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Abstract—Wave tank model testing has been widely used 

to assess the performance of Wave Energy Converters 

(WEC) in different technology readiness levels (TRL). At 

early stage the use of simple wave conditions such as 

regular waves and parametric wave spectrum JONSWAP or 

Pierson-Moskowitz spectrum is acceptable. However at 

later stages there is a need to use site specific complex wave 

conditions representative of potential prototype 

deployment sites. In previous research, 10 different 

regrouping methods on HF radar measured wave spectrum 

were tested to find out the most representative sea states for 

tank testing.  It has been shown that by using the K-means 

clustering technique, the characteristics of wave conditions 

can be well preserved  [1, 2]. In order to assess the power 

capture performance of a typical WEC in these 

representative sea states, the RM3 point absorber has been 

simulated. By analysing how well the average power output 

predicted from different representative sea-state selection 

methods compares with the total power output prediction, 

it is shown that the non-directional wave spectrum K-means 

clustering method provides the most representative sea 

states and, for a point absorber, with a very accurate 

estimation of the total power output, which is not the case 

by using a traditional binning method. The importance of 

using the complex site-specific sea states rather than 

simplified parametric JONSWAP sea states to obtain the 

accurate total power estimation has also been shown. 

Keywords— HF radar, K-means method, wave spectrum, 

WEC-SIM, PTO.  

I. INTRODUCTION

AVE energy converters (WEC) are devices which
can capture wave energy and transform it into
electricity [3]. Due to global warming and a 

necessity to achieve zero net greenhouse gas emission by 
2050, research in renewable energy has had more and more 
attention in recent years. Among different types of 
renewable energy sources, marine renewable energy 
(MRE) is considered an energy source with great potential. 
MRE mainly consists of 6 types, which are wave energy, 
ocean current energy, tidal energy (tidal range and tidal 
currents energy [4]), OTEC (ocean thermal energy 
converter), offshore wind energy and osmotic energy 
(derived from the difference in the salt concentration 
between different water layers). Among which wave 
energy has high power density, however, due to the 
complexity of waves, the utilization of wave energy is still 
under-developed. According to estimations, the global 
potential of wave energy is about 26,000 TWh/yr [5]. 
    In the past few decades, hundreds of WECs have been 
designed, they can mainly be classified into 4 categories 
based on operating principle: the oscillating water column 
(OWC), the oscillating body, the overtopping device and 
other pressure differential device. In order to describe the 
development stages needed to commercialize a WEC, the 
technology Readiness Level (TRL) [6] is used. It partitions 
the development of WECs from concept validation to final 
commercialization into 5 stages, the first two stages rely on 
small-scale tank model testing with scale ranging from 
1:100 to 1:10 [7] and is key to de-risking higher TRL stages. 
Tank testing is an important stage for the development of 
WECs, but can also be expensive, and it is necessary to 
select a few suitable sea states for tank testing of the model 
based on limited resources.  

Instruments such as floating buoy, Acoustic Doppler 
Current Profiler (ADCP), X-band radar and HF radar are 
used to measure sea states at potential deployment sites in 
the form of hourly or half-hourly directional wave spectra. 
Due to the large amount of measured data, selecting a 
certain number of sea states for tank testing can be 
challenging. Traditionally, a binning method is used to 
identify the number of occurrences of particular significant 
wave height and peak or energy period combinations. Sea 
states described by these properties are then modelled 
using a parametric wave spectra such as JONSWAP or 
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Pierson-Moskowitz while wave directionality is 
reproduced using a directional spreading function (DSF) 
[8]. However such an approach represents a simplification 
of the actual site conditions, where spectral shape and 
directional spreading may differ from these parametric 
approaches. Apart from that, the bins selected for tank 
testing are not representative because not every sea state is 
included in the bins. 

In an attempt to improve the representation of local sea 
condition, Hamilton [9] applied the K-means clustering 
method on 2456 non-directional wave spectra measured at 
Port Hedland, Australia in 1992 to obtain a set of 
representative sea states. In contrast to the traditional Hs-
Tp binning method, the representative sea states take 
account of the measured spectral shape. This method was 
later extended into 8 regrouping methods and compared 
by Draycott [1] to identify 20 and 40 representative sea 
states from 64673 buoy-measured half-hourly directional 
wave spectra provided by European Marine Energy 
Centre (EMEC). Wang [2] created two additional methods 
based on the K-means method by using 3161 HF radar 
spectra measured in Cornwall, UK and 8402 floating buoy 
measured hourly directional spectra in Long island, US to 
obtain representative sea states. 

