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In this project, the wave energy converter (WEC) designed at Seabased AB and
Uppsala University was modelled in the program MATLAB. In order to increase the
average output power, the WEC should be controlled. Therefore, the simulation tool
was used to investigate damping strategies where the damping coefficient was changed
at different times of the wave period. The tests showed that a suitable damping
strategy, matched to the sea state at the specific location of the site and the overall
WEC design, increases the average output power, as well as may protect the WEC
from damages. This can lead to a more sustainable WEC system, which may
contribute to the increasing demand of renewable energy solutions.
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Svensk sammanfattning 

På företaget Seabased Industry AB och vid avdelningen för elektricitetslära på Uppsala universitet 

skapar man hållbara lösningar för förnyelsebar elgenerering genom att tillvarata havsvågornas 

rörelser. Vågkraftverket som utvecklats i Uppsala var det första att generera el till det nordiska 

nätet (januari, 2016) och det består av en boj vid havsytan, kopplad via en vajer till en 

linjärgenerator på havsbotten. Bojens rörelser gör så att den rörliga delen av vågkraftverket, 

translatorn, rör sig i förhållande till statorn, varav spänning induceras i lindningen. I detta projekt 

undersöks vad som kan hända om vågkraftsystemet dämpas på olika sätt.  

        Eftersom Seabased Industry AB rör sig mot en global marknad med varierande vågklimat, 

krävs dimensionsanpassning av vågkraftverket. Under detta projekt skapades ett 

simuleringsverktyg i programmet MATLAB, med hydrodynamiska parametrar från programmet 

WAMIT, som visar vilken elektrisk effekt man kan få för olika stora vågkraftverk i olika 

vågklimat. Särskilt undersöks medeleffekten då systemets dämpning varieras under vågens 

rörelse. Fyra olika dämpningsstrategier användes. Under den första uppsättningen simuleringar 

användes konstant dämpning. I den andra omgången simuleringar ökades 

dämpningskoefficienten då translatorn nått en viss hastighet. Under den tredje uppsättningen 

simuleringar låstes translatorn i botten och släpptes sedan efter någon sekund, vilket genererade 

en hög translatorhastighet. I den fjärde och sista omgången simuleringar ökades dämpningen 

stegvis för att bromsa upp translatorn innan den nådde toppen av linjärgeneratorn och därmed 

skydda vågkraftverket från skador. Slutsatsen är att med rätt typ av dämpning kan man skapa ett 

mer hållbart vågkraftverk med högre effektproduktion, och vågklimatet och storleken på 

vågkraftverket påverkar vilken typ av dämpning som är mest lämplig.  
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Nomenclature and abbreviations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A [m] Amplitude 

A'  State matrix 

Aa [m2] Active area 

A(ω)  Added mass 

B'  Input matrix 

C  Restoring hydrostatic 
coefficient 

C'  Output vector 

Fb [N] Buoyancy force 

Fbuoy [N] Net force acting on buoy 

Fe [N] Excitation force 

Fext [N] External forces 

Fh [N] Buoyancy force 

Fls [N] Force from lower spring 

FPTO [N] PTO force 

Fr [N] Radiation force 

Fs [N] End stop spring force 

Ftranslator [N] Net force acting on translator 

Fus [N] Force from upper spring 

Fw [N] Wire force 

g 
[
m

s2
] 

Acceleration due to gravity 

γ 
[
Nm

s
] 

Damping coefficient 

Hs [m] Significant wave height 

K  Retardation function 

kl [
N

m
] 

Lower spring coefficient 

ku 
[
N

m
] 

Upper spring coefficient 

kw 
[
N

m
] 

Spring coefficient of wire 

ll [m] Lower free stroke length 

ls [m] Length of stator 

lt [m] Length of translator 

lu [m] Upper free stroke length 

Mb [kg] Mass of buoy 

Mt [kg] Mass of translator 

η [m] Surface elevation 

ρ 
[
kg

m3
] 

Density of water 

P [W] Instantaneous absorbed 
power 

Pav [W] Average power output 

t [s] Time 

TE [s] Energy period 

u [m/s] Velocity of floater 

Vsub [m3] Submerged volume 

ω 
[
𝑟𝑎𝑑

𝑠
] 

Angular frequency 

X  State-space variables 

y  Convolution integral 

zb [m] Vertical displacement of 
buoy 

zt [m] Vertical displacement of 
translator 

LG Linear generator 

PTO Power take-off 

WEC Wave energy converter 
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1. Introduction 

In recent years, there has been an increasing demand for renewable and sustainable energy 

solutions worldwide. At the Division of Electricity at Uppsala University [1], the various research 

fields have a common goal towards a more sustainable society. Scientists are working with 

vertical axis wind turbines, automation systems and solutions for electric vehicles. In addition, the 

division is developing solutions to harness the energy stored in the ocean with renewable and 

sustainable solutions for power from marine currents, hydro power and wave power.  

        There is a number of ongoing wave power projects around the world, with different wave 

energy converter (WEC) design solutions. The WEC designed at Uppsala University and at the 

company Seabased Industry AB [2] consists of a buoy floating on the sea surface, connected via a 

wire to a linear generator on the seabed, as can be seen in Figure 1. The linear generator (LG) 

consists of the stator, a static part with winding, and the translator, a moving part with magnets. As 

the incoming wave acts on the buoy, the translator moves relative to the stator and voltage is 

induced, according to Faraday’s law of induction [3].  

  

Figure 1. WEC solution designed at Seabased Industry AB and Uppsala University. A buoy is floating on the 
ocean surface, connected via a wire to a linear generator on the ocean bed [2]. 

Several recent studies on wave power have been carried out at Uppsala University: Gravråkmo 

studied the design of the buoy [4], Ekergård investigated the magnetic properties of the linear 

generator [5], Boström performed experiments on the electrical system [6]. Hydrodynamic 

properties of the WEC have been examined by Engström [7] and represented with electric 

circuits by Hai [8]. The overall design of the WEC is a key aspect when generating power from 
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the ocean waves in a sustainable way and the design should be simple and include both 

environmental and economical awareness.  

