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Abstract 

 

Sumaya Farjana  

 

 

In this study, a small-scale point absorber wave energy converter has been designed 
contemplating a full-scaled point absorber in the Mediterranean Sea state. The 
scaling factor for the small-scaled version has been determined by the damping 
coefficient calculation of the power take-off in 1:10, 1:15, and 1:20 scaling factors. 
Here a rotational power take-off has been designed instead of the linear one. The 
rotational power take-off will follow a similar principle as the Eddy current brake. 
The effect of change in radius of the translator and magnetic flux in the damping 
coefficient had been calculated as well. The calculation for the damping coefficient 
has been conducted in COMSOL Multiphysics. The design for the point absorber 
was assembled in SolidWorks. In this article, specific attention is given to a variety 
of aspects affecting the damping coefficient and the way it can aid to determining 
the scaling factor parameters for a small-scale wave energy converter.  
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Introduction: 
Increased concern about the adverse effects of generating electricity from fossil fuels has forced the 
world to look toward alternative and sustainable sources of electricity. Although electric power 
generation from wind and the sun is currently the most prominent. Yet alternative methods should be 
entertained with the rapid increase in demand for electricity. The sea surface waves can provide a large 
amount of green energy and could be utilized to help satisfy the global demands for electrical power. 
The concept of energy from the ocean is not a recent idea. The patent for wave energy converter (WEC) 
was proposed as early as 1799. Since then, several hundred patents have been considered[1]. Although 
the first deployed buoy was in Japan in the 1940s [2], the commercial wave energy convertor was used 
during the 1970s oil crisis. The oil crisis is why governments emphasize sustainable and natural energy 
sources worldwide[2]. Renewable and sustainable sources are categorized by low carbon emission, low 
environmental effect, and reusable energy sources. Since Wave energy has the highest energy density 
and low environmental impact, it is available in temperature climates with an availability percentage of 
90% [3]. The waves can also travel long distances without any significant energy loss[3]. The 
comprehensive resource is around 2TWh is the same as the world’s energy consumption[4]. A 
conservation estimation of 10-25% can be extracted from ocean waves, suggesting a significant 
contribution to the energy mix[5] . 

 Despite the capability, the wave energy resources have various challenges. One of those challenges are 
finding a suitable location for the wave energy converter. The location of the wave can determine the 
significant wave heights and periods. These parameters are crucial for calculating the extracted power 
and hydrodynamic forces. Typically, the increase in load is proportional to significant wave heights. 
So, the sea states can be a large consideration for the wave energy converter. The forces form the 
interaction between the wave energy converter and the wave is also a considerable parameter in the 
modeling and building of a wave energy converter. The forces from sea states also help to determine 
the damping coefficient, which is proportional to the power absorption.  

The design specification of the devices is also very essential for power absorption. There are several 
types of wave energy converters, all with unique specifications. These working principles are used to 
classify the wave energy converters. Examples of classification methods are the mode of capturing 
waves, converting waves to electrical power, the ocean water depth, location for the WEC, and the 
magnitude of the wavelength over interacting parts. For this study, the WEC that has been considered 
is the point absorber. It is an oscillating body system with the buoy being smaller than the wavelength. 
For the point absorber wave energy converter, geometry, mass, and translator motion plays a vital role. 
Since this determined the forces on the buoy. This device can be floating or submerged[6]. Depending 
upon the capture concept, the motion of heave, surge, or pitch is possible. WEC can capture maximum 
power when the resonance frequency is aligned with the wave frequency[7]. Various point absorber 
projects have been recently tested, like Aqua Buoy[8]and Wave Bob[9].  

Another critical parameter to consider for Wave Energy converter is the damping coefficient. This 
coefficient is fixed or variable for a specific configuration of WEC. The translator configuration and 
geometry are required while calculating the damping coefficient. So, a particular parameter is essential 
for the function of WEC. Typically point absorber wave energy converters use a linear translator. But 
over the years, various innovative damping mechanisms have been proposed. An example of such an 
approach is a pendulum excited by the heaving motion of the WEC tuns a rotary generator[10]. Another 
method is viscous dampers create an accurate damping force by forcing a fluid through a small hole. 
Eddy current breaks provide nearly ideal, contactless proportional force by moving a conductive 
material through a magnetic field. So, the damping can vary with the variable magnetic field[11]. 

1.1. Purpose  
A full scaled model assessment in the ocean is very costly and complicated. So, therefore testing the 
technology on a smaller scale with a controlled environment will give us much more understanding of 
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the device, which will help us determine the optimal parameters and reduce the cost of building a large 
model. This study aims: 

 To design a small wave energy converter in a wave tank with rotary power take-off for lab 
testing purposes. 

 Calculate the optimal damping coefficient from three scaling factors of 1:10, 1:15, 1:20. 
 Determine the scaling factor with respect to damping coefficient.  
 Understand the importance of geometry and magnetic flux for the power absorption of point 

absorber wave energy converter. 

1.2. Procedure and constrains:  
In this instance the rotary power take-off follows the principle of eddy current break, where a rotating 
disc moves near a permanent magnet. The conductivity of the disc and the magnetic flux from the 
magnet will induce an eddy current that will oppose the rotational forces of the disc. These in turn will 
produce the damping torque and, subsequently, the damping coefficient. The hydrodynamics force 
acting on the buoy is assumed with relation to the Mediterranean Sea condition and the counterforce is 
equivalent to the weight of the buoy. The calculation of the damping coefficient is conducted with 
COMSOL Multiphysics. And the design of the small-scale point absorber is assembled by SolidWorks. 
Since the full model in COMSOL is difficult to converge therefore, only the disc and magnet from the 
power take off is considered for damping calculation with the forces being implied in the edges of the 
disc. The line forces values concerning the Mediterranean Sea states are assumption with respect to the 
previous studies.  

1.3. Overview:  
The thesis progresses as such: 

 It begins with introduction with the role of wave energy, challenges of wave energy, various 
types of wave energy converter, importance of damping coefficient, various translators, purpose 
of the thesis and procedure and limitation of the thesis. 

 The theoretical explanation of point absorber and rotary power take off is given in part 2.  
 The method of assuming sea states, line force, Froude scaling explanation, calculating 

parameters and calculating the damping coefficient is given in part 3. 
 The small-scale design with material, draft line and tank explanation is given in part 4 
 The results of the damping coefficient from three scaling factors, then from changing the radius 

of disc for scaling factor 1:10, changing the remanent flux density of the magnet and 
comparison with previous works is given in part 5.  

 The thesis ends with conclusion of the results with personal inputs and scoop of future works.  
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Theory  
2.1. Point absorber: 
Point absorbers are wave energy converters with a floating buoy. The buoy of such WEC is smaller 
than the wavelength of the ocean wave. It oscillates with the ocean waves with at six degrees of freedom. 
The forces and torque produced in a WEC by an incident wave causes relative movement between the 
buoy and the translator. The energy produce by the wave forces is absorbed by the buoy and transferred 
to the PTO with a stiff rope. The response from the hydrodynamical force action makes the mechanical 
works. A point absorber will experience many external and internal loads. The mechanism should be 
stable enough to withstand these loads.   

