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1. Abstract

This study presents a methodology for power take off (PTO) forecasting for an array of
heave wave energy converters (WECs). Based on spectral data obtained directly from the
National Data Buoy Center, representative realistic sea states are generated at the location of
the WECs, and by using two wave-structure interaction models of differing complexity
(wave-follower assumption and analysis of 6 degrees of freedom) the motion of the WECs is
simulated. Subsequently, using a PTO model that depends entirely on the WEC’s motion,
power extraction data sets are obtained for hourly sea states. Finally, a comparison between
the two wave-structure interaction models is provided for two different WEC sizes and the
variability of the PTO data series and also its relationship to wave energy flux is analyzed. It
is found that the model and the WEC size choice have an influence on the forecasted PTO.
Additionally, the energy flux can be related to the average PTO for a sea state in terms of the
energy period. Finally, for the case of multiple WECs it was found that the variability of the
total PTO (normalized by the farm average PTO) decays as the number of devices increases
and also that large devices produce the least variable power.
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2. Introduction

Wave energy extraction systems are at an initial stage of development and the technology
readiness levels (TRLs) associated to them are ranked between 3 to 5 on a scale of 1 to 9 [1].
As a result, they are not commercially viable and still require more research. In order for this
technology to become a reality, it needs to be studied more thoroughly to reduce the costs
associated with the uncertainties and hence to become a more competitive technology with
respect to other renewable energy systems [2]. One of the main features of wave energy is its
easy forecasting. Waves can be predicted more accurately than wind or sun. As a result,
accurate energy forecasting becomes a defining parameter of this technology.
There are different geographical locations that are considered as more suitable for the
installation of arrays of Wave Energy Converters (WECs). One of these regions is the
Pacific Northwest not just due to the great power density, but also because of the proximity
of the grid to the shore. One of the suggested sites for the testing of a wave energy farm is
near the city of Newport [3]. It was chosen in 2013 by the Northwest National Marine
Renewable Energy Center (NNMREC) to become the site for the Pacific Marine Energy
Center [4]. For this analysis, data from NDBC buoy 46050 is used due to its proximity to
Newport and also to the availability of directional spectra for the last years [5, 6], and a
complete analysis is carried out to model the entire energy extraction process for an array of
WECs. By using spectral wave data from the National Data Buoy Center (NDBC), hourly
sea state time series are generated and those conditions are translated by using linear wave
theory to the location of individual WECs in an array.
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Once the sea conditions at the WEC array are known, the wave-structure interaction must be
modeled to assess the WEC dynamics. For the present work, the device that is going to be
modeled is a heave-motion point absorber. Two different approaches are used as far as the
wave-structure interaction model is concerned. The first option was widely used by several
authors [7-11] and assumes that the WEC motion is equivalent to the surface motion (wave
follower assumption) and it does not consider WEC-WEC interaction. The second approach
consists of analyzing the free body motion, accounting for the 6 degrees of freedom and also
the hydrodynamic interaction between devices within the WEC array. This latter analysis is
carried out within the framework of the linear potential theory solver WAMIT [12]. Once the
WEC motions are known, a wave power extraction forecast can be obtained. Subsequently,
the variability of the PTO time series is analyzed as well as its relationship with the hourly
wave energy flux.
Recently, there have been studies that propose wave-to-wire modeling for an array of point
absorber WECs. A recent example [8] shows the efficiency of this methodology but it also
shows that it has a number of shortcomings. In particular, the use of an assumption involving
the treatment of the individual WECs as wave followers results in a model that does not
realistically account for wave-structure interaction, differences in the response of devices of
differing sizes, or WEC-WEC interactions when there are multiple devices.
All these shortcomings will be addressed in the present study by introducing a more
sophisticated wave-structure interaction model (i.e. WAMIT). The validity of the wave
follower assumption will be reviewed and we will analyze the performance of different size
devices. In particular, we seek to understand differences in predictions of PTO variability
when using more advanced wave-structure modeling. Additionally, we study the relationship
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between the hourly PTO and the associated wave energy spectrum. Finally the interaction of
a variable number of WECs in a WEC farm will be considered and variability of power
extraction time series will be studied due to its interest to power companies.
The paper proceeds as follows. Section 3 introduces and explains the PTO forecasting
methodology. Section 4 provides results for the two structure-interaction models and also for
the two different WEC sizes. The influence of the WEC size and the wave-structure
interaction model on the PTO is addressed. Additionally, an analysis of the PTO versus
wave energy flux relation is provided. Finally, we review the performance for WEC farms
with different number of devices and the PTO time series variability. Final conclusions are
summarized in Section 6.
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3. Methodology description

