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1 INTRODUCTION 

This technical note is issued to the Research Corporation of the University of Hawaii (RCUH or the 

“Customer”) pursuant to a written Agreement for Services effective 14 March 2013 and RCUH Purchase 

order #Z10027978 /1/ as well as the subsequent amendment to the agreement /2/. The Customer has 

requested that Garrad Hassan America, Inc. (DNV GL) perform services relating to the establishment of 

a wave energy test centre for the University of Hawaii, Hawaii Natural Energy Institute (UH HNEI). UH 

HNEI’s Hawaii National Marine Renewable Energy Center (HINMREC), under funding fom the U.S. 

Department of Energy (DOE) is working in collaboration with the U.S. Navy to develop the Wave Energy 

Test Site (WETS or the “Project”) located at the U.S. Marine Corps Base Hawaii – Kanehoe (MCBH-K) in 

Oahu, Hawaii.  

The project consists of three main components /1/: 

1. Documentation of test protocols and support to the testing program 

2. Provision of data for verification of Wave Energy Converter (WEC) performance models 

3. Provision of data for verification of WEC array models 

The present technical note forms part of the second project component. 

As part the service agreement /1/, the scope of the second component of the project is to use DNV GL’s 

WEC performance and loading analysis tool WaveDyn to assist with the verification of HNEI’s WEC 

performance model. WaveDyn has been subjected to a range of validation exercises and wave developed 

specifically for WECs. The tool allows for flexible, multi-body modelling of a wide range of WEC concepts 

in time domain simulations and couples loading from critical sources including hydrodynamics, power 

take off (PTO), and moorings. 

Initially it was intended that HNEI would supply outputs from their own performance models for a series 

of real WEC devices being tested at the WETS site and DNV GL would generate independent models and 

simulations for comparison. However, due to the lack of availability of data relating to the devices being 

tested at WETS and following discussions with HNEI, it has been agreed /4/ that DNV GL will instead 

simulate a range of generic WEC models in conditions representative of the WETS site in order to provide 

a database of loads and power extraction for later use by HNEI. 

An advantage of basing this work on a range of generic WEC devices is that the definition of each model 

can be chosen to clearly demonstrate a variety of physical phenomena that are important to capture by 

any numerical model. Also, the chosen models can be based on other previous physical or numerical 

validation work (see /6/ and /10/), which is beneficial for cross-reference of results.  

Furthermore, it has been agreed between DNV GL and HNEI /4/ that the technical support to the testing 

programme detailed in /1/ under deliverables 5.1 and 5.2 would be substituted with further verification 

data for HNEI’s numerical models. This will increase confidence in the numerical predictions calculated by 

HNEI and thus enhance understanding of the WECs behaviour installed at WETS. 

Therefore, the present phase of work (provision of data for verification of WEC Performance models) is 

associated with five deliverables: 

1. WEC performance model verification progress report # 1 – Define rounded cylinder single-body 

point absorber geometry/size most appropriate for WETS conditions and to inform scaling of 

geometries in Deliverables 2-5. 
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2. Testing support progress report #1 – WaveDyn modeling of rounded cylinder single-body point 

absorber. 

3. WEC performance model verification progress report #2 – WaveDyn modeling of flat-profile, 

single-body point absorber (at same optimized scale as found for rounded cylinder in 1) 

4. Testing support progress report #2 – WaveDym modeling of 2-body point absorber based on 

Department of Energy reference model geometry (at same optimized size found for WETS during 

1) 

5. WEC performance model verification final report – Assess the extreme loads of a WEC model test 

case wave energy converter using various methods. 

The first  two deliverables were reported in /6/ and /7/, the present scope of work will consider the 

second generic WEC model: a rounded circular plate single-body point absorber.  

The present technical note refers to the third deliverable for this phase and documents the progress that 

has been made on the analysis of the flat cylinder single-body point absorber. Detailed performance and 

loading results are presented for the selected scale and water depth. All numerical simulations were 

performed at model scale and the results included in this technical note at full scale using Froude Scaling 

laws. Flow solver inputs have been generated to describe the flat-plate hydrodynamics. Results have 

been derived for both normal and extreme conditions. The normal environmental conditions are based 

on a range of sea states and a subset of which is representative of the WETS site. Extreme conditions 

are based on the analysis of on-site measured data sets /7/. 

Section 2 describes the setup of the numerical model necessary for this work. The corresponding results 

in normal operational and extreme sea states are given in Section 3. Finally, some concluding remarks 

are given in Section 4. All input and output files will be supplied to HNEI to facilitate further verification 

exercises (via an agreed medium). 
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2 MODEL SETUP AND OUTPUTS 

The simulations in this report have been conducted using a point absorber type WEC. The WEC geometry  

and the WaveDyn model used for numerical simulation in the present study is depicted in Figure 2-1 and 

Figure 2-2 respectively. 