 

 

Figure:1 Schematic diagram of the Uppsala point absorber WEC[12] 

According to figure 1, the wave energy converter design requires a floating buoy on the sea surface 
connected with a stiff line or rope to a linear permanent magnet generator. The floating buoy acts as a 
point absorber device that absorbs the force from the wave. The translator is also controlled by upper 
and lower end stop springs[13]. The natural frequency of the moving parts of WEC is calculated by 
considering the total mass of the systems and the spring constant. Consequently, the wave energy 
converter tunes the natural frequency by six degrees of freedom. The natural frequency of the device 
can be calculated by equation 1.  

𝜔 =
𝜌ₒ𝑔𝐷 + 𝐾

𝑚 + 𝑚𝑎
                           (1) 

Here the ω is the natural frequency, ρo is the density of the water, g is gravity, D is the area of the buoy, 
K is the spring constant and m is the total mass of the converter and ma is the added mass. Mooring 
systems maintain the buoy position in the desired location [14]. 

Besides the stability, the moving parts of the point absorber also ensures it can withstand overturning 
moments and resists various loads from hydrodynamics loads; in the design of the floating buoy, the 
weight of the buoy accounts for calculating the centre of gravity[15]. To reach the stable equilibrium 
condition of the buoy, the restoring couple mechanisms such as springs are used so that the buoy returns 
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its original position after the angular perturbation. The buoy is considered stable when the forces acting 
on it is zero or no force is acting on it. The size of the floating buoy also determines the performance of 
the converter. The diameter of the buoy should be less than the incoming wavelength to capture 
maximum wave energy. The height of the incoming wave is also necessary as it may affect the floating 
buoy's power output and life span[16]. 

The forces acting on the point absorber wave energy converters expressed in equation 2 are mechanical 
forces, generator forces and buoy forces.  

𝑚ẍ = 𝐹𝑚𝑒𝑐ℎ + 𝐹𝑔𝑒𝑛 + 𝐹𝑏𝑢𝑜𝑦             (2) 

Here m is the mass of the buoy and ẍ is the vertical acceleration of the buoy alternate form their 
equilibrium position. Fmach is the mechanical force like gravity. The mechanical forces acting on the 
system is the spring forces, which is proportional to the alternator displacement. Fgen counteracting 
generator forces. The force from the generator is consist of the damping coefficient and the velocity. 
and Fbuoy are the hydrodynamic forces on the buoy.  Finally, the buoy forces acting on the buoy in 
equation 3 is: 

𝐹𝑏𝑢𝑜𝑦 = 𝐹𝑒 + 𝐹𝑟 + 𝐹ℎ                      (3) 

Where Fe is the excitation forces, the Fr is forces from the radiation problem and Fh is the buoyancy 
stiffness[17]. 

The location of the point absorber could be onshore or near shore. In the shoreline, the device does not 
experience high wave energy. However, offshore or near the coast, the ocean region is transitional 
between shallow and deep water. This region has a similar advantage as the shoreline, but the WEC 
will experience higher power deep waves here. So, for the offshore WEC, the mooring system is 
essential to keep the devices at the desired location [15]. 

2.2. Rotational Power take-off: 
The rotational PTO utilizes the same principle as the eddy current brake. The induced force from the 
brake is applied, the damping force. The rotational movement is used in the eddy current to form the 
counter current between the disc and the magnet. In this case, a disc rotates between the opposite 
magnetic poles in the air gap. The motion of the disc acting as the conductor in the time-varying 
magnetic field induces electromotive force resulting in the current circulation on the disc. This results 
in the eddy current. The interaction between the permanent magnet's eddy current and magnetic field 
generates the braking force. The braking force causes resistance to the disc rotation. The induced current 
in the disc is proportional to the magnetic field and the velocity of the disc. 

𝐸 = 𝑣 × 𝐵                         (4) 

 According to the equation, the E is the induced current on the disc, v is the tangential velocity and B is 
the magnetic field. The Lorentz force for the breaking is depending upon the induced current and the 
magnetic field [18]. 

𝐹 = 𝐸 × 𝐵                             (5) 

Here the Lorentz force is F. now it is evident that magnetic field B is a very important parameter while 
calculating the Lorentz force the equation to determine the magnetic field can be  

𝐵 =
𝐵𝑟

𝜋
tan

𝐿𝑊

2𝑧√4𝑧 + 𝐿 + 𝑊
− tan

𝐿𝑊

2(𝐷 + 𝑧) 4(𝐷 + 𝑧) + 𝐿 + 𝑊
            (6) 

In the equation the L, W, and D are the length, width, and thickness, z is the airgap, and the Br is the 
remanent flux density[11]. This is the value of the flux density remaining when the extreme magnetic 
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field returns from a high value of saturation to Zero. The higher the value of the Br the higher the 
magnetic flux density. For an isotropic material, the remanence is about 50% to 75% of the saturation 
magnetization. But for the rarer earth sintered magnet material the remanence is 95% or more. Because 
the magnetization axis direction is in the magnetization direction.  

Method  
3.1. Sea state: 
The sea state for the wave energy converter is one of the critical parameters. So, the sea states that will 
be considered for this study is the Mediterranean Sea. The particular sea has heterogeneous geography, 
and the Mediterranean wave climate has longer period of swells. The sea has a wind sea where waves 
of different heights, periods, and directions merge and produce random conditions. So, a point absorber 
is a perfect wave energy solution for such sea states [19]. There are various important parameters for 
sea states across the world. Among them are significant wave height and wave period. Traditionally the 
significant wave height can be defined as the mean wave height (crest and trough) of the third highest 
wave, in that case, the subscript of “1/3” is used. However, currently the definition of significant wave 
height is four times the standard deviation of the surface elevation or equivalent to four times the square 
root of the zeroth-order moment of the wave spectrum. The subscript used for this definition is “mo”. 
Thus, the significant wave height can be referred to as “Hmo” or “Hs”. The difference between the two 
definitions is only a small percentage. And the peak wave period “Tp”, is the wave period with the 
highest energy in the spectrum.  

From the extreme wave investigation for point absorbers written by Zahra Shahroozi, it can be observed 
that the 1:30 scaled version of the WEC is used for calculating force for various sea states and conditions 
of motion[20]. The parameters in table 1 are used as the extreme wave reference in this study. The 
values assist with the approximation of the forces while comparing with the Mediterranean Sea state. 
Since the table1 indicates the wave heights and peak periods as well which comparison to the 
Mediterranean Sea wave value facilitates the selection of the decisive force values. For the scaling 
simulation in this paper, only the forces caused by normal conditions are considered. So, the 
approximate values can be used compared with the Mediterranean Sea state. 

Table:1: Extreme wave forces [20] 

scaling factor 1:30 Full-scaled  
Wave height 
(Hs) 
(m) 

Peak 
Wave 
Period 
(Ts) (s) 

forces 
[N] 

Wave 
height 
(Hs)(m) 

Peak 
Wave 
Period 
(Tp) 
(m) 

forces 
[kN] 

0.18 1.64 200 5.4 8.9 5400 
0.12 1.64 100 3.6 8.9 2700 
0.07 1.64 40 2.1 8.9 1080 
0.22 2.10 150 6.6 11.50 4050 
0.18 2.56 110 5.4 14.02 2970 
0.12 3.30 125 3.6 18.07 3375 
0.07 4.29 75 2.1 23.49 2025 

In the study conducted by the Universita Degli Studi di Genova in Italy about wave power technology 
for the Mediterranean Sea offshore: scaling and performance analysis of various wave energy. In this 
study, the wave energy converters have been tested with multiple parameters according to the types of 
technology. From this study, the highest performance of the point absorber (wave bob) means 80% and 
the maximum power obtained from the wave height of 5m [21]. From figure 2, it can be observe the 
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estimation of the power output from the wave bob in the Mediterranean sea and the significant wave 
height at which the maximum power output can be achieved.  