        This type of WEC solution is commercialized by Seabased Industry AB, that currently has 

an office in Uppsala, a factory in Lysekil and ongoing projects worldwide [2]. Lysekil is situated at 

the west coast of Sweden by the Western sea, which includes Skagerrak and Kattegatt. In 

Skagerrak, the ocean waves have a significant wave height of approximately 1-3 meters and an 

estimated energy period of 4-7 seconds [7]. The wave height in Lysekil is recorded continuously, 

and the raw data is used to determine the sea state [4, 9]. The measurements of the significant 

wave height Hs and energy period Te at the research site in Lysekil during 2007, but with no data 

from August, are shown in Figure 2, showing the number of hours a specific sea state occurred 

[10]. In addition, the corresponding power in kW per meter wave front is marked in Figure 2. In 

January 2016, Seabased Industry AB, together with Fortum and the Swedish Energy Agency, was 

the first wave power company to generate electricity to the Nordic grid [11]. 

 

Figure 2. The number of hours a specific sea state occurred at the Lysekil research site during 2007, with no data 
from August [10]. 

The world total estimated power available in the ocean waves, according to Thorpe [12], is about 

2 TW, and the estimated power of ocean waves at some specific locations, in kW per meter of 

wave front, can be seen in Figure 3. The estimated power from the waves is higher in other parts 

of the world than in Lysekil, as can be seen by comparing the estimated power in Figure 2 and 

Figure 3. Although both the estimated power in the ocean waves and the demand for renewable 

energy sources are high, the power stored in the ocean waves is not fully utilized yet. Seabased 

Industry AB is moving towards a global market, and therefore, different sizes of the WEC for 

different sea states is of interest. In this study, the various sea states and the flexibility of the 

WEC solution have been considered.  
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Figure 3. Estimated power in ocean waves, in kW per meter wave front [12]. 

The power produced from the Uppsala WEC is dependent on the velocity of the translator, the 

active area (i.e. the interaction area of the stator) as well as the damping factor (i.e. how much the 

system is damped). The electromagnetic damping of the generator naturally affects the velocity of 

the translator. The variation in absorbed power from a specific design of the Uppsala WEC at a 

certain sea state during a wave cycle was examined by Lejerskog et al. [13] showing that the 

converted energy was higher during the upward motion of the translator than during the 

downward motion; this could be changed by, for example, increasing the weight of the translator. 

Moreover, Lejerskog et al. noted that the damping of the system decreases with a decreasing 

active area of the stator. 

        Previously [14], it has been shown that the velocity of the buoy should be in phase with the 

excitation force of the incident wave to increase the power output. This means that the WEC 

system should be controlled to increase the power output. The control of the WEC can be 

adjusted seasonally, daily, hourly or for each wave [15]. 

        The WEC system can be controlled mechanically: with latching control [16], the mechanical 

system is locked at some time periods, usually at the positions when the velocity of the translator 

is zero; with declutching control [17], the power take-off (PTO) force is switched to zero at 

certain times; a hydraulic PTO can be controlled with the hydraulic system. Babarit et al. [17] 

examined the difference between continuously controlling a hydraulic PTO for a WEC with 

pumps or hydraulic cylinders, and controlling the WEC using declutching. In their paper, Babarit 

et al. [17] discuss that by using declutching, rather than continuous control with hydraulics, a 

similar power rate can be reached with a simplified control system.  

        Instead of using a mechanical control of the WEC, an electrical control system can be 

designed. As recently noted by Wang and Isberg [18], contrary to a mechanical control system, an 

electrical control system can be monitored onshore and, therefore, will be easier to handle and 

less expensive. Boström, in her PhD thesis [6], has modeled four electrical damping circuits for 

the Uppsala WEC that were simulated and tested experimentally, showing that it is possible to 

regulate the power output differently with the use of electrical circuits. In addition, different 
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suggestions on electrical damping of a linear WEC have been outlined by Ekström et al. [15], 

concluding that the optimum damping circuit is affected by the individual WEC design and the 

sea state at the specific site.  

        That is, control strategies of the WEC have been discussed but it is still interesting to 

determine how the WEC can be damped in order to increase the average output power for a 

specific sea state. The variation in output power during the upward and downward motion from 

the Uppsala WEC, as noted by Lejerskog et al. [13], implies that it could be interesting to study a 

variable damping of the WEC system during the wave cycle. Therefore, this report explores some 

different strategies to dampen the Uppsala WEC for different designs, sea states and at different 

time instances of the wave period. The main goal is to increase the average power output and 

protect the system from damage.  

1.1 Objective of this project 

The objective of the project is to develop a simulation tool for a wave energy converter with a 

linear generator PTO applying different control strategies, dependent on the position of the 

translator and the size of the generator. This can be divided into the two primary aims of this 

study:  

1. To create a flexible simulation tool for the WEC with linear generator, buoy, and 

incoming regular waves. 

2. To use the tool to simulate different damping strategies for different sizes of the WEC in 

order to increase the average output power and protect the system as the sea state varies. 

1.2 Method 

The theoretical basis of this project is linear potential wave theory, where the fluid is assumed to 

be incompressible, irrotational and non-viscous, the Laplace equation is satisfied and the 

boundary conditions are linearized [7]. The movement of the floater is prescribed with the 

simulation tool WAMIT [19], which was used by the supervisor. All forces acting on the WEC 

are considered. The relevant equations, including Cummins equation with a state-space approach, 

together with the parameters obtained in WAMIT, are implemented in the program MATLAB 

[20] to simulate the motion of the WEC in a non-extreme sea state. The instantaneous power 

output from the WEC is calculated from the PTO force. The PTO force depends on the velocity 

of the translator, the electromagnetic damping of the system and the interaction area of the 

stator. Finally, the time average output is calculated.  

1.3 Limitations 

The WEC designed at Uppsala University and Seabased Industry AB was studied, using theory, 

calculations and simulations. That is, no offshore experiments were performed as part of this 

work. The real ocean has irregular waves, but here, only regular waves were studied. The 

dimensions of the different parts of the WEC, as well as the damping strategies, were suggested 

by the supervisors. Hydrodynamic properties for the buoy were generated in the external 

simulation program WAMIT, and ten different masses of the translator were considered. The 

hexagonal buoy was approximated as a cylindrical buoy with a moon pool, as their hydrodynamic 

properties are similar. The buoy cannot be simulated as fully submerged, because of the linear 

wave theory. In the simulation program, the buoy is only moving in heave. 

1.4 Scope of the report 

In this report, different damping strategies for the Uppsala WEC are simulated and discussed. 