In this paper, wave data from 10 different regrouping 
methods are tested on a numerical WEC model, to 
investigate the power output of the device predicted by 
each of the different methods. 

II. K-MEANS CLUSTERING TECHNIQUE

The K-means method is used to divide a total of N 
members into K groups, making sure that similar members 
are put in the same group by minimising the sum of 
squared error (SSE) of all members. The equation for SSE 
is given in equation (1) [10]  

SSE = ∑ ∑ ||𝑥𝑖 − 𝜇𝑘||
2

∀𝑥𝑖∈𝐶𝑘

𝐾

𝑘=1

= ∑ ∑ 𝑑(𝑥𝑖 , 𝜇𝑘)
2

∀𝑥𝑖∈𝐶𝑘

𝐾

𝑘=1

(1) 

In which 𝑥𝑖  is the data member, 𝐶𝑘  is the set of 
members in cluster k, 𝜇𝑘 is the vector mean of cluster k. 𝑑
is the Euclidean distance between two p-dimensional 

instances, 𝑥𝑖 = (𝑥𝑖1, 𝑥𝑖2, … , 𝑥𝑖𝑝) and 𝑥𝑗 = (𝑥𝑗1, 𝑥𝑗2, … , 𝑥𝑗𝑝).

𝑑(𝑥𝑖 , 𝑥𝑗) = (|𝑥𝑖1 − 𝑥𝑗1|
2

+ |𝑥𝑖2 − 𝑥𝑗2|
2+. . . +|𝑥𝑖𝑝

− 𝑥𝑗𝑝|
2)1/2

(2) 

 𝜇𝑘 is defined as: 

𝜇𝑘 =
1

𝑁𝑘
∑ 𝑥𝑖

∀𝑥𝑖∈𝐶𝑘

(3) 

From the definition of SSE, it can be seen that a good 
clustering method is one that provides the minimum 
average difference between group members and their 
cluster mean. The K-means method provides a very 
efficient way to minimize SSE, the flow chart of K-means 

method is shown in Fig.1. When SSE does not decrease by 
relocation of the cluster centres, it indicates the current 
partition is optimal and the iteration can stop.  

A disadvantage of K-means clustering method is that the 
clustering results can be affected by the initial K group 
centres selected in the first iteration. The commonly used 
method is to randomly select K initial centres. This can 
result in different regrouping results when different runs 
start with different initial group centres. To account for 
this, the clustering is repeated with multiple initial cluster 
centres, and the result with the smallest SSE selected.  

Here a K-means++ algorithm based on a heuristic 
scheme with 100 repeats is used to improve the quality of 
the final solution.  

A. High frequency radar measured sea states.

The High frequency (HF) radar system is a shore-based 
remote sensing system which is originally widely used to 
measure ocean current information. The vertically 
transmitted polarized electromagnetic waves, which are 
scattered by the water wave surface, travel back and are 
received by the HF radar [11]. They are then analysed and 
two nearly symmetric dominant peaks can be found from 
the spectra and used to obtain the ocean current velocity 
[12]. Later on people found that by using two  HF radar 
covering the same ocean area, by processing the back-
scattered spectrum with certain inversion algorithms, it is 
possible obtain the directional wave spectrum ([13], [14]). 
In this paper, the HF radar data for analysis is obtained by 

Fig. 1.  Flow chart for K-means clustering method. 
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a two-phased-array Wellen Radars (WERA) system 
located in the southwest coast of the UK which overlooks 
a marine renewable testing field (Wave Hub). During 8 
months’ measurement, there are in total 3161 hourly 
directional spectra obtained (The HF radar data with low 
signal to noise ratio are not for use)  

Sea states measured by HF radar at Wave Hub from 
April 2012 to December 2012 are used as the total data set. 
Each hourly directional wave spectrum is in the units of 
𝑚2/(𝐻𝑧 ∙ 𝑟𝑎𝑑) , there are 30 angular directions ranging 
from 0 rad to  29π/15 rad with an interval of π/15 rad and 
92 frequencies ranging from 0.03Hz to 0.28Hz. 