 

Figure 2: Power matrix of wave bob [21] 

Now from figure 3, the significant wave heights can be further confirmed by the Mediterranean wind 
wave’s hindcast performance conducted in the 1991-2019 period. Along with satellite altimeter 
observation, the results are summarized in figure 3. The climatology of wind-wave states in the 
particular sea is presently using the 50th and 99th percentiles of the significant wave height, which may 
represent at 50th the regular wave condition and extreme sea condition at 99th. To highlight the inner-
annual sea states, the seasonal estimation is done by the colour bar in the chart. The blue is winter, the 
green estimated spring, and autumn, and the red is summer. It is evident from the figure [3] that the 
period November to march experienced more extreme waves due to the stormy weather [22]. 
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Figure 3: Annual and seasonal sea states [22] 

A simulation was conducted by The University of Naples “Parthenope,” where a toroidal shape buoy is 
used as the point absorber buoy with a diameter of 5m. This simulation used the sea state of the 
Mediterranean Sea mentioned in the figure 4, where the hydrodynamic properties indicate the amplitude 
of excitation forces acting on the frequency domain for all possible harmonic waves ranged from 
200KN/m to -50KN/m for the wave frequency of 0 to 5 rad/s [23]. 

 

Figure 4: Mediterranean Sea amplitude of excitation forces [23] 

Considering these studies, the approximate values for the forces acting on the buoy have been 
determined. Below, table [2] mentions the full-scaled values of the forces used in this simulation. 

Table:2: Line forces  

Full scaled  
Significant 
Wave 
height 
(Hs)[m] 

Peak 
Wave 
Period 
(Tp) [s] 

Forces 
[kN] 

5 9 300 
3.5 9 250 
2.5 10 108 
5.5 12 270 

 

3.2. Froude scaling: 
While scaling a small WEC, the small-scale version must simulate the same characteristics as the full-
scaled version. The physics working for the full scaled version must translate to the scaled-down 
version. To create such a form, various approaches can be considered. Modeling a PTO can be rather 
complex and not suitable for implementation. Thus, a solution for such issues can be a specific scaling 
law. For calculating the consistency between the laboratory model and the full-scaled model, 
dimensionless numbers such as the Froude number (Fr), Reynolds number (Re), Mech’s (Mn), Weber’s 
(Wn) can be applied. Among these, the Froude and the Reynolds scaling is one of the most suitable 
methods for the PTO. And for this study, the Froude scaling method is used for all the parameters.  

The Froude and Reynolds numbers are relative to the actual full-scaled prototype and the model-scaled 
version. This parameter should be kept as constant as possible. But maintaining the numbers stable is 
not practical as this will imply that fluid does not exist. So, it is not suitable for practice testing. Thus, 
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for practically scaling a WEC, a particular method should be established. The Froude scaling and 
Reynolds numbers are defined as: 

𝐹𝑟 =
𝑈

𝑔𝐿
                (7) 

𝑅𝑒 =
𝜌𝑈𝐿

𝛼
                         (8) 

Here the U represents the velocity of the fluid, L represents the device's length, g is gravity's 
acceleration, the 𝜌 represent the fluid density, and α means the dynamic viscosity of the fluids. The 
Froude number Fr indicates that the inertial force is relative to the gravity force. And the Reynolds 
number Re indicated the intertial force is relative to the viscous force. But the Reynolds numbers cannot 
be too small in the wave tank experiments because a small Reynolds number of causes viscosity in the 
device. Therefore, depending upon the study, the parameters are used suitably. Froude scaling is a 
suitable parameter for the wave tank testing as the gravity force is higher in this case than the viscous 
force [24].From table 3 below, various Froude scaling parameters can be observed: 

Table:3: Froude scaling law 

Quantity  Scaling 
factor  

Linear displacement µ 
Angular displacement 1 
Translational velocity µ0.5 

Angular velocity µ-0.5 

Translational acceleration 1 
Angular acceleration µ-1 

Mass µ3 

Force µ3 

Torque  µ4 

Power µ3.5 

Linear stiffness µ2 

Angular stiffness µ4 

Linear damping µ2.5 

Angular damping µ4.5 

Wave height and length µ 

Wave period µ0.5 

Wave frequency µ-0.5 

Power density µ2.5 

According to Table [3], the µ represents the scaling factor. For example, the power is µ3.5, so for the 
tank testing the full-scale value of the power will be divided by the scaled factor to the power 3.5. so, 
if the scale factor is 20 so the model power will be: 

𝑃𝑚 =
𝑃

20 .
              (9) 

Here Pm is the model power, and P is the full-scale power value.  

3.3. Parameters for the WEC: 
For this simulation's sake, the parameters will be scaled down on 1:10,1:15, and 1:20 scales. This scaling 
will be done under the Froude scaling parameters. The initial full-scaled parameters are collected from 
the three studies on the Mediterranean Sea. During these studies, the WEC built by Uppsala university 
has been referred to. Since extreme significant wave heights in the Mediterranean Sea are mostly 5m 
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and the sea state is much calmer than the North Sea. Thus, the parameters of the buoy and devices are 
smaller or equal to the WEC by Uppsala university.  

Buoy and counterweight parameter: 

Table:4: Buoy and counter mass parameters  

Floating buoy full 
scale  

Scalded version 
(1:20) 

Scalded 
version (1:15) 

Scalded version 
(1:10) 

Floating body 
diameter (m) 

5 0.25[m] 0.33[m] 0.5[m] 

Floating body 
mass (kg) 

4000 0.5[kg] 1.185[kg] 4[kg] 

Counter mass (kg) 4000 0.5[kg] 1.185[kg] 4[kg] 
 

Translator: 

Although the full-scaled point absorber converter has a linear translator. Still, the full-scale value for 
the rotatory disc in table 5 is obtained from the paper written by Thomas Simon. In the experiment, free 
fall from an object rotation of the disc is used to calculate the damping coefficient[11]. These values 
are compared with the linear translator of the full-scaled wave energy converter. 

Table :5: PTO disc parameters  

PTO full 
scaled  

Scalded version 
(1:20) 

Scalded 
version (1:15) 

Scalded version 
(1:10) 

Disc radius (m) 2 0.1 0.133 0.2 
Mass (kg) 660 0.0825 0.196 0.66 

 

The mass of the disc had been kept similar to Simon’s paper. But the thickness of the disc is reduced to 
1mm. The material used in Simons’ paper is Aluminium and the material for this simulation is Copper. 
Density wise Copper has a 50% larger density than Aluminium. That indicates a larger mass and inertia. 
Therefore, in order to reduce the inertia, the mass properties of the disc are tempered by removing 
material from the disc surface and reducing the thickness. 