The equations used to simulate a WEC in a certain sea state are described, including an equation 
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for the incident wave, a description of the forces acting on the buoy which are included in 

Cummins’ equation and solved using a state-space method, a description of the forces acting on 

the translator and calculation of the output power. All simulations are performed in MATLAB 

using parameters obtained from WAMIT. In the first set of simulations, the electromagnetic 

damping is constant; in the second, the damping is changed as the translator reaches a certain 

velocity; in the third simulation, the translator is kept at the bottom of the LG for a predefined 

time and then released; in the fourth simulation, the damping is increased in three steps as the 

translator is close to the upper spring of the WEC. The motion of the WEC system and the 

average output power were calculated for each simulation and finally compared and discussed. 

        This report begins by outlining the theory used (chapter 2). It will then go on to describe the 

method used to perform the simulations (chapter 3). Thereafter, the results will be presented 

(chapter 4) and discussed (chapter 5). Finally, conclusions of the study will be drawn with 

suggestions on future work (chapter 6).  

2. Theory 

2.1 Incoming wave 

The sea state is characterized by a significant wave height Hs and an energy period TE [21]. As 

only regular waves are simulated, the significant wave height and energy period are assumed to be 

Hs=2A and TE= 2π ω⁄  respectively, where A is the amplitude and ω is the angular frequency. 

The surface elevation η for a regular incoming wave at time t can be described as  

 𝜂(𝑡) =
𝐻𝑠

2
sin(𝜔𝑡),     (1) 

for heave motion of the floater.  

2.2 Hydrodynamic forces acting on floater 

Consider a buoy floating in the ocean, as shown in Figure 4; different hydrodynamic forces are 

acting on the floater.  
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Figure 4. The scattering problem (a) and the radiation problem (b) are related to the excitation force and radiation 
force [8]. The hydrostatic force accounts for the small variation in buoy draft and the difference in submerged 
volume is shown in (c), and (d).  

In the first case, illustrated in Figure 4(a), incoming waves reach a fix floater, resulting in 

diffraction of the waves. This is called the scattering problem and it is related to the excitation force 

Fe(t) acting on the floater [8]; the excitation force accounts for the energy loss of the incident 

waves as they reach the still floater. In the second case, illustrated in Figure 4(b), there are no 

incoming waves and the buoy is oscillating on its own, radiating waves, until it finally stops. This 

is called the radiation problem and is related to the radiation force Fr(t) [8]; the radiation force 

counteracts oscillatory motion of the floater, stopping its movement. Moreover, the hydrostatic 

restoring force, 

 𝐹ℎ(𝑡) =  𝜌𝑔∆𝑉𝑠𝑢𝑏(𝑡),    (2) 

is the force accounting for the small variation in the buoy draft as it moves with the waves. The 

variation in submerged volume can be seen by comparing Figure 4 (c) and (d). In Figure 4 (c), the 

vertical position of the floater is negative, and there is an additional submerged volume ∆Vsub. In 

Figure 4 (d), the buoy is in its initial position 𝑧𝑏 = 0 and there is no hydrostatic restoring force 

since ∆Vsub=0. The excitation force, the radiation force and the hydrostatic restoring force are 

the hydrodynamic forces acting on the floater.   
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        The excitation force Fe(t) is calculated as a convolution between the impulse response 

function of the excitation force fe(t) and the vertical surface elevation η(t), that is, 

𝐹𝑒(𝑡) = 𝑓𝑒(𝑡) ∗  𝜂(𝑡).    (3) 

The radiation force Fr(t) is calculated as the convolution between the impulse response function 

of the radiation force, called the retardation function, K(t) and the vertical velocity of the buoy 

żb(t) 

 𝐹𝑟(𝑡) = −𝐾(𝑡) ∗ �̇�𝑏(𝑡) =  −∫ 𝐾(𝑡 − 𝜏)�̇�𝑏(𝑡) 𝑑𝜏
∞

0
,  (4) 

where it is assumed that K(t)=0 for t<0 and the negative sign indicates that the radiation force 

is opposing the oscillations of the buoy. In 1964, Oglivie [22] described the relation between the 

frequency domain and the time domain of the retardation function. The Fourier transform [23] 

of the retardation function K(t) is 

 𝐾(𝑗𝜔) =  ∫ 𝐾(𝑡)𝑒−𝑗𝜔𝑡𝑑𝜏
∞

0
= ∫ 𝐾(𝑡)(cos𝜔𝜏 − 𝑗 sin𝜔𝜏) 𝑑𝜏

∞

0
. (5) 

The frequency dependent damping is the real part of the transfer function K(jω) 

 𝐵(𝜔) = ∫ 𝐾(𝑡) cos𝜔𝜏 𝑑𝜏
∞

0
,   (6) 

and the frequency dependent added mass is 

 𝐴(𝜔) =  𝐴(∞) −
1

𝜔
∫ 𝐾(𝑡) sin𝜔𝜏 𝑑𝜏
∞

0
,   (7) 

where A(∞) is assumed to be the added mass at infinite frequency [24, 25]. In 1962, W.E. 

Cummins [26] suggested a hybrid time-frequency equation to describe the motion of a ship in 

time. Using the equations for the excitation force, the radiation force and the hydrostatic 

restoration force, along with Newton’s second law, Cummins’ equation can be derived. 

Cummins’ equation, for a floater moving in heave at its origin shown in Figure 4 (d), is 

(𝑀𝑏 + 𝐴(∞))�̈�𝑏(𝑡) + ∫ 𝐾(𝑡 − 𝜏)�̇�𝑏(𝑡)𝑑𝜏
𝑡

0
+ 𝐶𝑧𝑏(𝑡) =  𝐹𝑒(𝑡) + 𝐹𝑒𝑥𝑡(𝑡), (8) 

where A(∞) is the added mass at infinite frequency, zb(t), żb(t) and z̈b(t) is the displacement, 

velocity and acceleration of the floater, K is the retardation impulse response function, C is the 

restoring hydrostatic coefficient, Fe(t) is the excitation force and Fext(t) is a sum of all external 

forces acting on the floater [27]. 

        Convolution terms, as the one in Cummins’ equation, depend on previous time values, and 

computational approximation can take long time, depending on chosen approximation method. 