B. Description of the 10 regrouping methods.

In previous research by Draycott [1], eight regrouping 
methods were created and tested on the EMEC buoy 
measured directional wave spectra. Another two new 
methods created by Wang [2] are added for the analysis, in 

total 10 methods are shown in TABLE I. 
Method A is a binning method, in which each 

directional spectrum is transformed and plotted into Hs-Te 

two-dimensional space. By defining the size of the Hs and 
Te bins, the total data set can be divided into a number of 
bins. By averaging each bin members’ wave spectrum, the 

representative sea states can be obtained.  This binning 
method A is different from the traditional H-T binning 
method, which selects and tests only a few bins from a 
large number of non-empty bins. A traditional binning 
method is shown in Fig.2 [15, 16]. From it can be seen not 
all of the data points are included in the 15 selected bins. 
Normally those bins are selected subjectively. Usually 
people tend to select bins with 𝐻𝑠and 𝑇𝑒they are interested 
in based on different WECs. While for binning method A, 
each of the non-empty bins must be used.  

Method B is similar to method A but adding a third 
dimension 𝜃𝑚  which is the mean wave direction. So the 
bins are three-dimensional rather than 2-dimensional 

Method C is the non-directional wave spectrum K-
means clustering method, the difference between two 
members 𝑆𝑖(𝑓)  and 𝑆𝑗(𝑓)  , 𝑓 = (𝑓1, 𝑓2, … , 𝑓𝑝)  is given in 
equation (4): 

𝑑(𝑆𝑖(𝑓), 𝑆𝑗(𝑓)) = (|𝑆𝑖(𝑓1) − 𝑆𝑗(𝑓1)|
2

+ |𝑆𝑖(𝑓2)

− 𝑆𝑗(𝑓2)|
2
+. . . +|𝑆𝑖(𝑓𝑝)

− 𝑆𝑗(𝑓𝑝)|)
1/2

(4) 

For method D, the difference between two 
members 𝑆𝑖(𝑓, 𝜃), 𝑆𝑗(𝑓, 𝜃)  , 𝑓 = (𝑓1, 𝑓2, … , 𝑓𝑝) , 𝜃 =

(𝜃1, 𝜃2, … , 𝜃𝑞) can be calculated by the following equation 
(5): 

𝑑 (𝑆𝑖(𝑓, 𝜃), 𝑆𝑗(𝑓, 𝜃))

=
1

𝑝𝑞
[∑ ∑(|𝑆𝑖(𝑓𝑚, 𝜃𝑛)

𝑞

𝑛=1

𝑝

𝑚=1

− 𝑆𝑗(𝑓𝑚, 𝜃𝑛)|
2)]1/2

(5) 

TABLE II 
NUMBER OF BINS FOR METHOD A AND B 

Method 
No. of Hs 
bins 

No. of 
Te bins 

No. of 
𝜃𝑚 bins 

No. of 
non-
empty 
bins 

A(K=20) 6 4 - 19 

B(K=20) 4 3 3 21 

TABLE I 
METHODS USED FOR SEA STATES REGROUPING 

Method Description 

A Hs,Te binning method 

B Hs,Te, 𝜃𝑚 binning method 

C S(f) clustering method 

D S(f, θ) clustering method 

E Hs,Te clustering method 

F Hs, Te ,v, 𝜃𝑚,P, Sp 𝜎𝜃 clustering method 

G Method E+C two-step method 

H Method F+D two-step method 

I Method C + modified E two-step method 

J Method D + modified E two-step method 

Hs is the significant wave height, Te is the energy period, 𝜃𝑚 is 
the mean wave direction, S(f) is the non-directional wave 
spectrum,  S(f,𝜃) is the directional wave spectrum, v is the spectral 
bandwidth, P is the wave power, Sp is the wave steepness, 𝜎𝜃 is 
the directional spreading of directional wave.  

Fig. 2. Traditional binning method of directional annual 
average scatter diagram of the wave resource at the site 
considered for a breakwater OWC. All of the 15 bins selected 
are circled in black for later use in Marinet2 tank testing for an 
OWC model. 
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Method E is K-means method with normalized 
significant wave height Hs and energy period Te (Both of 
the parameters are normalized by their total mean value 

respectively). Method F is similar to method E but takes 
another 5 parameters into consideration which are spectral 
bandwidth v, wave mean direction 𝜃𝑚 , wave power P, 
peak steepness 𝑆𝑃 and directional spreading parameter 𝜎𝜃. 
All of the parameters are normalized by the mean value of 
the total data set respectively. Method E and F were also 
tested by normalizing the parameters by the maximum 
value of each parameter, however that quality for the 
regrouping results were negatively affected so in this 
paper, the parameters used in method E and F are still 
normalized by their mean value. Method G and H are both 
two-step methods from which the first step is to create K/2 
sub-groups by method E or F and the second step is to use 
C and D to split each sub-cluster into two groups to obtain 
K groups in total. Method I and J are also two-step 
methods as well but using method C or D as the first step 
then using a modified method E which balances the 
importance of normalised Hs and Te in the clustering 

process. To show the regrouping results clearly, method A 
to J and their representative sea states for HF radar data 
when K=20 are plotted in 𝐻𝑠 − 𝑇𝑒 space in Fig. 3.  