For the analysis of the performance of an array of WECs, we followed the scheme shown in
Figure 1. First, in order to generate our surface elevation time series we used spectral wave
data obtained from NDBC buoy 46050 located 20 nautical miles west from Newport, OR.

Figure 1. Methodology Explanation
Using hourly wave-energy spectra we generated a realization of the sea states (i.e. surface
elevation time series) for every hour. Waves are the main exciting force for the WECs
motion, so once we know their defining characteristics, the next step involves predicting
how the structure is going to move for a specific sea state. Subsequently, the extracted power
is calculated using a Power Take-Off (PTO) model.
By adding the individual PTO timer series for each WEC we can estimate the power
extraction for the entire WEC farm. Finally, the variability of the total power data series is
analyzed as well as its relationship with the hourly wave energy flux. Below we discuss the
specific portions of the overall modeling system.
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2.1 Wave Data and Time Series Generation

Wave data is the main input for the present model and is provided in terms of hourly wave
energy spectra. In order to generate the water surface elevation time series, all the
frequencies between 0.05 and 0.40Hz with a frequency step of 0.0125Hz were used for 360
degrees directions. For the generation of the random sea state, the spectrum is decomposed
into different components, each component is defined by a direction, a frequency and a wave
amplitude, and all the components are assembled including random phases (Eq. 1)
𝑵

𝑵

𝜽
𝑻
∑𝒋=𝟏
𝜼 = ∑𝒊=𝟏
𝑨𝒊,𝒋 𝒄𝒐𝒔(𝒌𝒋 𝒄𝒐𝒔(𝜽𝒊 )𝒙 + 𝒌𝒋 𝒔𝒊𝒏(𝜽𝒊 )𝒚 − 𝒋 𝒕 + 𝜺𝒊,𝒋 )

(1)

Where Nθ and NT are the number of directions and periods (or frequencies) considered,
respectively, Ai,j represents the amplitude associated to every direction-period combination, k
represents the wave number,  represents the angular wave frequency, εi,j is the random
phase and x and y define the location of the WECs.

2.2 Wave-Structure interaction

Once the surface elevation data series incident on the WEC array is known, we need to
model how the WECs interact with the waves. In this paper we simulate the behavior of a
two-body heaving system [13], formed by a cylindrical float and a spar. Previous work [13,
14] showed that the spar heave is considerably smaller than the float heave. Hence we
assume a stationary spar and only model the motion of the float. For this purpose we use two
different approaches. First, we consider that the point-absorber WEC behaves as a “wave
follower device.” This assumption has previously been used within a similar wave-to-wire
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modeling systems [8] and implies that the center of gravity of the floating device stays at the
water surface at all times. As a result of that, the floating element in the WEC will exactly
follow the motion of the waves at the WEC location and hence, by knowing the motion of
the water surface we know the motion of the WEC as well. The motion of the wave surface
at the locations of each WEC device in the array is computed using Equation (1), by
specifying the position of each WEC device. Note that this model essentially assumes that
the WEC does not alter the wave surface in any way, and therefore excludes consideration of
WEC-WEC interactions. This model is referred to as the Wave Follower model or WF
model.
The second approach takes into account the six degrees of freedom of the WECs and
accounts for WEC parameters such as the body mass, body inertia or damping provided by
the spar. The analysis for this second method is carried out using the software WAMIT.
WAMIT software is generally used for analyzing and modeling wave interactions with
structures, vessels, floating devices or offshore platforms [12]. WAMIT produces estimates
of the force on a WEC due to the impinging waves and computes the resulting motion of the
WEC along with the modification to the wave field caused by the presence and motion of the
WEC (resulting in estimates of the diffracted and radiated wave field, respectively). When
multiple WECs are present the effect of the diffracted and radiated waves due to one WEC
on the motion of another WEC are included. WAMIT is a versatile tool; however, it works
under a set of assumptions that may limit the validity of some of its results. It is a linear
solver; that assumes constant depth and small body motions compared to the size of the
body. By using this model, we can account for the 6 degrees of freedom of the floating