As described by Taghipour et al. [24], the convolution integral in Cummins equation can be 

approximated by a state-space method. The state-space representation [24, 25, 27] of the WEC 

system is 

{

(𝑀𝑏 + 𝐴(∞))�̈�𝑏(𝑡) + 𝑦(𝑡) + 𝐶𝑧𝑏(𝑡) =  𝐹𝑒(𝑡) + 𝐹𝑒𝑥𝑡(𝑡)

�̇�(𝑡) = 𝑨′𝑿(𝑡) + 𝑩′𝑢(𝑡)                                                   

𝑦(𝑡) = 𝑪′𝑿(𝑡)  ≈  ∫ 𝐾(𝑡 − 𝜏)�̇�𝑏(𝑡)𝑑𝜏
𝑡

0
                          

, (9) 
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for the state matrix A', input matrix B', output vector C', a vector X(t) of state-space variables, 

input u(t) which is the velocity of the floater and output y(t) which is equal to the convolution 

integral in Cummins’ equation.  

        Polynomials, with coefficients a1 to an and b0to bm, are fitted to the retardation impulse 

response function K, such that, if the system is Laplace transformed to Y(s)=H(s)U(s), where 

U(s) is the input, Y(s) is the output and H(s) is the transfer function for a chosen order of the 

approximation n and m = n-1, the fitted polynomials fulfill 

 𝐻(𝑠) =  
𝑏𝑚𝑠

𝑚+ 𝑏𝑚−1𝑠
𝑚−1+⋯+𝑏0𝑠

𝑎𝑛𝑠𝑛+ 𝑎𝑛−1𝑠𝑛−1+⋯+𝑎1𝑠+𝑎0
.   (10) 

The coefficients a1 to an and b0to bm in Equation 10 are used in Equation 11 and 12. Following 

the description of Yu and Falnes [25], the matrices used in Equation 9 are 

𝑨′ = 

[
 
 
 
 
 
0
1
0

0
0
1

0
0
0

…
…
…

0
0
0

−𝑎1
−𝑎2
−𝑎3

⋮
0
0

⋮
0
0

⋮
0
0

⋱
…
…

⋮
0
1

⋮
−𝑎𝑛−1
−𝑎𝑛 ]

 
 
 
 
 

,   (11) 

𝑩′ = [𝑏0 𝑏1 𝑏2  … 𝑏𝑚−1 𝑏𝑚]
𝑇    (12) 

and 

𝑪′ = [0 0 0  … 0 1].   (13) 

2.3 Forces acting on the Uppsala WEC 

A sketch of the WEC designed at Uppsala University and Seabased Industry AB is depicted in 

Figure 5. A buoy is floating in the ocean, connected via a stiff wire to a movable translator, which 

moves relative to the static stator. The motion of the translator is limited by springs in the upper 

and lower part of the linear generator. The forces acting on the system with directions and 

coordinate system for the buoy and translator are shown in Figure 5. 
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Figure 5. The WEC system consists of a floating buoy connected to a linear generator. Several forces are acting on 

the system. 

Following the description of, for example, Hai et al. [28] the WEC system can be described by 

Equation 14 and 15.  

        The net force acting on the buoy of the WEC Fbuoy(t) can be calculated as 

𝐹𝑏𝑢𝑜𝑦(𝑡) = 𝐹𝑒(𝑡) + 𝐹𝑏 − 𝐹ℎ(𝑡) − 𝐹𝑟(𝑡) − 𝑀𝑏 ∙ 𝑔 − 𝐹𝑤,  (14) 

where Fe(t) is the excitation force from the incoming and diffracted waves; Fb= ρgVsub is the 

buoyancy force for still water; Fh(t) is the hydrostatic restoring force accounting for the small 

variation in the buoy draft as it moves with the waves; Fr(t) is the radiation force which 

counteracts the oscillations of the buoy; and Fw is the wire force which connects the movement 

of the buoy to the movement of the translator.  

        The net force acting on the translator Ftranslator(t) can be described as 

 𝐹𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑜𝑟(𝑡) = 𝐹𝑤 − 𝐹𝑃𝑇𝑂 − 𝐹𝑠 −𝑀𝑡 ∙ 𝑔,  (15) 

where the PTO force FPTO is the electromagnetic damping force as the stator and the translator 

act on each other, Fs is the forces from the end stop springs and Mt is the mass of the translator. 

In addition, a sketch of the linear generator is shown in Figure 6. 
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Figure 6. Sketch of the linear generator with translator, stator and upper and lower end stop springs. 

The values of the spring forces depend on the position of the translator and wire force depend 

on the difference between translator and buoy positions. Clearly, there are no forces from the 

end stop springs on the translator if the translator does not touch either spring. Following the 

model by Eriksson et al., the upper spring force can be calculated as  

 𝐹𝑢𝑠 = {
−𝑘𝑢(𝑧𝑡(𝑡) − 𝑙𝑢),    𝑖𝑓 𝑙𝑢 < 𝑧𝑡(𝑡)

0,                𝑒𝑙𝑠𝑒
,  (16) 

while the lower spring force can be calculated as, 

 𝐹𝑙𝑠 = {
−𝑘𝑙(𝑧𝑡(𝑡) + 𝑙𝑙),    𝑖𝑓 𝑙𝑙 < −𝑧𝑡(𝑡)

0,                𝑒𝑙𝑠𝑒
,  (17) 

for the spring coefficients ku and kl and the upper respectively lower free stroke length lu and ll 
as shown in Figure 6 [8, 29]. The wire force is modeled as a stiff spring when the vertical 

displacement of the buoy is greater than the vertical displacement of the translator. If the line is 

slack, that is if the translator is at a higher vertical position from its initial position than the buoy, 

the wire force is zero; the line can be slack if the translator is at the bottom of the linear 

generator, but the buoy is still moving downwards with the wave. Therefore, the wire force can 

be described as 



14 
 
 

 𝐹𝑤 = {
𝑘𝑤(𝑧𝑏(𝑡) − 𝑧𝑡(𝑡)),    𝑖𝑓 𝑧𝑡(𝑡) < 𝑧𝑏(𝑡)

0,                𝑒𝑙𝑠𝑒
,  (18) 

where kw is the spring coefficient of the wire [29]. The spring coefficient should be high enough, 

in order to consider the wire as stiff.  