Forces: 

Table 6 is the scaled downed parameter of the Mediterranean Sea line forces mentioned in table 2. These 
forces are divided into three scaling parameters 1:20,1:15.1:10 and used accordingly for the calculation: 
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Table:6: Froude scaled parameters of the forces  

Scalded version (1:20)  
 

Significant Wave height 
(Hs)[m] 

Peak Wave 
Period (Tp) 

[s] 

Line Forces [N] 

0.13 2.23 13.5 
0.18 2.0 31.5 
0.28 2.27 33.7 
0.25 2.0 37.5 

   
Scalded version (1:15)   

Significant Wave height 
(Hs)[m] 

Peak Wave 
Period (Tp) 

[s] 

Line Forces [N] 

0.166 2.5 32 
0.233 2.3 74 
0.366 3.10 80 
0.33 2.3 88 

   
Scalded version (1:10)   

Significant Wave height 
(Hs)[m] 

Peak Wave 
Period (Tp) 

[s] 

Line Forces [N] 

0.25 3.16 108 
0.35 2.84 250 
0.55 3.794 270 
0.50 2.84 300 

3.4. Damping calculation: 
Damping of the WEC is a parameter that should be considered very important for the adsorbed power.  

𝑃 = (𝜔𝑟) 𝛾           (10) 

Here the P is the sum of the absorbed power, and γ is the damping coefficient. With this formulation, it 
is evident that the damping coefficient from the translator is equivalent to the absorbed power.  

So, to boost the power take-off for a particular configuration, it is essential to have optimal damping. 
The damping coefficient value will also help determine the experimental devices' optimal scaling 
factors. For this reason, in this experiment, the damping coefficient for three scaling factors 1:10, 
1:15,1:20 was considered.  

3.4.1. Process: 
COMSOL Multiphysics is used as the tool to calculate the damping coefficient value. The COMSOL 
Multiphysics software uses the physical coupling phenomena in a computer simulation as the name has 
Multiphysics which is a synonym for nature. In our nature, we use various physics interfaces to achieve 
different outcomes. So COMSOL as a tool uses such physical interaction in a computer simulation. 
This tool helps the users to build a physical model in the computer simulation and achieve real-world 
values. The software also assists in understanding how two drastically different physics interact with 
each other. Therefore, to calculate the damping coefficient, COMSOL has been used so that the 
computed value is as close to the real-world values.  
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3.4.2. COMSOL parameters: 
The table below is all the parameters used during the model design and calculations. Some of the 
parameters are equations due to any value obtained from calculation can be conducted in the 
parameters section of COMSOL.  

Table:7: COMSOL parameters  

Name Expression Scalded 
version 
(1:20) 

Scalded 
version 
(1:15) 

Scalded 
version (1:10) 

Description 

dr 0.1[m] 0.1 m 0.133 m 0.2 m disc radius  
dt 1[mm] 0.001 m 0.001 m 0.001 m disc thickness 
mb Configuratio

n [T] 
2 T 3 T 5 T Remanent flux density 

norm 
O x[N] 13.5N 

31.5N 
33.7N 
37.5N 

32N 
74N 
80N 
88N 

108N 
250N 
270N 
300N 

Line force [table:6] 

O1 x1[N] 4.9 N 11.6 N 39.2N counter force 
r pi 3.1416 3.1416 3.1416 

 

u r*dr^2 0.0314 m² 0.0556m² 0.126 m² Area of the disc 
f1 O/u [N/m²] 429.94 N/m² 

1003.18N/m² 
1073.25N/m² 
1194.27N/m²  

575.54N/m² 
1330.94N/m² 
1438.85N/m² 
1582.73N/m² 

857.14N/m² 
1984.13N/m² 
2142.86N/m² 
2380.95N/m² 

Line force per square 
meter 

f2 O1/u[N/m²] 156.05N/m² 208.63N/m² 311.11N/m² counterforce per 
square meter 

mt Configuratio
n [m] 

0.01 m 0.07 m 0.01 m position of the disc 

dh Scaled [m] 0.02m 0.0266m 0.04m Extrude distance 
dr2 Scaled [m] 0.02m 0.0266m 0.04m The radius of the inner 

circle 
l r*dr^2*dt 3.1416E-5 m³ 5.5572E-5 

m³ 
1.2566E-4 m³ disc volume 

ma scaled [kg] 0.082 kg 0.196 kg 0.66 kg disc mass 
 

In table 7, the parameters are dr is the radius of the disc according to the scaling and the case defined. 
The dt is the thickness of the disc, mb is the remanent flux density according to the scaled value and the 
case defined. O and O1 is the forces from the buoy and counterforce in table 6, r is the value of pi, u is 
the area of the disc, f and  f1 denote the forces per area as in solid mechanics physics simulation the 
forces are converted or directly added in per square meter value, mt is the position of the disc in the 
model space this parameter is to keep the disc in position with the gap circle in the middle, dh is the 
thickness of the magnet, dr2 is the radius of the gap circle I is the volume of the disc and ma is the mass 
of the disc according to the scaling factors. This parameter has no correlation with the natural frequency 
equation 1 rather it is a parameter used in COMSOL.  Here in the expression of the forces, the variables 
like x and x1 have been used because of the different scaling factors there are various forces. 

3.4.3. Boundary condition: 
Like every physical object, the model in COMSOL must follow some boundary conditions. In this 
particular model, three boundary conditions are used: Boundary System1(sys1), Boundary System 
2(sys2), and cylindrical System (sys3). Boundary System1(sys1) and Boundary System 2(sys2) apply 
load in the boundary conditions in the regular or tangential direction. In 3D components, the local 
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coordinate system is defined by t1, t2, and n representing the normal to tangential direction. These 
coordinate systems are always right-oriented. But in this case, the Boundary system (sys2) is reversed 
to the normal direction. So that the rotation from the counterforce can be applied. The cylindrical system 
(sys3) is used where the rotational symmetry about the axis is required. The local coordinate system is 
r, ϕ, and a. where r is the object’s radial, ϕ is the azimuthal angle, and a is the distance from the origin 
along the longitudinal axis. This condition is used in the inner circular boundary to rotate in the fixed 
axis.  

3.4.5. Geometry: 
In this model, a rotating disc with a permanent magnet has been assembled. Since building the entire 
model with a heaving buoy and count object is difficult to converge; hence, the simplified version is 
considered in the figure 5. The forces from the buoy and counterweight are added to the boundary of 
the disc with a permanent magnet close to the disc. The model is surrounded by a giant sphere three 
times the disc’s radius. This will act as the surrounding air domain and imitate the environment in the 
real-world context.   

 

Figure 5: COMSOL model of rotational PTO 

The parameters “dr”, “dt”, “dr2”, “mt” and “dh” from table 7 are used for the measurement of the disc, 
sphere, and magnet accordingly in figure5.   

3.4.6. Material: 
For COMSOL modeling, it is essential to select this material. Because the material can decide the 
electrical conductivity, elasticity, and many more parameters. COMSOL has inbuild material or blank 
material for the user interface.  Therefore, the material used is: 

 Air: this is an inbuild material .it is used to specify the sphere as the air domain. 
 N50(sintered NdFeB): this is the inbuild permanent magnet material. The “Remanent flux 

density norm,” is the value used as the remanence Br of the magnet. The range of Br for such 
magnets is 1.0-1.4 T.  This value decides the magnetic flux density of the magnet.  

 Copper: it is an inbuild material. Here the density “rho” value can be changed so that the inertia 
of the disc can be reduced accordingly. It is used as the material for the disc. Because copper is 
a highly conductive material, it has a higher density as well.  