 

 

 

 

 

Figure 2-1 Schematic of generic flat-plate WEC device moored to the tank floor. 

 

 

 

 

 

 

x 

z 

y 



 

 

 

DNV GL  –  Report No. 702053-USSD-T-05, Rev. B  –  www.dnvgl.com  Page 4 
 

 

 

Figure 2-2 WaveDyn model schematic. 
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The point absorber model used in the numerical simulations is similar to that described in /7/. Attempts 

have been made to preserve the resonant frequency of the system, the mass of the float and the pre-

load tension in the tether. The following changes have been made: 

1. The buoy has been replaced by a flat-plate with a shallow draft and of the same mass 𝑀=43.2 kg. 

The flat plate is a thin walled body comprising a cylindrical shell and two disks on the top and the 

bottom which seals the interior.  The diameter is 1.05 m and height is 0.105 m. These 

dimensions were chosen as they represent the widest and flattest WEC point absorber geometry 

currently being considered and therefore provides a good contrast to the geometry considered in 

/7/.  The mass is uniformly distributed throughout the body such that the center of mass is 

coincident with the geometric center of the body. The moment of inertia with respect to the 

center of mass of the body is given by  𝐼𝑥𝑥=3.22, 𝐼𝑦𝑦= 3.22 and 𝐼𝑧𝑧=6.45 kg m2. The coordinate 

system is defined in Figure 2-1 for reference. 

2. The length of the structural component “rigid link 2” of the WEC in the WaveDyn file was 

increased to 0.640 m. An increase in the link length is required to ensure the correct draft of the 

flat-plate in the WaveDyn model (match the hydrodynamic model). 

3. The flow solver (WAMIT) simulations were re-run to update the hydrodynamic coefficients for the 

flat-plate geometry. The draft of the plate is taken as 0.0523 m such that the vertical position of 

the centre of mass is coincident with the water level. The flat plate is taken to be symmetric 

around the water level. The pre-load on the spring results in an increase in the draft of the flat-

plate. Given the water plane area of the flat-plate is large, it is found that the change in draft is 

negligible (≈ 2.12 mm). The additional increase in pre-load also results in an increase in the 

displaced mass from 44.9 kg to 46.9  kg which is considered small. 

All simulations were conducted at model scale. However, the outputs have been reported as full-scale 

values using the Froude scaling set out in /6/. The ratio between lengths in the new point absorber 

numerical model and the desired ‘full-scale’ device is 1:40 and so a scale factor of 𝑘=40 is used to 

transform outputs from model to ‘full-scale’.  

The WEC response to extreme and normal operational conditions are described by the following outputs: 

1. The ‘Flat-Plate-ST-Kinematics’ (i.e. the motions of the flat-plate in global space). These 

quantities will be reported at the attachment point between the flat-plate and the rigid link 

connecting the body to the PTO: 

a. Global Surge 𝜙𝑥 

b. Global Sway 𝜙𝑦 

c. Global Heave 𝜙𝑧 

d. Global Roll 𝜙𝑅𝑥 

e. Global Pitch 𝜙𝑅𝑦 

2. The ‘Total System Power Take-Off (PTO) Performance’ (power absorbed by the damper before 

any losses in the electrical system are taken into account): 

a. PTO Power Output 𝜙𝑃 

3. The ‘Spring-By-Freedom-PTO’ (i.e. tether-related variables). These quantities report the PTO 

spring forces and displacement. 
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a. Joint Freedom Displacements 𝜙𝑑 

b. Applied Force 𝜙𝐹 

 

Note that none of the simulations took into account quadratic viscous forces, which are difficult to 

characterise accurately for these type of models. In future studies, CFD simulations of the flat plate will 

be conducted using Computational Fluid Dynamics which will account for quadratic viscous drag.  When 

modelling energetic and extreme conditions, viscous forces are likely to become important. However, 

results are presented here using the linear hydrodynamic formulation so that verification exercises with 

equivalent formulations may be easily performed. 

Prior to running simulations a calm water test was conducted to check the equilibrium position of the 

flat-plate on the still water surface. A calm water test is simulated by setting the height of all incoming 

waves to zero such that the flat-plate naturally reaches its equilibrium position during a time domain 

simulation. It was found that the initial position of the flat-plate at the beginning of the simulation and 

the rest location following the calm water test was the same.  