        The PTO force FPTO(t) can be calculated as 

  𝐹𝑃𝑇𝑂(𝑡) =  𝛾(�̇�𝑡)𝐴𝑎(𝑡)�̇�𝑡(𝑡),   (19) 

for a damping coefficient γ(żt), and an active area Aa(t) that depends on the relative position of 

the stator and translator as 

 𝐴𝑎(𝑡) =

{
 
 

 
 0,                                          𝑖𝑓|𝑧𝑡(𝑡)| ≥

1

2
(𝑙𝑡 + 𝑙𝑠)

1,                                          𝑖𝑓 |𝑧𝑡(𝑡)| ≤
1

2
(𝑙𝑡 − 𝑙𝑠)

1

𝑙𝑠
(
1

2
(𝑙𝑡 + 𝑙𝑠) − |𝑧𝑡(𝑡)|) ,                                  𝑒𝑙𝑠𝑒

, (20) 

for a length of the stator ls and a length of the translator lt [8, 29].  

2.4 Output power  

The PTO force of the WEC is described in Equation 19 and the instantaneous power absorbed 

by the WEC is  

 𝑃(𝑡) =  𝐹𝑃𝑇𝑂(𝑡)�̇�𝑡(𝑡).    (21) 

That is, the instantaneous power absorbed by the WEC is 

 𝑃(𝑡) =  𝛾(�̇�𝑡)𝐴𝑎(𝑡)�̇�𝑡(𝑡)
2,    (22) 

which shows that the output power depends on the damping coefficient, the active area and the 

velocity of the translator [30]. The time averaged power output Pav were used in this study. 

3. Method 

To establish whether different damping strategies could enhance the average power output, the 

WEC model was built up in MATLAB, using equations described in the Theory chapter along 

with different possible damping strategies. MATLAB’s function invfreqs was used to obtain the 

coefficients from the transfer function, as stated in Equation 10 and MATLAB’s built in ordinary 

differential equation solver ode45 was used to solve the system of equations, describing the 

motion of the buoy and translator in time. The hydrodynamic coefficients to describe the buoy 

motion were generated in WAMIT. The buoy was approximated as a cylindrical buoy with a 

moon pool, as there are no significant differences in the hydrodynamic properties of the 

cylindrical buoy and the real hexagonal buoy. Ten different translator weights were simulated.  

Values for the WEC parameters were chosen. The incident waves were linear. The input values 

used in the code are summarized in Table 1. 
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Table 1. Initial input parameters to simulate incoming wave acting on a WEC. 

Parameter Value 

Density of water, ρ  1025 𝑘𝑔 𝑚3⁄  

Standard acceleration due to gravity, g  9.80665 𝑚 𝑠2⁄   
Water depth 25 m 

Cylindrical buoy with a moon pool  

Mass of buoy, Mb 4400 kg 

Inner radius of buoy 2.3 m 

Outer radius of buoy 3 m 

Height of buoy 2 m 

Generator  

Length of translator, lt 3 m 

Length of stator, ls 2.164 m 

Length of upper spring 0.77 m 

Length of lower spring 0.77 m 

Spring coefficient, upper spring, ku 270∙103 N/m 

Spring coefficient, lower spring, kl 270∙103 N/m 

Spring coefficient, wire, kw 833∙103 N/m 

Upper free stroke length, lu 0.75 m 

Lower free stroke length, ll 0.75 m 

Total stroke length in one direction 1.2 m 

Total stroke length 2.4 m 

Values generated in WAMIT  

Draft m 

Added mass at infinite frequency - 

Restoring hydrostatic coefficient - 

User-defined values  

Mass of translator, Mt [6000:1000:16000] kg 

Damping coefficient, γ  [50: 50: 300] kNs/m 

Significant wave height, Hs  [0.25: 0.25: 4.25] m 

Energy period, Te [2: 0.5: 10] s 

 

As shown in Table 1, the weight of the translator was chosen by the user in the range from 6000 

kg to 16,000 kg, with steps of 1000 kg. The damping coefficients was varied from 50 kNs/m to 

300 kNs/m with steps of 50 kNs/m. The sea state was chosen to resemble the sea state in 

Lysekil, as depicted in Figure 2 in the Introduction chapter. The amplitude of the incoming wave 

was increased from 0.125 m to 2.125 m with steps of 0.125 m; the significant wave height of the 

regular wave increased from 0.25 m to 4.25 m with steps of 0.25 m. The energy period of the 

wave was set from 2 s to 10 s with steps of 0.5 s. 

        Several simulations were performed and the average output power was calculated. In this 

report, four different control strategies are presented. In the first series of simulations, a constant 

damping coefficient was used. The second control of the damping coefficient was as follows: the 

damping was changed from a lower to a higher value when the translator velocity reached a 

specific value on its upward movement. Thirdly, a control strategy similar to the latching control 

was used: the damping coefficient was large enough for the translator to stop, and then it was 

released by decreasing the damping coefficient to an appropriate value. The last control applied 
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was so that the damping increased gradually in three steps to decelerate the translator when it was 

close to the upper end spring. For each simulation and different sea states, figures were 

generated, showing the vertical displacement and velocity of the buoy and translator, as well as 

the highest average power output generated with the suboptimal damping coefficients. 

        In this report, the simulations for a 10,000 kg translator are presented; this value was chosen 

as it is in the middle of the suggested translator weights. For the figures showing vertical 

displacement and velocity, Hs = 1.5 m and Te = 6 s was chosen, as this is a fairly common sea 

state in Lysekil (see Figure 2). The results from Simulation 1 was used in Simulation 2-4, in 

particular, the damping coefficients that generated the highest average output power in 

Simulation 1 was used in the subsequent simulations. For Simulation 2 – 4, the aim was not to 

optimize, but to see what happens when the damping coefficient is changed during the wave 

period, in order to limit the project. The transient part of the WEC motion was omitted from the 

figures and the calculations of average output power. 

4. Results 

4.1 Simulation 1 

In the first simulation, constant damping was applied to the WEC. For a 10,000 kg translator at 

the sea state Hs = 1.5 m and Te = 6 s, the highest average output power was 9.251 kW with a 

constant damping of 50 kNs/m. The vertical displacement of the incoming wave, the buoy and 

the translator are shown in Figure 7 (a) and the vertical velocity of the buoy and translator are 

shown in (b). The translator moved about 0.45 m upward and 0.8 m downward, and the highest 

velocity upward and downward was about 0.6 m/s.  