 Material 4: This is a user-defined blank material for the yoke of the magnet. The relative 
permeability is 4000, and the electric conductivity is zero for the material. 

3.4.7. Mass properties: 
This COMSOL inbuild function is used to tamper with the mass of the disc with the help of changing 
the density value of the copper. Here the change in density means removing material from the disc 
surface. By reducing the density, the mass is reduced that in turn reduces the inertia. The expression for 
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the mass properties is “mat5.rho.def”. here “mat5” is the copper and the expression means a user-
defined density had been recorded.  

3.4.8. Tangential rotation: 
The rotation of the disc is simulated in this model through “Solid Mechanics(solid).”  It is a COMSOL 
inbuild physics that will make the mechanical forces in the disc. Since the simulation for the buoy and 
counterweight is challenging to converge, the approach used is the boundary load option from solid 
mechanics physics. Therefore, the “Boundary load1” uses the boundary condition “sys1”, which has 
the parameter f1 in the tangential value t2. And the “Boundary load2” with boundary condition “sys2” 
in the reverse direction with the parameter f2 in the tangential value t2, the “prescribe displacement” 
option is using the boundary condition “sys3,” and the r and a are selected with the value zero. This 
physics will only work on the disc domain.  

 

 

 

      

Figure 6: The boundary loads and the displacement boundary  

From the figure 6, we can observe the disc's boundary loads and displacement boundary. This indicates 
that the disc is rotating in this particular boundary. The colour purple in figures b & c indicates the 
displacement boundaries for applied forces at boundary loads 1 and 2. Also, the displacement of the 
disc according to the forces visible in figure c at the prescribed displacement where the purple ring 
around the boundary is the area of forces.  

3.4.9. Magnetization and conductivity: 
Since the rotatory PTO is working in the same principle as the eddy current brake, the model must have 
the permanent magnet and the disc working together. So, the COMSOL physics “Magnetic Fields 
(MF)” is applied in the entire model. To begin with, the “Amperes law1” from the physics is used with 
the user define electrical conductivity of 1 isotropic. The “Amperes law 2” is operating in the magnet. 

Solid Mechanics(solid) 

b 
a 

Boundary load1 

Boundary load2 prescribe displacement 

d c 
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Here the constitutive relation is selected as “Remanent flux density,” and the direction should be 1 in 
the z-direction.  To ensure the disc’s electrical conductivity “Amperes law 3” is deployed in the disc 
domine. The “force calculation” feature calculates Maxwell’s stress tensor on the disc domain. This 
feature considers the magnetic and electrical fields on the set domain.  

 

 

Figure 7: From the left, “Ampers law1”, “Ampers law2”, “Ampers law 3” (below) 

According to the figure 7 the entire model along with the sphere is considered in the calculation for the 
damping coefficient and the figure b in the top right indicates the magnet domain (Amperes law2) and 
figure c below indicates the conductivity of the disc domain (Amperes law 3). The purpose of the figure 
is to understand the area of the model in which the various “Amperes laws” are acting. With the color 
purple on each figure, it is visible the areas in which Amperes law is acting. 

3.4.10. Mesh:  
The mesh of the model is essential for COMSOL to converge the result. The model will fail to give 
appropriate results or take longer without proper sequencing. For a time-dependent study, it is essential 
to have appropriate sequencing. The mesh feature helps to confirm the geometric model of the 
component’s geometry. For this study, the disc and the yokes are finer mesh, and the sphere and the 
magnet are in Corser mesh.  

3.4.11. Governing equations:  
The solid displacement and current density are the parameters COMSOL software calculates.  

For solid displacement, which assists in gaining the velocity value, the formula used by the tool is:  

𝜌ₘ
𝜕 𝑢

𝜕𝑡
= ∇. 𝑠 + 𝐹𝑣               (10) 

b a 

Amperes law 1 Amperes law 2 

Amperes law 3 

c 
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In this equation the ρm is the density of the disc material, u is the displacement field, and Fv is the forces. 
This force is also used in equation 16, the governing equation for Lorentz forces. It is the inbuilt formula 
for the “Solid mechanics” physics  

For the current density calculation: 

∇ × 𝐻 = 𝐽              (11) 

𝐵 = ∇ × 𝐴               (12) 

𝐽 = 𝜎𝐸 + 𝐽𝑒              (13) 

𝐸 = −
𝜕𝐴

𝜕𝑡
                    (14) 

According to equations 11, 12, 13, 14, the J is the current density, B is the magnetic flux density, E is 
the emf current and A is the magnetic vector potential. This is the governing formula that COMSOL 
use for the “Magnetic field” physics  

Lorentz coupling: 

The Lorentz coupling in the COMSOL’S build feature makes the relation between solid mechanics and 
magnetic field. This coupling occurs in the velocity of the disc.  

𝐽 = 𝜎(𝐸 + 𝑣 × 𝐵)              (15) 

𝐹𝑣 = 𝐽 × 𝐵                         (16) 

In formula 15, v is the velocity governed by solid mechanics. This velocity is the same as the velocity 
of the charge and E is the emf current. This equation calculates the current density. In formula 16, the 
Lorentz force is achieved by the current density from 15 and the flux density. The Fv showcases the 
forces because of the velocity.  

Velocity:  

The velocity along the disc is calculated by the “point probe 2(point2)” function in COMSOL. In this 
case, the expression used is “ut”, which indicates the structural velocity field. The method is 
interrogation, and the variable name is ‘point2’.  

Damping coefficient: 

Since special characters like “µ” cannot be used in the COMSOL software thus the parameter value 
for the damping coefficient is used as “H2”. 

Table:8: COMSOL calculation  

Name Expression Unit Description 
U intop1(x*ltzc1.FLtzy-

y*ltzc1.FLtzx) 
N.m Damping torque 

U2 U/dr N Damping force 
H2 U2/point2 N.s/m Damping coefficient   
T mf. Tax_0 N.m Axial torque of the disc  
v point2 m/s Structural velocity  

 

In table 8, the damping torque is named ‘U ‘where the ‘Itzc.FLtzy’(Fy) and ‘Itzc.FLtzx’ (Fx)is the 
Lorentz forces in the Y& X direction. So, to simplify the equation: 
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𝑈 = (𝑥 ∗ 𝐹𝑦 − 𝑦 ∗ 𝐹𝑥)               (17) 

Thus, this is the governing equation used in the calculation of the damping coefficient and the various 
aspects that increase and decreased the value.  

Small Scaled Wave Energy Converter 
Small wave energy converters will abide by the same principles as the full-scaled large wave energy 
converters. So, the scaled-down version of the converter will have all the necessary components. 
Therefore, this consists of a heaving buoy and a PTO. Solid works software is used as a tool to design 
the devices. Solidworks is CAD software with various options and simulation features that can give a 
reflection of the device in a real-world context. For this design, the concept of the parameters from table 
4 is preferred. And the scaling factor for 1:10 is considered because such a scale provides a realistic 
damping coefficient and good enough buoy size. 