C. Metric used for assessing  different regrouping

methods

In order to compare the quality of different regrouping 
methods, a metric [17] is used. This metric focuses on the 
average difference between each group member with its 
cluster mean. When K clusters are created for a certain 
method, k = 1,…𝐾  , each group k has a number of 
members M(k), 𝑚 = 1,…𝑀(𝑘). δ is a certain variable for 
quality analysis (𝛿 = 𝐻𝑠, 𝑇𝑒, … 𝑆(𝑓), 𝑆(𝑓, 𝜃) ), 𝑑  represents 
how many discrete values a certain δ has ( 𝑑 = 1,…𝐷(𝛿)), 
the metric is defined in equation (6).  

𝑀𝑒𝑡(𝛿) = ∑
1

𝐾

𝐾

𝑘=1

∑
1

𝑀(𝑘)

𝑀(𝑘)

𝑚=1

∑
|𝛿𝑘,𝑚,𝑑 − 𝜇𝑘,𝑑(𝛿)|

∑ 𝜇𝑘,𝑑(𝛿)
𝐷(𝛿)
𝑑=1

𝐷(𝛿)

𝑑=1

(6) 

    Since this metric represents the average distance of 
group members from their cluster mean, a lower metric 
value represents a better regrouping result. From the 
definition of the metric, its value cannot exceed 1. 

In previous research from Draycott [1] and Wang [2], the 
regrouping quality increases with increasing K, which 
means it is better to use a large K value to identify the 
representative sea states. However, due to the time 
constraints of the tank testing, it is not possible to increase 
K without limit. In this paper, K=20 is used for the analysis. 

D. Quality analysis for different regrouping methods

After obtaining the sea states for analysis, 10 regrouping 
methods were tested with HF radar data. For binning 
method A and B, it is necessary to define the size of bins in 
order to create K non-empty bins. However, it is not an 
easy task, because the equally sized binning method might 
create empty bins. After multiple attempts with different 

𝐻𝑠 and 𝑇𝑒 steps, the bins created are shown in TABLE II,  It 
can be seen that the targeted K and the K achieved is still a 

Fig. 4.  Metric for HF radar data from method A to J. 

Fig. 3.  Regrouping results and their representative sea states 
(black cross) in Hs-Te space for HF radar data when K=20. 
Members in the same group are of the same colour. 

INTERNATIONAL MARINE ENERGY JOURNAL, VOL. 5, NO. 1, JUNE 2022 
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little different. All of the non-empty bins are used for the 
analysis. For other clustering methods C to J, it is easy to 
obtain 20 groups. The representative sea states is the mean 
of the directional wave spectra of each group. After 
obtaining the representative sea states and calculating the 
metric value for all of the methods. The results of different 
methods are shown in Fig. 4.  

From Fig. 4, it can be seen that the metric for one-
dimensional parameters (Hs, Te, Power, v, 𝜃𝑚 ) is always 
lower than that of non-directional spectra S(f), the 
parameter for non-directional spectra is always lower than 
that of the directional spectra S(f,𝜃).This is because of the 
reduction in detail by which individual sea states are 
defined as they are integrated from S(f,𝜃) to S(f), to one 
dimensional parameters. [2]  

From Fig. 4 it can be seen that method C, which cluster 
using the individual non-directional wave spectrum, 
unsurprisingly produces representative sea states with the 
best ‘representation’ of the individual non-directional 
wave spectrum (the lowest metric value for S(f)). Similarly 
method D, which clusters using the individual directional 
wave spectrum produces representative sea states that 
best represent the individual directional wave spectrum 
(S(f, 𝜃 )). For the individual 1D parameters considered 
method C showed similar or better performance compared 
to the other methods. The representative sea states 
generated by Method D performed less well at providing 

a presentation of the sea states power. The binning 
methods (A and B) performed less well for the majority of 
parameters. 

E. Representative sea states in the form of non-

directional wave spectrum.