 PTO setting 2.1

For a single body point absorber operating only in heave with constant linear PTO the resonant angular 

frequency 𝜔𝑛 can be calculated. The resonant frequency is dependent on the mass and stiffness of the 

total system. The total stiffness in heave is a function of the PTO spring stiffness 𝑘𝑚 and the hydrostatic 

stiffness of the round-plate 𝑘ℎ𝑠. The total system mass in heave is a function of the mass of the flat-plate 

𝑀 and the added mass 𝑚𝑟. Note that the added mass is frequency dependent but it has an asymptotic 

behaviour for higher frequency values which is used in calculations, see Figure 2-3. An approximation 

normally used for calculating the resonance frequency is to use the value of the added mass at infinite 

frequency. The equation used to calculate the angular frequency (in rad/s) at which resonance in 

uncoupled heave motion occurs, is given by 

𝜔𝑛 = √
𝑘ℎ𝑠 + 𝑘𝑚

𝑀 +𝑚𝑟(𝜔𝑛)
 

(1) 

At model scale 𝐾ℎ𝑠 = 8.43 × 10
3 N/m, 𝑘𝑚 = 66.3 N/m, 𝑚𝑟 = 195 kg, and 𝑀 = 43.2 kg. This results in a 

resonant angular frequency at full-scale of 0.932 rad/s. 

Assuming motion only in heave, the optimal PTO damping can be calculated for the resonant angular 

frequency in heave 𝜔𝑛. Tuning of the damping is achieved when the following is satisfied  

𝛾𝑑 = 𝑏33 (2) 

where 𝑏33(𝜔𝑛) is the hydrodynamic radiation damping in heave due to heave motion of the flat-plate at 

an angular frequency 𝜔𝑛. For 𝜔𝑛=0.932 rad/s, the radiation damping is found to be 𝑏33 =577 Ns/m. This 

yields an optimal damping of 𝛾𝑑=577 Ns/m. 

It should be noted that the above analysis is only valid for a relatively simplistic case where the point 

absorber operates solely in heave. Additional degrees of freedom may influence the resonant frequencies 

of the WEC. 
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Figure 2-3 Added mass of flat plate in heave motion. 

 

Table 2-1 Main parameters describing the flat-plate point absorber  

 

Parameter Model scale Full-scale 

Flat-plate definition   

Water depth [m] 1.5 60 

Draft [m] 0.0523 2.09 

Diameter [m] 1.05 41.8 

Mass [kg] 43.2 2.76 x 106 

PTO definition   

Damping [Ns/m] 37.7 3.81 x 105 

Stiffness [N/m] 66.3 1.06 x 105 

Pre-load [N] 35.8 4.59 x 105 
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3 RESULTS 

Time domain simulations of the WEC model described in Section 2 have been conducted in WaveDyn. 

The environmental conditions are based on numerical and measured data sets obtained for the WETS 

site and were described in a previous technical note /7/. Appendix A summarises the different 

environmental conditions used in the WEC simulations as a number of different Cases (Case I, II, …, V). 

A summary of the WEC simulation results and environmental wave conditions used is given below: 

1. Section 3.1 shows the response amplitude operators, force amplitude operators and relative 

capture width derived from simulations of regular waves (case I).  

2. Sections 3.2 and 3.3 provide the minimum, maximum, and root mean squared (RMS) variation 

of flat-plate kinematics, PTO forces and power output for normal operational conditions. The 

wave conditions for these simulations have been represented by unidirectional irregular waves 

(case II) and spread irregular waves (case III). 

3. Time series of peak loads during extreme simulations are provided in Section 3.4. The extreme 

sea states are defined in cases IV and V. 

 Regular waves 3.1

A series of simulations in regular waves were conducted in order to compute the response amplitude 

operators (RAO) for the flat-plate kinematics, the relative capture width of the point absorber and the 

force amplitude operator (FAO) on the PTO. The response or force amplitude operator is defined by 𝑋/𝑎 

where 𝑎 is the wave amplitude. A range of regular wave periods and amplitudes were used to conduct 

simulations. 

The response and force amplitude operators are calculated using the following equation for the 

amplitude of response or force: 

𝑋 = √2 ⋅ 𝑆𝐷[�̂�𝑖 − 〈�̂�𝑖〉] (3) 

where �̂�𝑖 is a time history of the point absorber motions and forces for 𝑖 = 𝑥, 𝑦, 𝑧, 𝑅𝑥, 𝑅𝑦, 𝑑 and all 

frequencies except the fundamental frequency have been removed from the signal. The operators 𝑆𝐷 and 

〈 〉 are the standard deviation and mean of the time series output. The signal processing, includes 

curtailing the simulation ramp-up time and calculating the moving mean of the signal, where the window 

is equal to the regular wave period. The time series is curtailed to a duration of 25 times the wave period. 

This curtailed time series is taken from the end of the time series to ensure that transients in motions 

and forces are not included.  

For each wave amplitude and period the ratio of wave height 𝐻 to wavelength 𝜆 (or wave steepness, see 

/8/) was computed.  

𝜖 = 𝐻/𝜆 (4) 

An upper limit to the wave steepness 𝜖 = 1/7 was imposed similar to the analysis in /7/. All results under 

the wave breaking limit are included in the analysis.  