4.1. Buoy:   
The floating buoy is one of the crucial components of a wave energy converter. The buoy ensures the 
interaction between the wave and the PTO. Since the buoy is its duration will experience hydrodynamics 
forces and the buoy will float at the sea surface. Therefore, the buoy’s structure and material must be 
rigid so that it can withstand the overturning moment and massive wave forces. The buoy geometry is 
another parameter to consider while designing the buoy. Since the geometry of the buoy can increase 
the energy absorption of the wave energy converter[25].  The power absorption also depends on the 
hydrodynamic force, the force from the waves acting on the assumed fixed object aka the buoy  [26]. 
These forces also help with the motion of the buoy. For this model, the buoy will have a heaving motion. 
In the dynamic modeling of the converter, the heaving motion concerning acceleration is dependent on 
Newton’s second law[27]. 

 

Figure 8: Various forces on the buoy  
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 According to figure 8, the various forces acting on the system can be witnessed. Here the line force is 
the force toward a particular point, this force value is from COMSOL parameter O, the pully is pulling 
the buoy, the equivalent weight against the buoy act as a counterforce, plus the value for this force is 
once again from COMSOL parameter O1, and the Lorentz forces Fv from the rotational disc and 
magnets calculated in 3.4.11. For the damping calculation of this study, the line forces from the buoy 
are considered. Keeping this possibility in mind, the 1:10 scaled buoy is selected for this design. Below, 
the scaling parameters for the buoy are given in the table 9. The material for the buoy is stainless steel, 
which is hollow f.  

Table:9: Buoy parameters  

Floating buoy full 
scale  

Scalded version 
(1:10) 

Floating body 
diameter (m) 

5 0.500[m] 

Floating body 
mass (kg) 

4000 4[kg] 

 

Form figure 9, the buoy’s shape can be perceived to be half-spherical. The sphere is one of nature’s 
strongest shapes and can be light in weight. the buoy is hollow from the inside and the thickness of 
the wall is 30mm. with a 10 mm flat top.  

 

Figure 9: Buoy with a mooring line  

The mooring line is attached to the small ring below the buoy. The length of the mooring line is 500 
mm from the tank surface, and the diameter of the line is 5mm. The material used for the line can keep 
the buoy stable as much as possible and have good strength to keep the buoy in a floating position. It 
can also withstand the stress caused by the buoy’s motion. For this, nylon is the material selected as it 
is a plastic fiber with the strength to hold the buoy in the selected position on the tank surface.   

Now the draft line of the floating buoy is decided by the buoyance law, which states that the floating 
object must displace the amount of water equal to its mass. So according to table 4, the mass of the 
buoy is 4 kg. but when filled with water, it nearly weighs 13kg. In figure 10, the buoy is filled with 
water so that the point at which the mass of the water is equal to the mass of the hollow buoy can be 
found. This will satisfy the buoyance law. So, with the inbuild mass property sensor in Solidworks, the 
height at which the water-filled buoy became similar mass as the hollow buoy had been calculated to 
achieve the draft line of the buoy. 
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Figure 10: The solid buoy and water-filled buoy  

With this calculation, the height at which the water-filled buoy has a lower mass than the 4kg is 159 
mm.  

4.2. Power take-off: 
The power taken off in this scaled version is a rotary disc coupled with a magnet. In the 1:10 scaled 
WEC, the remanent magnetic flux of the magnet is selected as 5 Tesla. For rare earth materials, NdFeB 
the range of remanent magnetic flux is 1-1.4 Tesla. So, to achieve the 5-tesla value four magnets with 
the remanent flux density of 1.3 Tesla each are surrounding the disc. In table 10 the parameters of the 
magnets collected from COMSOL are mentioned.   

Table: 10: magnets parameters  

Name  Magnet  Horizontal yoke Vertical yoke  
width  0.04m  0.16m  0.04m  
height  0.24m  0.04m  0.1m  
thickness  0.054m  0.054m  0.054m  

 

 

Figure 11: Disc holder with the magnets   

According to figure 11, the magnets are placed around the disc holder with extended arms. The diameter 
of the disc is 400 mm. Although a small variation of the disc diameter provides a better damping 
coefficient. While keeping the disc mass 0.66kg, the inertia of the larger disc is reduced by removing 
material from the disc surface. In figure 12, it is noticeable that the large gaps in the disc surface with a 
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thin boundary have been designed to make the disc lighter and reduce the inertia. The purpose of the 
shaft from the middle of the disc is to place the disc on the holder in between the magnets and connect 
the buoy and the counterweight. The rotation of the disc will induce Lorentz force. Thus, the shaft will 
control the rotation of the disc.  

 

Figure12: Solidworks model of rotating disc  

4.3. Assembly: 
All the components mentioned above must be working as one singular device and since it is a wave 
energy converter should be in a waterbody. In this design, a tank has been assumed which is filled with 
water can be considered in figure 13. This tank represents the water level in any actual tank for the 
particular scaled WEC. The water level is till the draft line of the buoy from the tank surface. 

 

Figure 13: Wave tank with water height  

Now to assemble, all the components the solid works assembly function is used. This assembly occurs 
on the xz-axis with the y-axis in the vertical position. The wave tank for such kind of design needs to 
have the ability to generate a high enough wave height. Thus, it can create the hydrodynamics forces 
deemed in this simulation. The Coastal Ocean and Sediment Transportation laboratory at Plymouth 
University in the UK can be considered for the tank testing experiment in this case. The wave tank has 
a measurement of 35mX 15.5 m with a raiseable floor. There 24 flap paddles with a surface elevation 
of the wave are measured with calibrated resistive wave gauges. The maximum wave surface elevation 
that can be generated in this wave tank is 0.8m. since the buoy is small the wave elevation is suitable 
for such a simulation. And the maximum significant wave height for this simulation is 0.50m which is 
within the range of the wave elevation of the Plymouth university tank. 
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Figure 14: Assembly of point absorber  

According to figure 14, the buoy is pedicular to the tank surface. The buoy is floating in this position 
with the mooring line that is connected with the buoy by the ring below the buoy. then the mooring line 
is extended and connected with a pully gear and from that pully gear, the line is again extended through 
the shaft and finally, to the counterweights. The mechanism for the device is ensured by mating the 
objects with each other. The mate for the buoy and the pully is “rack point mate”, the mate between the 
pully and the disc is “Gear mate” and the mate of the weight and the buoy is “linear coupler”. The 
rotating disc is mounted on the holder with the magnets surrounding it. The shaft of the disc passes 
through the holes of the holder sides to ensure the connection between the counterweight, pully, and 
buoy. With this mechanism, we can emulate the workings of the full-scaled WEC. As we know, the 
full-scaled WEC works in the linear translator with end-stop springs. So, in this model, the translator 
rotates with the magnet and counterweight, acting as the spring effect concerning the buoy’s force. This 
type of model is beneficial for testing the impact of full-scaled WEC. Since the model is small with no 
complex features, it is easier to build and perform various experiments that can help optimize a large 
WEC. This kind of device is economical and easy to make.  

Results & Discussion: 
The damping coefficient calculation was conducted in the COMSOL time-dependent and stationary 
studies. The stationary study was presented only for the permanent magnet, or the time-dependent 
analysis starts converging from a much smaller value than zero seconds which causes a longer time 
step. For this study, the time for convergence is 0 to 50 seconds with a time step of 0.5 seconds. In 
accordance with their parameters, the three scaling factors converged. The converged values and the 
graphical presentation of the values with respect to time will be presented below in tables and graphs. 
The 3D visual of the model will also present to ensure the mechanisms of the model.  