Taking the regrouping results from method A and 
method C for comparison, each group’s members and their 

representatives (plotted with red line) are plotted in Fig. 5 
and Fig. 6 for comparison. It can be seen that both methods 
creates 20 (or close to 20 for binning method A) groups; 
each group has a different number of members inside  

III. POWER OUTPUT ESTIMATION WITH NUMERICAL WEC

MODEL

F. Representative sea states in the form of non-

directional wave spectrum.

After obtaining 20 representative sea states from each 
method, the next step is to investigate the performance of 
a WEC using these representative sea states. Here we 
choose the RM3 point absorber device and use WEC-SIM 
for the numerical analysis. 

The RM3 is established by The U.S. Department of 
Energy for research and to evaluate the potential for 
commercial application [18]. It is a two-body point 
absorber consisting of a float and a spar plate. Geometry 
dimensions and mass properties of the full-scale prototype 
are shown in Table III [19] and Fig. 7 [20]. 

The numerical model of the RM3 point absorber is built 
with WEC-SIM, an open source WEC analysis tool based 
on Simulink in MATLAB [19]. WEC-SIM is a time domain 
analysis software which requires the frequency domain 
analysis results (hydrodynamic parameters) and the 

Fig. 5. Each group’s wave spectra and their representative 
sea states in S(f) space, title represents the number of each 
group’s members for method A. 

Fig. 6. Each group’s wave spectra and their representative sea 
states in S(f) space, title represents the number of each group’s 
members for method C. 
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geometry model of the WEC as input. By defining the sea 
states and mooring conditions and power take off system 
(PTO) in WEC-SIM, it can simulate the model in regular 
waves (sinusoidal waves), non-directional irregular waves 
and directional irregular waves. The numerical model of 
RM3 point absorber is provided in WEC-SIM as a tutorial 
model, due to the simplicity of the model, it is very 
efficient and each run with 3600s run time only takes 1 min 
to finish, so the wave energy output analysis for RM3 point 
absorber is carried out with this numerical model. Non-
linear effects are not included in the numerical model.  

The numerical model is set up without mooring lines in 
this study and the incoming wave direction is positive 

along the x-axis, i.e. left to right in Fig. 8. Due to the 
symmetry of the geometry, both of the bodies are restricted 
to move in 3-DoFs which are surge, heave and pitch. The 
motion responses are the same for both the float and the 
spar plate in surge and pitch, and there is relative 
movement between the two bodies along the spar. There 
is a translational damping parameter C between the two 
bodies, the output power is calculated based on the 
following equation (7): 

𝑃𝑜𝑤𝑒𝑟 = 𝐶 · |𝑣𝑟𝑒⃑⃑ ⃑⃑  ⃑| · |𝑣𝑟𝑒⃑⃑ ⃑⃑  ⃑| (7) 

In which 𝑣𝑟𝑒 is the relative velocity between the float and 
the spar plate, C is the translational damping parameter 
which is 1.2E06 N/m/s. 

In order to assess the performance of the model, the 
representative sea states from the 10 regrouping methods 
A to J were imported to WEC-SIM for average energy 
output estimation in the form of non-directional wave 
spectra. Each non-directional wave spectrum was 
provided with a frequency dependent random phase angle 
ranging from 0 to 2π.  

The run time of each sea state was 3600s with 100s ramp 
time and a time step of 0.1s. Taking an illustrative example 
from method C, the representative sea state from the 15th 
sub-plot containing 183 spectra in Fig. 6, is shown in Fig. 9. 
The wave elevation signal is obtained from the following 
equation (8) and (9) [21]: 

ζ = ∑ 𝐴𝑗sin (𝜔𝑗𝑡 − 𝑘𝑗𝑥 + 𝜖𝑗)
𝑁
𝑗=1 (8) 

in which 𝐴𝑗 , 𝜔𝑗 , 𝑘𝑗 , 𝜖𝑗  are the wave amplitude, angular 
frequency, wave number and random phase angle for 
frequency component 𝑓𝑗 . The relationship with wave 
amplitude and wave spectrum is shown below: 

1

2
𝐴𝑗

2 = 𝑆(𝜔𝑗)𝛥ω (9) 

in which 𝑆(𝜔) is the wave spectrum. The wave elevation 
time signal for the example from equation (8) is shown in 
Fig. 10. 

Using this wave signal as the input to the WEC-SIM 
model, the relative movement between two bodies is 
obtained, and the power output time history calculated 
using equation (8), which is shown in Fig. 11. The average 
power output is calculated by equation (10).  

