverken.    
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Resultaten presenterar även matriser som beskriver den studerade vågkraft-
prototypens energiabsorption vid alla olika vågklimat, vilket gör det möjligt 
att förutsäga energiabsorptionen oavsett var i världen som vågkraftverket hade 
varit placerat.  
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