As the wave conditions considered in this section are unidirectional, the results for flat-plate sway and 

roll motions have not been included. This type of motion is not expected for these wave conditions and 

analysis of the time series data found that the flat-plate roll and sway motions were negligible. 
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The heave RAO of the flat-plate is calculated using the 𝜙𝑧 kinematics and is illustrated in Figure 3-1. It 

can be seen from the invariant RAOs that the global flat-plate heave is linear with respect to wave 

amplitude (as expected from the linearity of the hydrodynamics and structural constraints in this degree 

of freedom). The resonance in the heave motion of the flat-plate was designed to occur close to an 

angular frequency of 0.9 rad/s, which corresponds to a 7 s wave period. However, no peak can be seen 

in the RAO and it is assumed that this is because of the large radiation damping (𝑏33 =577 Ns/m for 

𝜔 =  0.9 rad/s). Another possible explanation for the lack of a resonant peak could be due to coupled 

motion. Coupled motion may cause a deviation in the resonant frequency 𝜔 which was derived assuming 

uncoupled heave motion. However, in this case, it is not thought that this explains the lack of resonance 

peak as the RAO of heave motions appears linear. At low angular frequencies or long wave periods (>7 

s), the flat-plate tends to follow the incident wave elevation and the RAO tends to unity. In contrast, for 

short period waves (<5s) the flat-plate does not respond significantly to incident wave excitation. These 

features of the response are expected for wave energy devices and in particular point absorbers. 

The global surge and pitch RAOs are derived from the 𝜙𝑥 and 𝜙𝛽 motions of the flat-plate and are 

presented in Figure 3-2 and Figure 3-3, respectively. The surge response is strong and nonlinear in long 

period waves. The global flat-plate pitch response is linear and the large water plane area of the flat-

plate results in small pitch motions. The surge RAO for surge also indicates a long period resonance 

which is associated with rotation around the anchor point.  

From observations of the time series data, the long period wave scenarios reveal instances of a period 

doubling in the global surge motions as shown in Figure 3-4. This reveals that, when excited by long 

period waves, the device spends one wave period downwave of the anchor point and another upwave of 

the anchor point and so on. For shorter wave periods, period doubling of the flat-plate motions does not 

occur but instead the device moves to a downwave position and oscillates around this point. 

The force amplitude operator (FAO) has been computed using the PTO applied force. The results are 

shown in Figure 3-5 and reveal that the greatest loading occurs due to incident waves with a period of 

approximately 10.5 s. At lower frequencies the FAO shows nonlinear motions most likely related to the 

nonlinear surge motions.  
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Figure 3-1 Response amplitude operator of flat-plate global heave. 

 

 

Figure 3-2 Response amplitude operator of flat-plate global surge. 
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Figure 3-3 Response amplitude operator of flat-plate global pitch. 
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Figure 3-4 Time series plot of flat plate motions for simulations with long period regular 

waves (top diagram T=20.6 s) and low period regular waves (bottom diagram T=6.32 s). The 

blue line is flat-plate global surge and red dashed is global heave. 

 

Figure 3-5 Force amplitude operator of PTO. 
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Power Output 𝑃) and dividing by the incident wave power per unit width  𝑃𝑤 such that 

𝑙 =  
𝑃

𝑃𝑤
 (5) 

Assuming deep water, the incident wave power is given by: 

𝑃𝑤 =
𝜌𝜋𝑔2𝐻2𝑇

8
 (6) 

The relative capture width of the flat-plate is therefore given by 𝑟 = 𝑙/𝐷, where 𝐷 is the diameter of the 

flat-plate. The relative capture width is shown in Figure 3-6. The largest power output is observed at 0.7 

rad/s ( wave period of 6 s) with the device extracting up to 1.5 times of the incident wave power passing 

through its width (albeit for a very narrow band of frequencies).  
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Figure 3-6 Relative capture width of point absorber. 

 

 Unidirectional irregular sea states 3.2

Time domain simulations were conducted with irregular unidirectional waves (Case II). The minimum 

and maximum values throughout the time series are presented for the flat-plate kinematics, PTO forces 

and power output. The simulations have been run for 3 hours (equivalent full scale duration) in order to 

obtain reliable estimates of extreme values.  

The maximum global motions of flat-plate heave, pitch and surge are summarised in Figure 3-7, 

Figure 3-8 and Figure 3-9 respectively. Assuming deep water waves, the significant wave steepness 𝑆𝑒 is 

given by 

𝑆𝑒 =
2𝜋𝐻𝑠
𝑔𝑇𝑒

2  (7) 

where 𝐻𝑠 is the significant wave height, 𝑇𝑒 the energy period and 𝑔 is the acceleration due to gravity. 