 

Figure 7. The vertical displacement of the incident wave, the buoy and the translator are shown in (a) and the 

vertical velocity of the buoy and translator are shown in (b), for a 10,000 kg translator in the sea state Hs = 1.5 

m and Te = 6 s, with constant damping, 50 kNs/m 
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The highest average power [W] obtained for all investigated sea states are shown in Figure 8 and 

the constant damping coefficients [Ns/m] used to achieve the maximum average power output 

are shown in Figure 9. The average output power increased with higher and longer waves, and 

maximum average output power is in the range of 34 kW. The optimum damping coefficients 

used to generate the highest average output power generally increased with the roughness of the 

sea state, with the exception for Hs around 3.5 m and Te around 2.5 s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The highest average output power [W] for different sea states and optimal constant damping coefficients. 
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A printout from the MATLAB simulation, for Hs = 1.5 m and Te = 6 s, is shown, where the 

maximum average power is bold: 

Average power: 9251.5139 W. Translator mass: 10000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8758.8484 W. Translator mass: 10000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7693.0919 W. Translator mass: 10000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6529.8519 W. Translator mass: 10000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5623.5671 W. Translator mass: 10000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 5004.6247 W. Translator mass: 10000 kg. Damping coefficient: 300000 Ns/m. 

 

In Appendix, the maximum average output power and the optimum constant damping 

coefficient for all sea states and all translator masses are shown, along with print outs of the 

average power output for the sea state, Hs = 1.5 m and Te = 6 s, for each translator mass. 

 

4.2 Simulation 2 

In Simulation 2, the damping coefficient was switched between two values as the translator 

moved upwards and reached a specific velocity. The damping coefficient was switched back to its 

initial value on the downward motion. The user was able to set the velocity where the switch 

occurred and the two different damping coefficients.  

        Here, the initial damping coefficient for a sea state was the optimum damping obtained in 

Simulation 1, which are shown in Figure 9, and each damping coefficient was increased by 50 

kNs/m, which was the step size of the damping coefficients in Simulation 1, at a velocity of 0.3 

m/s. The velocity was chosen after examining Figure 7 (b), where the maximum velocity of the 

translator was around 0.6 m/s. For the test sea state, Hs = 1.5 m and Te = 6 s, the initial damping 

was 50 kNs/m and at the velocity 0.3 m/s, the damping was increased to 100 kNs/m. The 

Figure 9. Constant damping coefficients [Ns/m] to generate the highest average output power in Sim. 1. 
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average output power was 13.7622 kW for a 10,000 kg translator in the test sea state, and the 

vertical displacement and velocity is shown in Figure 10. The translator moved about 0.35 m 

upwards and 0.8 m downwards, and the maximum velocity was about 0.5 m/s upwards and 0.65 

m/s downwards.  

 

Figure 10. The vertical displacement of the incident wave, the buoy and the translator are shown in (a) and the 

vertical velocity of the buoy and translator are shown in (b), for a 10,000 kg translator in the sea state Hs = 1.5 

m and Te = 6 s, with a shift in damping from 50 kNs/m to 100 kNs/m as the translator reaches the velocity 
0.3 m/s. 

The average output power for different sea states is shown in Figure 11. The maximum average 

output power was in the range of 60 kW, for high significant wave heights and energy periods 

around 6.5 s.  
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Figure 11. Average output power [W] for different sea states for variable damping, with an increase of the 
damping coefficient from the optimal constant damping to an addition of 50kNs/m at the translator velocity 0.3 
m/s.  

4.3 Simulation 3 

In Simulation 3, the translator was kept at the bottom for some time chosen by the user, and then 

released to the optimum damping coefficient from Simulation 1, shown in Figure 9.  

        After some tests with different stopping times of the translator, it was set to 1.5 s for an 

energy period of 6 s, which was fitted to all sea states so that the translator was stopped 25% of 

the time for all other energy periods. In this simulation with a translator of 10,000 kg, the initial 

damping was 50 kNs/m, as it was the best constant damping coefficient for the test sea state Hs 

= 1.5 m and Te = 6 s. The translator was kept at the bottom for 1.5 s and the average output 

power was 113.6756 kW. The vertical displacement and velocity is shown in Figure 12. The 

translator moved about 0.45 m upwards and 0.75 m downwards, where the translator was 

stopped for about 1.5 s. The velocity of the translator was around zero during the stopping time 

and then increased rapidly as it was released, to a maximum of around 1.2 m/s.  
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The average output power for different sea states in Simulation 3 is shown in Figure 13. The 

maximum average output power is within the range of 250 kW and the maximum output power 

is obtained for a significant wave height of about 3 m and an energy period of 4-5 s.  

Figure 12. The vertical displacement of the incident wave, the buoy and the translator are shown in (a) and the 

vertical velocity of the buoy and translator are shown in (b), for a 10,000 kg translator in the sea state Hs = 1.5 

m and Te = 6 s, with a locked translator at the bottom for 1.5 s and then released with a damping 50 kNs/m. 
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4.4 Simulation 4 

In the fourth simulation, the damping was increased in three steps on the upward motion. The 

final damping coefficient was high enough to stop the translator before it reached the top of the 

generator, in order to protect it from damage.  

        In this test, the initial damping of the translator was half the optimal damping obtained in 

Simulation 1 and increasing in steps on the upward motion. The optimal damping determined in 

Simulation 1 was used in the downward motion. The vertical displacement and velocity of the 

10,000 kg translator in the test sea state, Hs = 1.5 m and Te = 6 s, is shown in Figure 14 and the 

average output power was 5.2867 kW. In the upward direction, the translator moves about 0.45 

m and in the downward direction, it moves about 0.8 m. The maximum velocity is around 0.65 

m/s in both directions.  

Figure 13. Average output power [W] for different sea states for variable damping, the damping is high enough to 
lock the translator for 25% of the energy period as translator is at the bottom, and then released with the optimal 
constant damping coefficient obtained for each sea state in Simulation 1. 



23 
 
 

 

The average output power for all sea states are shown in Figure 15. The maximum output power 

is around 60 kW for a significant wave height of 4 m and an energy period of 6 s. 

Figure 14. The vertical displacement of the incident wave, the buoy and the translator are shown in (a) and the 

vertical velocity of the buoy and translator are shown in (b), for a 10,000 kg translator in the sea state Hs = 1.5 

m and Te = 6 s, with a stepwise increasing damping coefficient as the translator moves upward, from 25 kNs/m 
until it finally stops, and a damping coefficient of 50 kNs/m in the downward direction. 
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Figure 15. Average output power [W] for different sea states for variable damping. The damping is increased, 
from half of the optimal constant damping, in steps as the translator moves upward and finally stops. The damping 
coefficient during the downward motion is the optimal constant damping from Simulation 1. 