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

𝑇2−𝑇1
∫ 𝑝(𝑡)𝑑𝑡

𝑇2

𝑇1
  (10) 

in which 𝑝 is the instantaneous power output, 𝑇1 and 𝑇2 
are the lower and upper boundaries of the time window 
selected for the power output calculation, taken once 
initial transients have settled, between 𝑇1 =200s and 
𝑇2 =3600s. For this representative sea state, the average 
power output is 1.12E05W [22].

Each of the representative sea states is calculated 
accordingly, the results from method C is shown in Table 

Fig. 7. Geometry dimensions for RM3 point absorber. 

TABLE III 

DIMENSIONAL PARAMETERS FOR THE WEC 
CoG 
[m] 

Mass 
[tonne] 

Moment of Inertia [kg m2] 

Float 

0 

727.01 

2.09E+07 0.00E+00 0.00E+00 

0 0.00E+00 2.13E+07 4.30E+03 

-0.72 0.00E+00 4.30E+03 3.71E+07 

Spar 
plate 

0 

878.3 

9.44E+07 0.00E+00 0.00E+00 

0 0.00E+00 9.44E+07 2.18E+05 

-
21.29 

0.00E+00 2.18E+05 2.85E+07 

Fig. 8. The RM3 point absorber with still water level and 
coordinate system. 

INTERNATIONAL MARINE ENERGY JOURNAL, VOL. 5, NO. 1, JUNE 2022 
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IV as an example, the value of k corresponds to the order 
of subplots in Fig. 6. Then each method’s group members’ 
average power output (3161 sea states) is obtained using 
the same method. Then comparing the  representative 
power output with each group member’s average power 
output with the metric in equation (6) to check the 
regrouping quality, the result is shown in Fig. 12.  

It can be seen that the result is very similar to Fig. 4 for 
the parameter Power, In Fig. 4, the Power represents the 
wave power, while in Fig. 12, the metric is for average 
power output by using those representative sea states from 
the model. It can be seen for a linear WEC model, the 
power output presents a linear relationship with the wave 
power input. The representative wave power from 
different regrouping methods are directly reflected on the 
average power output. From Fig. 12, the representative sea 
states from method C presents the lowest metric value of 
average power output, according to the definition of 
metric from equation (6), the lower the value is, the higher 

representativeness it has. Which means the average power 

output obtained from the representative sea states from 
method C has the lowest average difference from its group 
members.  

From the results shown in Fig. 12, method A and B are 
binning methods, they provide a relative lower 

representativeness as expected because they regroup sea 
states by only considering 𝐻𝑠  and 𝑇𝑒  by a number of 
equally sized bins and sea states with very different wave 
energy can be grouped together. Method C (non-
directional wave spectrum K-means clustering method) 
has the highest representativeness regarding to power 
output. Method D (directional wave spectrum clustering) 
performs a relative low representativeness for wave power 
regrouping and the average power output regrouping as 

Fig. 9. A representative sea state of method C

Fig. 11. Power output of a representative sea state of method C 

Fig. 10. Wave elevation signal of a representative sea state of 
method C. 