This formula is simply the wave steepness equation but written in terms of mean wave parameters 𝐻𝑠 

and 𝑇𝑒. An upper limit for 𝑆𝑒 is derived using the limit for individual wave steepness 𝜖 < 1/7. A link is 

formed between the maximum individual wave height and the significant wave height such that 0.5𝐻𝑚𝑎𝑥 =

𝐻𝑠. Using Equation (4) to rewrite 𝜖 in terms of 𝐻𝑠 a suitable limit for 𝑆𝑒 is given by 𝑆𝑒 < 0.5 × 1/7 = 0.07. 

The significant steepness is calculated for all sea states and then the limit is applied to curtail 

information derived for sea states that are unrealistic. 

It can be seen that as the incident significant wave height increases, the flat-plate motions also increase. 

The maximum global heave and surge excursions are greatest for long period waves. The flat-plate pitch 

motion is generally greatest for energy periods around 7 s which is in agreement with the shape of the 

RAO for pitch in Section 3.1. 
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The maximum values of the PTO joint extension and applied force acting on the PTO joint are shown in 

Figure 3-10 and Figure 3-11, respectively. The applied force on the PTO is greatest when the wave 

height is large and the energy period is around 10 s. The PTO applied force in the numerical model is 

negative when the PTO spring is in tension. As can be seen from Figure 3-11, for moderate significant 

wave height (𝐻𝑠>1 m) there are instances when the tether is no-longer in tension. The maximum power 

output in Figure 3-12 shows a similar trend to the PTO applied force, with the largest power output close 

to an energy period of 11 s. 

Minimum values of flat-plate motion for heave, pitch and surge are summarised in Figure 3-13, 

Figure 3-14 and Figure 3-15, respectively. The largest negative values of flat-plate heave excursion are 

directly related to significant wave height and the minimum pitching motions are observed around 8 s. 

The minimum PTO displacement, PTO applied force and power absorption are presented in Figure 3-16, 

Figure 3-17 and Figure 3-18, respectively. The results show that the extreme displacements and forces 

acting on the device are approximately symmetric around the equilibrium position. The minimum power 

output of the device is 0 W across all sea states as there are times when the PTO velocity is 0 m/s and 

therefore power is not generated. 

The root mean square (RMS) motions of the flat-plate are presented in Figure 3-19 and Figure 3-20, 

respectively. 

 

 

Figure 3-7 Max of global flat-plate heave for irregular unidirectional waves. 
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Figure 3-8 Max of global flat-plate pitch for irregular unidirectional waves. 

 

 

Figure 3-9 Max of global flat-plate surge for irregular unidirectional waves. 
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Figure 3-10 Max of PTO joint freedom for irregular unidirectional waves. 

 

Figure 3-11 Max of PTO applied force for irregular unidirectional waves. 
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Figure 3-12 Max of PTO power output for irregular unidirectional waves. 

 

 

 

Figure 3-13 Min of global flat-plate heave for irregular unidirectional waves. 
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Figure 3-14 Min of global flat-plate pitch for irregular unidirectional waves. 

 

 

Figure 3-15 Min of global flat-plate surge for irregular unidirectional waves. 
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Figure 3-16 Min of PTO joint freedom for irregular unidirectional waves. 

 

 

Figure 3-17 Min of PTO applied force for irregular unidirectional waves. 
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Figure 3-18 Min of PTO power output for irregular unidirectional waves. 

 

 

 

Figure 3-19 RMS of flat-plate heave for irregular unidirectional waves. 
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Figure 3-20 RMS of flat-plate pitch for irregular unidirectional waves. 
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 Irregular spread waves 3.3

Time domain simulations were conducted with irregular spread waves (Case III). The simulations have 

been run for 30 minutes (full-scale equivalent duration). The RMS values of the time series results are 

presented for the flat-plate kinematics, PTO forces and power output. As before, the results must satisfy 

𝑆𝑒 < 0.07 such that all unrealistic sea states are removed. 

The RMS of the flat-plate heave and pitch motions are presented in Figure 3-21 and Figure 3-22, 

respectively. The results of heave are similar to those in Section 3.2 with a similar range of motions 

observed. The RMS of pitch motions in the spread waves scenario is similar to the unidirectional case 

presented in Figure 3-20. 

The multiple degree of freedom motion of the hinges (see Section 2) enable roll and global sway motions 

of the flat-plate to be captured. The RMS sway, surge and roll motions are presented in Figure 3-23, 

Figure 3-24 and Figure 3-25. The range of roll motion is small with the largest RMS values being around 

2 degrees. The RMS surge and sway motions are also large with up to 7 m of motion for a sea state of 

𝐻𝑠=5.5 m and 𝑇𝑒=16 s.  