5. Discussion 

As the best constant damping was applied, the maximum average output power increased with 

the roughness of the sea. The optimal damping coefficient clearly varies with the sea state. The 

best constant damping was in general higher for higher significant wave heights and energy 

periods. As strategies with variable damping was applied, where the damping coefficient was 

altered during runtime, it was possible to increase the power output for all sea states, and 

maximize the average power output for lower (and higher) sea states than possible with a 

constant damping strategy.  

        All simulations show initially unstable motion, a transient part, but only the steady state part 

of the motion is shown in the figures and used to calculate the average output power. The highest 

average output power was obtained in Simulation 3, where the translator was kept at the bottom 

for 1.5 s and then released, which resulted in a high velocity and a high average output power. 

The WEC system can be protected in both Simulation 2 and 4, where the velocity of the 

translator decreased before it reached the top of the translator. Simulation 4 did not generate high 

average output power for all sea states, but this can perhaps be changed by investigating several 

other values of the upward and downward damping as well. In some cases, a decrease in average 

output power might be acceptable if it includes a safer WEC system. With damping, the WEC 

system can be protected from the damage that occurs if the translator hit the top or bottom with 

too high velocity. That is, dampen the system in a suitable way and the average output power can 

increase and the WEC system can be protected. The importance of WEC control has been 

discussed previously, as described in the Introduction chapter, and no significant discrepancies 

has been found between earlier studies and this study. The theory used in this project, and 
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described in the Theory chapter, has been used in several other projects and also validated in 

experimental tests. 

        The damping can be implemented with an electrical damping circuit or with a mechanical 

structure, but its design is outside the scope of this report. As discussed by Eriksson et al. [15], 

the best WEC system generates high and even output power at the same time as it is a secure and 

cheap system; this will be considered when deciding on the damping of the WEC. In addition, as 

the sea state greatly affects which damping is the most suitable, the location of the site will be of 

great importance for the overall WEC design. It might not be possible to generate high damping 

coefficients with electromagnetic circuits. Moreover, the WEC system might not be able to 

withstand high voltages and currents, but this has not been considered in the code yet. According 

to Faraday’s law of induction, the induced voltage is proportional to the rate of change of the 

magnetic flux. For example in Simulation 3, the velocity of the translator increases rapidly, which 

means that the magnetic flux changes rapidly, and the voltage will momentarily be very high and 

the instantaneous output power will not be even; this might be hard for the electric system to 

handle. Maybe, a combination of mechanical damping, to lock the translator at certain positions, 

and electromagnetic damping, to damp the system differently on the way up and down for 

example, can be created. Another suggestion is to scale up the WEC to withstand a higher power 

flow, voltages and currents, but the cost to do this should be compared to the benefit of a higher 

output from the WEC. 

        The simulations have not been tested in offshore experiments. The chosen translators and 

buoys are larger than previous designs; therefore, although the code can be tested and verified for 

smaller WECs used in previous experiments, it is hard to say if the simulations for a larger WEC 

will be correct. The code is created for regular waves, whereas the real sea waves are irregular. It 

will not be too challenging to change the code for the input waves of an irregular sea state. The 

damping coefficients discussed here might not be realizable with electric circuits. Mechanical 

losses occurs in reality which affects the output power. 

        The same three figures shown for each simulation in the Result chapter can be made for 

other weights of translators combined with different damping strategies; more figures are shown 

in Appendix. The results can be illustrated in different ways, with several types of plots. Users 

with previous knowledge of MATLAB and wave power can adjust the code further. The 

MATLAB code was modified to fit the investigations of this paper. WAMIT is a program that 

uses numerical methods, and that might include errors. The real buoy is hexagonal, but in the 

simulation tool a cylindrical buoy with a moon pool is used. In order to use other buoy designs or 

translator weights, WAMIT has to be used again to generate corresponding hydrodynamic 

parameters. In the simulation tool, it is assumed that the buoy is only moving in heave and that it 

is never fully submerged, which is not the case in reality.  

        The computation time of the simulations was reasonable, a couple of minutes, with the 

exception of Simulation 4 where the computation time was longer. A short computation time 

enables fast investigations of different situations for the WEC. The damping strategy of 

Simulation 4 might generate a higher output power if the computation time was lower, as more 

combinations of damping coefficients could be tested faster. 

6. Conclusions 

In this project, a flexible simulation tool for the WEC system has been generated and simulations 

of different damping strategies show that the average output power can be increased with a well-

chosen damping strategy. Moreover, it is concluded that the damping may protect the WEC 

system from damage. As the world demand of renewable and sustainable energy sources 
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continues to increase, wave power is of great interest. The WEC designed at Uppsala University 

and Seabased AB consists of a buoy floating on the ocean, connected to a linear generator with a 

translator and a stator, on the ocean floor. In order to increase the average power output and 

protect the system from damage, the Uppsala WEC should be controlled. 

        The simulation program was designed in MATLAB with hydrodynamic properties for a 

cylindrical buoy with moon pool from WAMIT. The forces acting on the system were outlined 

and the motion of the buoy and translator in regular waves were simulated; the transient part of 

the simulation was omitted. The damping coefficients were changed in four different ways. The 

average power output was plotted against several different sea states. 

6.1 Suggestions on future work 

There are still many open questions regarding which damping strategy is the most favorable for 

an Uppsala WEC in a specific sea state. In the future, it would be interesting to construct 

different damping circuits or mechanical structures to test the damping strategies in reality.  

         In addition, the three non-constant damping strategies can be combined in order to 

maximize the output power and protect the system. A combination of damping strategies can be 

implemented in the code and perhaps, if the simulations are successful, realized with offshore 

experiments. For example, it would be interesting to test the following combination of 

mechanical and electromagnetic damping strategies: Firstly, the translator will be locked at the 

bottom mechanically for some time, dependent on the most common sea state (as in Simulation 

3). Thereafter, it is released with some chosen damping coefficient, and at a certain velocity, the 

damping is increased (as in Simulation 2) with electromagnetic damping. By the time the 

translator reaches the upper end stop spring, the damping is increased significantly (as in 

Simulation 1) to protect the overall WEC system. On the downward motion, a suitable constant 

electromagnetic damping is chosen, and the damping is significantly increased when it hits the 

lower end stop spring, and finally it is locked again mechanically. 