5.1. Solid displacement and current density: 
The 3D visual of the model can provide a better understanding of the solid displacement and current 
density. since the parameters are essential to ensure the rotation of the disc and the Lorentz force.  
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Figure15: Displacement magnitude and current density.  

In figure 15, we can see the displacement magnitude of the disc (left). In this figure, the area in which 
the disc is experiencing the most displacement is visible. This parameter is divided by colour 
coordinates. So, near the edge of the disc, the displacement magnitude is larger with the colour red, but 
this gradually decreases as it proceeds towards the middle of the disc with the colour turning blue. Thus, 
it ensures the rotation of the disc as the forces applied are at the edge, and the middle of the disc is fixed 
on the XY axis. The figure on the right views the current density. It is visible in this figure that the 
current density is present in the disc and the area in which it is most prominent. This parameter is also 
divided by colour coordinates. Hence it is observed that the disc experiences the most current density 
near the magnet in red.  As a result, Lorentz force.   

 

Figure 16: Arrow surface 

The arrow surface in figure 16 gives a better understanding of the Lorentz force working in the model. 
As Lorentz force is the cross multiplication of the velocity of the charge and current density. Therefore, 
the current is perpendicular to the velocity. With figure 16, the current density in yellow is perpendicular 
to the displacement field in red. This also indicates that the velocity of the charge in the disc is equivalent 
to the velocity of the disc. According to Amperes law, the magnetic field in an enclosed surface equals 
the change in current density and displacement current. Thus, the presence of current density also means 
the magnetic field from the magnet is affecting the disc. 
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5.2. Scaling factor 1:20 
The simulated results were achieved with the parameter of the scaling factor 1:20. The parameters are 
very small in this scaling factor. So, according to the parameter, the remanent magnetic flux density has 
been selected as 2 Tesla. Although rare earth magnets have a remanent flux density of 1-1.4 therefore 
the value 2 can be achieved with two magnets with a remanent flux density of 1. 

 

Figure 17: Damping coefficient for scaling factor 1:20  

Table:11: Results for scaling factors 1:20 

remanent 
flux density 
[T] 

Number 
of 
magnets  

Radius 
[m] 

force[N] Damping 
coefficient 
[N.s/m]  

full-scaled 
damping 
coefficient 
[N.s/m] 

inertia[kg*m^2] 

1 2 0.1 37.5 1.60 2862.16 4.09*10-4 

1 2 0.1 33.75 1.60 2862.16 4.09*10-4 

1 2 0.1 31.5 1.60 2862.16  4.09*10-4 

1 2 0.1 13.5 1.60 2862.16 4.09*10-4 

The velocity and time at which the Lorentz force reaches the constant state are given in the table: 12 
below: 

Table:12: Time & Velocity for factors 1:20  

time(s) velocity 
(m/s) 

force 
(N) 

1.05 0.19950 37.5 
1.20 0.17781 33.75 
1.35 0.165 31.5 
1.5099 0.0532 13.5 

In figure 17, it can be observed that the damping coefficient increases with time. In this scaling factor, 
the initial Lorentz force is negative torque. This initial negative value occurs because of the small 
remanent flux density and small forces acting on the disc. And the figure shows the damping coefficient 
from the moment the positive value occurs until the constant.  
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5.3. Scaling factor 1:15  
Here the parameters are larger than 1:20. Which provides a larger damping coefficient. The results 
achieved with this parameter are mentioned in table 13. In this factor, the remanent flux density is 1 
tesla which means the number of magnets is 3 for 3 Tesla.  

 

Figure 18: Damping coefficient for scaling factor: 1:15 

Table: 13: Results for scaling factors 1:15 

remanent 
flux density 
[T] 

Number 
of 
magnets  

Radius 
[m] 

force[N] damping coefficient 
[N.s/m]  

full-scaled 
damping 
coefficient 
[kN.s/m] 

inertia[kg*m^2] 

1 3 0.133 88 4.28 3.68611 0.0017307 
1 3 0.133 80 4.28 3.68611 0.0017307 
1 3 0.133 74 4.28 3.68611 0.0017307 
1 3 0.133 32 4.28 3.68611  0.0017307 

The time and velocity at which the damping coefficient reaches constant are displayed in the table:14,  

Table: 14: Time & Velocity for factors 1:15 

time(s) velocity 
(m/s) 

force 
(N) 

0.517 0.133 88 
0.35 0.12 80 
0.44 0.10951 74 
0.82191 0.035836 32 

From figure 18, it is observed that the initial value of the damping coefficient is negative. However, the 
forces are increased more than twice the previous value. But the remanent flux density is only increased 
by 1 T. thus, the initial Lorentz force experience a larger negative torque because of the small remanent 
flux density. And table 14 indicates the velocity and time at which damping coefficient is constant.  

5.4. Scaling factor 1:10  
Now the radius of the disc is twice the size of the 1:20 scaling factors. The more extensive forces, the 
buoy's diameter has also increased. And the remanent flux density value has been chosen as 5T, 
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equivalent to almost four rare earth magnets. In table 15, the damping coefficient calculated during 
these scaling factors is mentioned. 

 

Figure 19: Damping coefficient for scaling factor: 1:10 

Table:15: Results for scaling factors 1:10 

remanent 
flux density 
[T] 

Number 
of 
magnets  

Radius 
[m] 

force[N] Damping coefficient 
[N.s/m]  

full-scaled 
damping 
coefficient 
[kN.s/m] 

inertia[kg*m^2] 

1.3 4 0.2 300 138.75 43.876 0.013179 

1.3 4 0.2 270 138.75 43.876 0.013179 

1.3 4 0.2 250 138.75 43.876 0.013179 

1.3 4 0.2 108 138.75 43.876 0.013179 

The velocity and time at which the damping coefficient reaches constant is given at table 16. 

Table:16: Time & Velocity for factors 1:10 

time(s) velocity 
(m/s) 

force 
(N) 

0.97 0.0024 108 
1.5 0.0075 250 
0.875 0.0083 270 
0.499 0.0094 300 

Now in figure 19, The increment is in the remanent magnetic flux with respect to the force, providing 
positive Lorentz force. Also, the damping coefficient increased exponentially as well.  If the scaling 
factors are compared, it is visible that the scaling of 1:10 gives damping values when converted to the 
full-scaled values are much more constructive parameters. This can further be confirmed by the study 
conducted at The University of Naples “Parthenope”, Italy, where a toroidal-shaped buoy point absorber 
was studied in the Mediterranean Sea climate. This study selected the electromagnetic damping as 
40.816 kNs/m[28]. This seems close to the values achieved in this study, with the damping coefficient 
being 43.876 kNs/m. Although from table 16, the fluctuation in time at which the damping coefficient 
reaches a constant value can be noticed. The time at 250 N is more than the time at 108 N. However, 
considering the damping coefficient is close to the experiment conducted in the Mediterranean Sea 
state, the scaling factor for designing the small point absorber is 1:10. 
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5.5. The radius of the disc: 
The point absorber is a device with sensitivity toward geometry, inertia, and damping coefficient. Such 
parameters can increase or decrease the power output of the device.  Hence in this study, the effects of 
the radius of the disc and the way it changes the damping coefficient are also explored. The scaling 
factor of 1: 10 parameters is modified in this case. The radius of the disc is altered accordingly to 
understand the effect of the damping coefficient. Theoretically, the increase in radius should increase 
the damping coefficients, and the decrease in the radius should decrease damping. The simulated result 
of this case is presented in table 17 with the graphical representation in figure 20.  