The time series of the flat-plate global sway and surge motions was analysed in detail for a sea state 

where the energy period and significant wave height was large (𝐻𝑠=4 m and 𝑇𝑒=17 s). The power 

spectral density of the translational motions of the flat-plate are shown in Figure 3-26. In addition, the 

JONSWAP wave spectra has also been used for comparison. The plot reveals that the angular frequency 

of the sway and surge harmonics with the largest amplitude is much smaller than either the wave 

spectra or the heave motion of the device. In addition, the surge and sway motions are much larger than 

the heave motions. It is possible that in reality viscous effects which are not modelled in the simulations 

would damp this motion.  

The RMS of the PTO joint displacement and applied force are provided in Figure 3-27 and Figure 3-28, 

respectively. It can be seen that the spring freedom and applied force is sensitive to both wave period 

and wave height.  

The RMS and Mean of total PTO power output is presented in Figure 3-29 and Figure 3-30.  
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Figure 3-21 RMS of global flat-plate heave for irregular spread wave conditions. 

 

Figure 3-22 RMS of global flat-plate pitch for irregular spread wave conditions. 

6 8 10 12 14 16

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

T
e
 [s]

H
s
 [

m
]

RMS,'Flat Plate-ST-Kinematics',Global Heave

 

 

[m
]

0.2

0.4

0.6

0.8

1

1.2

6 8 10 12 14 16

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

T
e
 [s]

H
s
 [

m
]

RMS,'Flat Plate-ST-Kinematics',Global Pitch

 

 

[r
a
d

]

0.01

0.02

0.03

0.04

0.05

0.06

0.07



 

 

 

DNV GL  –  Report No. 702053-USSD-T-05, Rev. B  –  www.dnvgl.com  Page 24 
 

 

 

Figure 3-23 RMS of global flat-plate sway for irregular spread wave conditions. 

 

Figure 3-24 RMS of global flat-plate surge for irregular spread wave conditions. 
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Figure 3-25 RMS of global flat-plate roll for irregular spread wave conditions. 

 

Figure 3-26 Power spectral density of global translational motions of flat-plate in the sea 

state 𝑯𝒔=4 m and 𝑻𝒆=17 s. 
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Figure 3-27 RMS of PTO joint displacement for irregular spread wave conditions. 

 

Figure 3-28 RMS of PTO applied force for irregular spread wave conditions. 
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Figure 3-29 RMS of power output for irregular spread wave conditions. 

 

 

Figure 3-30 MEAN PTO power output for irregular spread wave conditions. 

6 8 10 12 14 16

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

T
e
 [s]

H
s
 [

m
]

RMS,'Total System PTO Performance',Total PTO Output Power

 

 

[k
W

]

500

1000

1500

2000

2500

3000

6 8 10 12 14 16

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

T
e
 [s]

H
s
 [

m
]

MEAN,'Total System PTO Performance',Total PTO Output Power

 

 

[k
W

]

200

400

600

800

1000

1200

1400

1600



 

 

 

DNV GL  –  Report No. 702053-USSD-T-05, Rev. B  –  www.dnvgl.com  Page 28 
 

 

 Extreme response analysis 3.4

This section considers the device response to extreme wave conditions. Time domain simulations were 

conducted using the wave conditions described in Case IV. 

The loading on a WEC depends on incident wave elevation and motion time history. An incident irregular 

wave field which describes normal operational conditions could yield a larger load than these extreme 

conditions. The time domain simulation where the largest force on the PTO unit occurs will be analysed. 

The maximum PTO load is a useful statistic for quantifying the maximum load the WEC must survive. 

This is often referred to as the ultimate limit state (ULS). The ULS is derived from analysis of simulations 

outputs during normal operational wave conditions in Section 3.4.1 and extreme conditions in 

Section 3.4.2. 

 Normal operational sea states 3.4.1

Time series data from numerical simulations conducted using the normal operational conditions 

described for case II were analysed to identify the sea state for which the maximum PTO load occurs. In 

the numerical model, the default PTO force is negative and therefore the maximum absolute value of the 

PTO force is used to identify the largest PTO loads. A 50 second sample was extracted around the point 

at which the maximum PTO load occurs. Figure 3-31 shows the time series output for the identified 

simulation. The maximum PTO load does not coincide with maximum heave. Instead it coincides with 

peak pitch, surge motion and (relative) maximum power extracted instead.   
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Figure 3-31 Time series of flat-plate position, load and power output around peak PTO applied 

force during normal wave conditions (case II) 𝑯𝒔=5.5 m and 𝑻𝒆=17 s. 
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 Extreme sea states 3.4.2

A similar investigation was repeated for time domain simulations of extreme environmental conditions. 

This time, the sea state where the maximum PTO load occurred when simulating extreme sea states 

(case IV – see Appendix A) was identified. The time series data is presented in Figure 3-32. Again the 

peak load coincides with peak surge and pitch rather than heave. 