TABLE IV 
POWER OUTPUT OF METHOD C 

k 1 2 3 4 5 

𝑁𝑘 8 16 7 20 30 

𝑃𝑘 [W] 5.02E+05 3.66E+05 4.28E+05 2.63E+05 3.40E+05 
𝐸𝑘 

[kW.h] 4.01E+03 5.85E+03 3.00E+03 5.26E+03 1.02E+04 

k 6 7 8 9 10 

𝑁𝑘 40 40 64 85 95 

𝑃𝑘 [W] 2.58E+05 1.64E+05 2.36E+05 1.62E+05 1.78E+05 
𝐸𝑘 

[kW.h] 1.03E+04 6.56E+03 1.51E+04 1.38E+04 1.69E+04 

k 11 12 13 14 15 

𝑁𝑘 86 114 63 215 183 

𝑃𝑘 [W] 1.03E+05 1.49E+05 5.34E+04 8.98E+04 1.12E+05 
𝐸𝑘 

[kW.h] 8.88E+03 1.70E+04 3.36E+03 1.93E+04 2.04E+04 

k 16 17 18 19 20 

𝑁𝑘 203 298 327 527 740 

𝑃𝑘 [W] 7.75E+04 6.64E+04 4.54E+04 4.12E+04 1.82E+04 
𝐸𝑘 

[kW.h] 1.57E+04 1.98E+04 1.48E+04 2.17E+04 1.35E+04 

Fig. 12. Metric for average power output of RM3 point absorber. 
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well. It is because during the regrouping process for sea 
states, the influence of wave spreading direction θ is taken 
into consideration, however, during the calculation for 
wave power (not power output from the model), the 
directionality has no direct relationship to the wave power 
for this RM3 model. According to previous analysis [2], 
taking into account one parameter in the K-means 
clustering process will always reduce the influence of 
other parameters which explains why the 
representativeness from method D is not as high as 
method C. Similarly, for average power output analysis, 
since the power output of a point absorber is not affected 
by the directionality of the waves either, the consideration 
of wave direction θ cannot be reflected in the power 
output, that is why method D also shows a lower 
representativeness relative to method C.  

What is worth mentioning is method I and J, they are 
both two-step methods [2] in order to find a balance 
between obtaining a high representativeness and a high 
uniformity in Hs-Te space, but they both show a lower 
representativeness using the metric in this paper. 

From the result of the analysis, sea states obtained from 
method C provides the highest representativeness for the 
average power output for the RM3 WEC and also a second 
highest representativeness for the wave power. The 
difference between Fig. 4 and Fig. 12 is due to the random 
phase angle generated for power output calculation. As a 
result, the representative sea states from method C are 
recommended for model testing of the RM3 WEC 

G. Total energy output estimation by WEC-SIM

The accurate total energy extracted by the RM3 point 
absorber from the original 3161 sea states was calculated 
from the average power result for each sea state and 
assuming each state lasted 1 hour. Each of the sea state 
uses a random phase angle ranging from 0 to 2π. This 
resulted in a total energy extraction of 2.456e+05kW.h. This 
value is considered as the accurate total energy output. 

This value is compared with the total power estimated 
using the representative sea states, which is calculated by 
the following equations (11) to (12): 

𝐸𝑘 = 𝑃𝑘 ∗ 𝑁𝑘 ∗ 3600 (11) 

Then 

𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐸𝑘
𝐾
𝑘=1 (12) 

In which k is group label k (1,2,3…K), 𝑁𝑘 is the number 
of members in group k,  𝑃𝑘 is the average power output of 
the representative sea state of group k. 𝐸𝑘  is the total 
energy output for 1 hour of each representative sea state in 
group k. 𝐸𝑡𝑜𝑡𝑎𝑙 is the energy output for all of the K groups 
together which is also 3161 hours. The unit of the energy 
obtained from equation (12) is in J, this value is then 
transformed to kW.h.  

It is found that each method’s total energy output 
prediction is very similar, with small differences. In order 

to find out if these differences were due  to the  influence 
of the random phase angles used to generate wave time 
series from the representative wave spectra, the total 
power calculation from the 10 methods were repeated 
twice, and each time the phase angle is different. In total 
there are 3 sets of total energy output estimation results, 
see Table V and Fig.13, which summarise the energy 
predictions for each method and the relative error in % 
compared with the total energy output summed using all 
sea states.  

From the results it can be seen that each method predicts 
the total energy output with the relative error ranging 
from -0.5% to +0.5%. This error is due to the random phase 
angle generated each run. 

H. Total Energy estimation with parametric JONSWAP

wave spectrum

    The total energy estimated from the 1st run shown in 
Table V is compared in Fig. 14 with the total energy 
estimated using the  𝐻𝑚0  and 𝑇𝑝  from these sea states 
applied to the JONSWAP spectrum. The equation for a 
JONSWAP wave spectrum is shown in the following 
equations (13) to (19) [22]. 

𝑆(𝑓) = [1 − 0.287𝑙𝑛 (𝛾)]𝑆𝑃𝑀𝛾𝛼 (13) 

in which 𝑆𝑃𝑀  is Pierson–Moskowitz (PM) spectrum with 
γ=3.3, and: 

𝑆𝑃𝑀 =
𝐻𝑚0

2

4
(1.057𝑓𝑝)

4𝑓−5exp [−
5

4
(
𝑓𝑝

𝑓
)
4

] (14) 

in which 

𝐻𝑚0 = 4√𝑚0 (15) 

and 

𝑚0 = ∫ 𝑆(𝑓)𝑑𝑓
∞

0
(16) 

Then 

𝛼 = 𝑒𝑥𝑝 [−(

𝑓

𝑓𝑝
−1

√2𝜎
)2] (17) 

in which 

Fig. 13. Total energy estimation from methods A to J. 
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𝜎 = {
0.07 𝑓 < 𝑓𝑝
0.09 𝑓 > 𝑓𝑝

(18) 

𝐻𝑚0  is the significant wave height, and 𝑓𝑝  is the peak 
frequency of the spectrum. 