 

 

 

 

Radius 0.175m Radius 0.15m 

Radius 0.25m Radius 0.2m 
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Figure 20:  Damping coefficient with change in radius.  

Table:17: Damping coefficient for various radius  

remanent 
flux density 
[T] 

Number 
of 
magnets  

Radius 
[m] 

force[N] Damping 
coefficient [N.s/m] 

full-scaled 
Damping 
coefficient 
[kN.s/m] 

inertia[kg*m^2] 

1.3 4 0.15 300 17.290 5.47 0.0074 

1.3 4 0.175 300 40.248 12.73 0.0100 
1.3 4 0.2 300 138.75 43.88 0.0132 

1.3 4 0.25 300 194.40 61.48 0.0205 
1.3 4 0.27 300 199.29 63.02 0.0240 

It is observed from table 17 that as the radius of the disc increased from the initial scaled value of 0.2m, 
the damping also increased, and as it decreased, the damping coefficient decreased. This value does 
satisfy the theoretical understanding of the correlation between the radius and damping coefficient. 

 

 

 

 

 

 

 

 

 

 

Radius 0.27m 
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The 3D representation of the change in radius gives interesting visuals for the magnetic field: 

 

 

Figure 21: The 3D representation of the change in radius  

In this 3D figure 21, the left represents the radius of 0.15 m, and the right represents the radius of 0.27 
m. in this visual, as the radius of the disc decreased, the current density became much more scattered 
because the remanent flux density was large for the disc diameter. And the disc as the disc becomes 
larger; the current density becomes much more focused on the disc area.  

5.6. Change in a magnetic field: 
The remanent flux density has been a crucial parameter during the various scaling factor simulations. It 
is understandable as the model mechanism has the same working principle as the eddy current brake. 
Therefore, take the maximum and minimum radius parameters from the previous section and change 
the remanent flux density to 7 Tesla. The observation is given in table 18 and figures 22 below: 

 

 

Figure 22: Damping coefficient with change in remanent flux density  

 

 

Radius 0.27m Radius 0.15m 

Radius 0.15m Radius 0.27m 
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Table: 18: Damping coefficient for various magnetic fields  

remanent 
flux 
density 
[T] 

Number 
of 
magnets  

Radius 
[m] 

force[N] Damping 
coefficient 

[N.s/m] 

full-scaled 
Damping 
coefficient 
[kN.s/m] 

inertia[kg*m^2] 

1.4 5 0.15 300 33.893 10.717 0.0074 
1.4 5 0.27 300 390.60 123.518 0.0240 

In this case, the remanent flux density is increased by 2 Tesla with the value of the remanent flux density 
of each magnet being 1.4 Tesla. This value increment provides a damping coefficient almost twice the 
value presented in table 17.  The increase in the magnetic field seems to have a positive effect on the 
damping coefficient. This can also be seen in table 17 with a radius of 0.2 m to 0.27 m. At the same 
time, the increase in radius from 0.2 m to 0.25 m gave an increase in the damping coefficient of almost 
56 Ns/m. On the other hand, the increase from 0.25 m to 0.27 m only gives an increment of 5 Ns/m. 
This occurred because the value of 5 Tesla seems less effective for a radius of 0.27m. therefore, it can 
be assumed that the magnetic flux can also be vital for the damping coefficient and, subsequently, power 
output. 

5.7. Comparison to the full-scaled wave energy converter: 
Although the above experiment was conducted in the rotating disc, the conventional wave energy 
converter does not typically contain any disc but rather a linear translator. So, comparing values with 
various wave energy converters deployed in the ocean is essential. 

A comparable experiment conducted at two different sites on the west coast of Sweden can be 
considered. In the damping study on PMLG- based wave energy converter was analyzed with a wave 
height of 0 to 6m and a wave period of 1.5 to 6.5 s. According to the research paper, the optimal damping 
coefficient for site one varies between 55 kNs/m to 80 kNs/m, and for site 2 damping coefficients are 
55 kNs/m to 75 kNs/m[29]. This can be compared with the results from different scaled values achieved 
in this report. And the scaled value of 1:10 with the disc radius of 0.25m and 0.27m reaches the optimal 
damping coefficient value range.  

Considering another study conducted in the UK about the buoy analysis in a point absorber wave energy 
converter. In this simulation, the capture width ratio of the buoy is analyzed. For this study, the diameter 
of 5m and 6m buoy are considered, and the maximum power absorption had reached at 15kNs/m and 
20kNs/m. And the capture width ratio peak value was reached at a damping coefficient of 40kNs/m and 
60kNs/m[30]. This research paper can further support that the values achieved in the scaled factor of 
1:10 with the disc radius of 0.2 m to 0.27 m can be considered constructive damping coefficients for a 
full-scaled buoy.  

The damping coefficient is an important parameter for wave energy converters. The capture-wide ratio 
of the buoy and power absorption of the converter can be optimized by these parameters, thus applying 
the optimal damping coefficient for a particular configuration can be beneficial for the wave energy 
converters. In this report, the few factors for achieving the optimal damping coefficient are analysed. 
And the scale factor of 1:10 seems better while analysing the small-scaled wave energy converter as 
this provides a high enough damping coefficient.  
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Conclusion  
Through the various calculation conducted in this report, the damping coefficient for three scaling 
factors, and the effect of changing the diameter and magnetic flux have been observed.  The results 
from the simulation showcase that the geometry of a point absorber is significant for the proper 
evaluation of the power absorption of the wave energy converter. This can be confirmed by the forces 
in table7. With the increase in the scaling factor, the damping coefficient also increased. This increment 
occurs because the buoy diameter gradually increases from 0.25 m to 0.5m. Therefore, the scaling factor 
for a small wave energy converter should be chosen accordingly so that it can emulate the same 
dimensioning as the full-scaled converter. In this simulation, the proper dimensions for a small-scaled 
point absorber with respect to the damping coefficient is a 1:10 factor. This theory of geometry is further 
supported by the change in the radius of the disc which causes the increase and decrease in the damping 
coefficient. From table 16 we can witness that with increments of radius 0.2 m to 0.27m the damping 
coefficient increased 61 kNs/m.  The role of the magnet and magnetic field is also considered. By 
comparing tables 16 and 17 we can see that enhancing the remanent flux density has increased the 
damping coefficient from 17.29 kNs/m to 33.8 kNs/m for radius 0.15 m and 199 kNs/m to 390 kNs/m 
for radius 0.27m. So, it can be assumed that with the change in parameter the magnetic field should also 
change to enhance the damping coefficient.  

Future works: 
Various future modifications can be made to the small-scale point absorber wave energy converter in 
order to optimize the device. For example  

 Latching control for the rotating disc. Although there are various tests conducted with the 
latching control. But adding a control mechanism or designing a small-scale control mechanism 
can even optimize the damping coefficient. 

 The effects of magnetic flux can be explored more extensively. 
 Also automated systems can be designed for the variation in the number of magnets and the air 

gaps.  

These changes can be explored in the future design of small-scaled wave energy converters. These 
adjustments might help the optimization of the small-scale device. Subsequently augmenting the full-
scale point absorber wave energy converters devices. 
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