        A suggestion of future work is to tests other damping strategies; the code can simply be 

adapted for the investigated situation. The WEC program can be used for irregular waves instead 

of regular waves. The code can be rewritten in order to speed up some calculations. The average 

output power can be estimated for a specific location, accounting for the probability of 

occurrence of each sea state there, as suggested by Dr. Irina Dolguntseva, in order to compare 

the damping strategies for this specific location. 

        The simulation tool can also be adjusted to be more user friendly, for example with a 

graphical user interface, to enable students and researchers to test new ideas for the WEC. A 

good visual program for the Uppsala WEC could be created, as the interest of wave power 

increases and many students are interested in the field. For example, the user sees a world map, 

clicks on an area and this will generate the sea state corresponding of this position. Then the user 

sees pictures of different buoys and generators, which you can click on to design your own WEC. 

The user chooses damping and other parameters, and finally, one gets similar plots as generated 

with this tool. If other researcher at the division of electricity would like to participate, the 

simulation program of the WEC could expand to include several other parts of the WEC, for 

example calculations of the magnetic flux in the stator, simulations on how the WEC will be 

connected to the grid, economical aspects and so on.  

        The results obtained can be presented in various ways, in tables and figures, to view the 

results in different ways. The code generated for simulating the WEC can be used in future 

investigations of other parameters. Other damping strategies can be considered and tested, and 

more figures and tables can be generated. The motion of differently shaped buoys or buoys used 
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in combination with other sizes of the translator can be prescribed in WAMIT and used in the 

code. Maybe it is interesting to use another program than WAMIT for these types of buoys. 

        Calculations on how the different damping strategies will affect the voltage and current in 

the windings, and limitations on other parts of the WEC can be considered and added into the 

model.  

        Further studies might explore which damping strategies that can be realized successfully for 

the Uppsala WEC and used to improve the power output as well as the safety of the system for a 

specific location. 
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Appendix 

 

Simulation 1.  

Constant damping is applied for different masses of the translator. The highest average output 

power and the corresponding optimum damping coefficients are shown for each translator mass 

along with print out of the average power for the test sea state, where 𝐻𝑠 = 1.5 m and 𝑇𝑒 = 6 s.  

6000 kg. 
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Average power: 9343.4745 W. Translator mass: 6000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 9839.1334 W. Translator mass: 6000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 8345.081 W. Translator mass: 6000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 7316.1045 W. Translator mass: 6000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 6310.2537 W. Translator mass: 6000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 5796.7245 W. Translator mass: 6000 kg. Damping coefficient: 300000 Ns/m. 

 

7000 kg. 
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Average power: 9406.7025 W. Translator mass: 7000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 9458.0058 W. Translator mass: 7000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 8219.1139 W. Translator mass: 7000 kg. Damping coefficient: 150000 Ns/m. 
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Average power: 7138.1472 W. Translator mass: 7000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 6135.5381 W. Translator mass: 7000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 5405.5668 W. Translator mass: 7000 kg. Damping coefficient: 300000 Ns/m. 

 

8000 kg. 
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Average power: 9298.0587 W. Translator mass: 8000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 9369.2832 W. Translator mass: 8000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 8093.0992 W. Translator mass: 8000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6883.5699 W. Translator mass: 8000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 6101.7176 W. Translator mass: 8000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 5230.4427 W. Translator mass: 8000 kg. Damping coefficient: 300000 Ns/m. 

 

9000 kg. 
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Average power: 9058.1234 W. Translator mass: 9000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8937.5766 W. Translator mass: 9000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7913.0542 W. Translator mass: 9000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6657.9417 W. Translator mass: 9000 kg. Damping coefficient: 200000 Ns/m. 
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Average power: 5726.1801 W. Translator mass: 9000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 5177.1725 W. Translator mass: 9000 kg. Damping coefficient: 300000 Ns/m. 

 

11,000 kg. 
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Average power: 8942.4744 W. Translator mass: 11000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8337.2749 W. Translator mass: 11000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7457.0156 W. Translator mass: 11000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6121.5683 W. Translator mass: 11000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5439.4758 W. Translator mass: 11000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 4874.893 W. Translator mass: 11000 kg. Damping coefficient: 300000 Ns/m. 

 

12,000 kg. 
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Average power: 8997.3314 W. Translator mass: 12000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8191.3335 W. Translator mass: 12000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7403.3666 W. Translator mass: 12000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6206.0606 W. Translator mass: 12000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5426.3604 W. Translator mass: 12000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 4697.6689 W. Translator mass: 12000 kg. Damping coefficient: 300000 Ns/m. 

 

13,000 kg. 
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Average power: 8769.0562 W. Translator mass: 13000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8318.6709 W. Translator mass: 13000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7212.7161 W. Translator mass: 13000 kg. Damping coefficient: 150000 Ns/m. 
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Average power: 6202.8062 W. Translator mass: 13000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5140.058 W. Translator mass: 13000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 4602.8782 W. Translator mass: 13000 kg. Damping coefficient: 300000 Ns/m. 

 

14,000 kg. 
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Average power: 8705.9429 W. Translator mass: 14000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8174.3286 W. Translator mass: 14000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7114.1109 W. Translator mass: 14000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6113.0008 W. Translator mass: 14000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5119.0023 W. Translator mass: 14000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 4549.4701 W. Translator mass: 14000 kg. Damping coefficient: 300000 Ns/m. 

 

15,000 kg. 
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Average power: 8537.4525 W. Translator mass: 15000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8341.1696 W. Translator mass: 15000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 7025.8571 W. Translator mass: 15000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 6012.5531 W. Translator mass: 15000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5143.4244 W. Translator mass: 15000 kg. Damping coefficient: 250000 Ns/m. 
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Average power: 4464.8107 W. Translator mass: 15000 kg. Damping coefficient: 300000 Ns/m. 

 

16,000 kg. 
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Average power: 8631.479 W. Translator mass: 16000 kg. Damping coefficient: 50000 Ns/m. 

Average power: 8184.3402 W. Translator mass: 16000 kg. Damping coefficient: 100000 Ns/m. 

Average power: 6934.5626 W. Translator mass: 16000 kg. Damping coefficient: 150000 Ns/m. 

Average power: 5985.7609 W. Translator mass: 16000 kg. Damping coefficient: 200000 Ns/m. 

Average power: 5069.405 W. Translator mass: 16000 kg. Damping coefficient: 250000 Ns/m. 

Average power: 4456.8205 W. Translator mass: 16000 kg. Damping coefficient: 300000 Ns/m. 

 