𝑓𝑝 =
1

𝑇𝑝
(19) 

    Each regrouping method’s representative sea state can 
then be transformed into JONSWAP wave spectrum. Each 
spectrum was imported to WEC-SIM, the run time is also 
3600s with 100s ramp time.  The average power output for 
each sea state from 200 s to 3600s are obtained. Then the 
total energy output for 3161 hours estimated by using the 
JONSWAP spectrum can be obtained, which is shown in 
Table VI.  

The results is plotted in Fig. 14, with the results from 
complex sea states from Table V for comparison, it can be 
seen that compared with the total energy output by using 
the complex sea states 1st run from HF radar data, the 

results from the JONSWAP spectrum is significantly 
different. The total energy is always over-predicted and 
the average relative error from using the JONSWAP 
spectrum is between 2.9% (method G) to 7.7% (method B), 
which is much larger than the total energy predicted by 
using representative sea states (±0.5%).  

What’s worth mentioning is that although all of the 10 
regrouping methods obtains an accurate total energy 
output for this linear RM3 model, it is not the case for 
traditional binning method from Fig.2. It is because the 15 
bins shown in Fig.2 cannot represent all of the sea states 
from the figure as most of the sea states are left outside the 
selected bins. Even if we obtain the average power output 
from 15 selected bins from tank testing, it is impossible to 
use these results to have an accurate total energy 
estimation due to the fact that the average power output 
from the unselected bins are unknown. 

As a result, method C does show an obvious advantage 
on selecting the sea states for tank testing and estimating 
the total energy output for this linear RM3 WEC. 

IV. CONCLUSIONS

10 regrouping methods to obtain the representative sea 
states have been used on HF radar measured wave 
spectrum data. The results have been tested for a RM3 
point absorber numerical model using WEC-SIM, a 
MATLAB based open-sourced software. The average 
power output from the representative sea states of each 
method have been evaluated by a metric. It is shown that 
the non-directional wave spectrum K-means clustering 
method (method C) provides the most representative 
power output, which means these representative sea states 
from method C are recommended for selection in model 
tests. 
    The representative sea states from different methods 
were used to make an estimation for the total energy 
output prediction in a given time period (3161 hours), it is 
shown that by using the complex sea states (non-
directional spectrum), all of the 10 methods provide 
similar estimates of the energy within ±0.5% accuracy, 
which is impossible by using the traditional binning 
methods. The performance of the regrouping methods in 
representing the sea state, power conversion and total 
energy output show a similar distribution.  This is due to 
the high linearity of the RM3 model and its response in the 
sea states tested. For the case tested here, the total energy 
output is shown to be predicted with an accuracy of within 
±0.5% no matter which regrouping method we use. A 
highly non-linear WEC model and different sea states will 
be tested in the future work.  

    The same representative sea states from different 
methods were transformed into H𝑠 -T𝑝  JONSWAP wave 
spectra for total energy estimation for comparison and 
found consistently to over-predict the total power capture 
with a significant error, much larger than for the complex 
sea states.  Fig. 14. Total energy estimation by different regrouping methods. 

TABLE V 
TOTAL ENERGY ESTIMATION RELATIVE ERROR 

 METHOD A TO J [%] 

METHOD A B C D E 

1ST RUN -0.48 0.16 -0.02 -0.09 0.06 

2ND RUN 0.31 -0.53 -0.08 -0.32 -0.19 

3RD RUN -0.04 -0.32 -0.34 0.01 -0.27 

MEAN VALUE -0.07 -0.23 -0.15 -0.13 -0.13 
STANDARD 
DEVIATION 

0.32 0.29 0.14 0.14 0.14 

METHOD F G H I J 

1ST RUN 0.06 -0.35 0.37 0.09 -0.04 

2ND RUN -0.48 0.35 -0.42 -0.22 -0.26 

3RD RUN -0.31 -0.32 -0.11 0.10 -0.23 

MEAN VALUE -0.24 -0.11 -0.05 -0.01 -0.18 
STANDARD 
DEVIATION 

0.23 0.32 0.32 0.15 0.10 
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RM3 WEC is a point absorber, which is not sensitive to 
the wave direction. In the further, other types of devices 
that are wave direction sensitive needs to be tested in the 
representative sea states to find out the most suitable 
method for sea states selection. 
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