Matrices of the extreme global flat-plate heave, pitch, PTO forces and power output are presented in 

Figure 3-33 to Figure 3-40.  

A comparison of the minimum PTO loads that occur for each simulation of unidirectional normal waves 

and unidirectional extreme waves is shown in Figure 3-41. The extreme and normal conditions predict 

similar minimum loads however the spread of the results is much greater for the normal wave conditions. 

The results are similar to those presented in Section 3.2. The flat-plate heave motion responds primarily 

to long period waves while the PTO loads and power output are sensitive primarily to the wave height.  
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Figure 3-32 Time series of flat-plate position, load and power output around peak PTO applied 

force during extreme wave conditions (case IV) 𝑯𝒔=6.87 m and 𝑻𝒆=11.0 s. 
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Figure 3-33 Max of global flat-plate heave for irregular unidirectional extreme waves 

 

Figure 3-34 Max of global flat-plate pitch for irregular unidirectional extreme waves 
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Figure 3-35 Max of PTO applied force for irregular unidirectional extreme waves 

 

 

Figure 3-36 Max of PTO power output for irregular unidirectional extreme waves 
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Figure 3-37 Min of global flat-plate heave for irregular unidirectional extreme waves 

 

 

Figure 3-38 Min of global flat-plate pitch for irregular unidirectional extreme waves 
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Figure 3-39 Min of PTO applied force for irregular unidirectional extreme waves 

 

 

Figure 3-40 Min of PTO power output for irregular unidirectional extreme waves 
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Figure 3-41 Min of PTO applied force for unidirectional normal simulations (red) and 

unidirectional extremes (blue). 
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4 CONCLUSIONS 

This report has investigated the motions, perfomance and PTO loads of a point absorber WEC where the 

float is a flat-circular plate. Numerical simulations of the device were run for normal and extreme 

environmental conditions based on site data. 

The WEC model of the point absorber was based on a previous study /6/ and /7/. The mass of the float, 

pre-load tension and resonant frequency were maintained. However, modifications were made to the 

water level, PTO damping and the link lengths in order to optimise the performance of the WEC for the 

location. 

The response and force amplitude operators showed that no resonant motions occurs in heave or in pitch. 

For long-period waves the surge motion exhibited nonlinear behaviour such as period doubling. The 

heave motions increased approximately linearly with respect to significant wave height. The motions of 

sway and surge during irregular spread waves was found to be large.  

In previous studies, /7/, the PTO pre-load was set to prevent snatching loads. Simulations of 

unidirectional irregular waves revealed that the tether was no longer in tension for large wave height sea 

states. As equilibrium is required between the pre-load in the tether, the mass of the plate and the mean 

displaced mass of the plate, an increase in the pre-load would require a significant change to the draft of 

the flat-plate. To maintain consistency with previous results it was decided that the pre-load and the 

mean displaced mass should remain unchanged to avoid creating an incompatible data set with previous 

results. 

Simulations of unidirectional and spread irregular waves has provided a significant range and volume of 

data for future numerical verficiation studies. The results of the simulations will be provided to the 

Customer for comparison to other simulation packages. The necessary tools to read the outputs have 

been provided as part of an earlier project /7/. 
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APPENDIX A ENVIRONMENTAL CONDITIONS 

The following sea states have been used in simulations of the WEC: 

1. Case I - Regular sea states with wave amplitude 𝑎 and wave period 𝑇 defined using the 

following combinations have been simulated: 

a. Wave amplitudes 𝑎 =0.4, 0.8, 1.2, 2, 3, 4 m 

b. Wave periods 𝑇 = 1.58, 3.16, 4.74, 5.60, 5.7 6.32, and then every 0.316 s to 25.3 s. 

c. The (mean) direction of waves is along the x-axis (𝑀𝐷𝐼𝑅 = 0). 

Only combinations of height and period that do not exceed the breaking wave steepness limit 

have been simulated. For deep water the wave breaking limit, given by the wave height to wave 

length ratio otherwise known as the wave steepness 𝜖 = 𝐻/𝐿, occurs at 𝜖=1/7 /8/. The wave 

steepness for deep water waves can be written 𝜖 = 4𝜋𝑎/𝑔𝑇2 where 𝑔 is the acceleration due to 

gravity. 

2. Case II - Unidirectional and irregular sea states defined using the following range of 

significant wave height 𝐻𝑠=0.5,1.0,…,5.5 m and energy period 𝑇𝑒=5,6,…,17 s and the following 

additional specification: 

a. The frequency-dependent wave spectra (omnidirectional spectra) are described using a 

JONSWAP spectral shape with a peak enhancement factor 𝛾=1. The JONSWAP spectral 

shape is given by: 

 

𝑆𝑗(𝑓) =
𝛼𝑔2

(2𝜋)4𝑓
exp (−

5

4
(
𝑓𝑝

𝑓
)

4

) 𝛾𝑟 (8) 

𝑟 = exp (−
(𝑓 − 𝑓𝑝)

2

2𝜎𝑗
2𝑓

) 
(9) 

𝜎𝑗 = {
0.07, 𝑓 < 𝑓𝑝
0.09, 𝑓 ≥ 𝑓𝑝

 (10) 

where, 𝑓 is the wave frequency, 𝛼 is the energy scale, 𝑓𝑝 = 1/𝑇𝑝 is the peak frequency and 

𝜎𝑗 is the peak-width parameter. The peak period 𝑇𝑝 of the JONSWAP spectra is obtained 

using the fixed ratio between energy period and peak period 𝑇p = 1.17 𝑇e. 

It was decided that a JONSWAP spectrum would be used as a representation of the wave 

climate for each sea state. In this way, results from this study can be appllied to other 

sites (also assuming a JONSWAP spectral shape) by accounting for the site-specific 

distribution of wave height and period. 

b. The mean wave direction is along the x-axis, 𝑀𝐷𝐼𝑅 = 0.   

c. The same seed (initialising the random phases of wave components) was used for all 

simulations. 

d. The simulation duration was set at 3 hours. This duration is considered necessary to 

derive reliable estimates of extreme performance and load values.  
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3. Case III - Directional spread and irregular sea states defined as per case II and the 

following additional specification: 

a. Omnidirectional wave spectra were described using a JONSWAP spectral shape with a 

peak enhancement factor of 𝛾=1. 

b. The mean wave direction is along the x-axis, 𝑀𝐷𝐼𝑅 = 0.   

c. The directional distribution is described using a Ewans wind sea distribution /9/. The 

wave direction is denoted by 𝜃. For unimodal sea states the direction distribution 𝐷(𝜃, 𝑓) 

is based on the wrapped normal distribution given by: 

𝐷(𝜃, 𝑓) =
1

𝜎(𝑓)√2𝜋
∑ 𝑒𝑥𝑝 (−

1

2
(
𝜃 − 𝑀𝐷𝐼𝑅 − 2𝜋𝑘

𝜎(𝑓)
)
2

) 
∞

𝑘=−∞
  (11) 

𝜎 =

{
 
 

 
 11.38 + 5.357 (

𝑓
𝑓𝑝
)
−7.929

, 𝑓 < 𝑓𝑝

32.13 − 15.39 (
𝑓
𝑓𝑝
)
−2

, 𝑓 ≥ 𝑓𝑝

 

(12) 

For the Ewans wind sea, the standard deviation is described empirically and is frequency 

dependent.  

Information regarding the directional spread of waves was not provided as part of this 

work. Equation (11) and (12) were applied as they provided a means of describing the 

directional distribution in the absence of other infomation. While the Ewans wind sea is 

theoretically specific to wind generated waves, a similar formulation can be used to 

describe swell waves using a different formula for 𝜎.  However, in DNV GL’s experience, 

the Ewans wind sea representation of directional distribution offers a good description of 

directional spread for both wind and swell seas. 

d. The same seed (initialising the random phases of wave components) was used for all 

simulations. 

e. The simulation duration was set at 30 minutes. This duration is sufficient for deriving 

statistics of averaged quantities (mean power, etc.) 

1. Case IV – Extreme unidirectional and irregular sea states defined using extreme return 

values for significant wave height. The values of 𝐻𝑠 assocaited with the 1, 5, 10, 50 and 100 year 

return periods are given by 𝐻𝑠=4.13, 4.98, 5.38, 6.40 and 6.87 m respectively with mean 

associated energy period of 𝑇𝑒=9.6, 10.6, 11.0, 12.0, and 12.4 s. The following additional 

specification is defined: 

a. Omnidirectional wave spectra were described using a JONSWAP spectral shape with a 

peak enhancement factor of 𝛾=1  as given in Equation (8). 

b. The mean wave direction is along the x-axis, 𝑀𝐷𝐼𝑅 = 0.   

c. The same seed was used for all simulations. 

d. The simulation duration was set at 3 hours. This duration is considered necessary to 

derive reliable estimates of extreme performance and load values. 

2. Case V – Extreme directional spread and irregular sea states defined using extreme return 

values for significant wave height with 1, 5, 10, 50 and 100 year return periods as defined in 

Case IV.  The following additional specification is defined: 
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a. Omnidirectional wave spectra were described using a JONSWAP spectral shape with a 

peak enhancement factor of 𝛾=1. 

b. The mean wave direction is along the x-axis, 𝑀𝐷𝐼𝑅 = 0.   

c. The directional distribution is described using a Ewans wind sea distribution as described 

in Equations (11) and (12). 

d. The same seed (initialising the random phases of wave components) was used for all 

simulations.  

The simulation duration was set to 30 minutes. 
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