9

element, and we can also separate the wave field into three different components (incident,
diffracted and radiated waves).
Obviously, the WF model includes certain limitations, since it does not consider the
dynamics of the body, it assumes that there is no interaction between the waves and the
WECs, and it is valid for small amplitude waves. The validity of the wave-follower
assumption can be examined by comparing results from the WF and WAMIT models for
several wave conditions. Figure 2 shows predicted WEC vertical motion for a device with
dimensions 8.5 and 7.5 meters (radius and draft, respectively) with a damping coefficient of
c=200 kNsm-1. Figure 2c shows the normalized Response Amplitude Operator (RAOs). This
concept defines the amplitude of the heave motion of the device for a unit amplitude wave
depending on its period. For longer waves, the device behaves as a wave follower (solid
line), in other words, the heave amplitude will be equal to the wave amplitude regardless the
period of the exciting wave. On the other hand, the period for which the device experiences
the largest normalized heave RAO is referred to as the natural period.
When waves are long period, Figure 2a shows that the WEC heave assuming the 6 degrees
of freedom coincides to the surface elevation for long period waves. On the other hand,
Figure 2b shows how for shorter period waves, the WEC heave is not equivalent to the
surface elevation anymore. This is due to the fact that, for this particular device size, there is
energy associated to wave frequencies close to the WEC natural frequency (Figure 2c).
Following this reasoning, when combining long and short period waves to obtain an
irregular wave data set, the wave-follower assumption breaks down when period
components close to and below the natural period of the device are present. These are the
kind of scenarios for which the wave-follower assumption is no longer applicable.
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Figure 2. Water elevation and WEC heave motion for long and short waves. Comparison
between water elevation (solid line) and vertical WEC motion (dashed line) for long (a) and
short (b) waves. (c) shows the RAO for heave for the large scale device (dashed line) and
for a wave follower (solid line).
For some sea states, if the heave motion of the device predicted by WAMIT is undamped,
the motion can be so violent that the WEC can leave the water surface and then fall back
again. To limit such unrealistic behavior (that is also undesired because of the associated
large and damaging forces on the structure) additional damping is applied in WAMIT
(discussed further below) mimicking the action of mooring lines.

2.3 Power extraction for individual and multiple WECs

Once the wave-structure interaction model provides the dynamics of the WEC, the power
extracted by the device is calculated for that particular sea state. For this purpose, we will be
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using the model used by many other authors [8, 15 and 16] that computes the PTO directly
from the heave motion of the body:
𝑃𝑃𝑇𝑂 = 𝐵𝑃𝑇𝑂 𝑧̇ 2

(2)

where PPTO is the PTO, 𝑧̇ is the WEC floater vertical velocity time series, and BPTO is the
PTO damping coefficient. BPTO was taken as 1000kN*s/m since it is a value used commonly
used by other authors [7, 8]. The vertical velocity and hence the PTO are computed once the
WEC heave is known. The total power output time series for a WEC array is calculated by
adding all the individual WEC PTO contributions.
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4. Results and Analysis

This section is divided into 5 parts. First, an analysis of preliminary results is provided.
These results are shown in an attempt of stepping the reader through the model procedure.
The methodology is demonstrated using results provided by the WF model and the WAMIT
for one hour of data. As a next step, the methodology is applied for a year of wave data. The
second part of the results section deals with the relationship between hourly wave energy
flux and PTO. The third part provides an analysis of the performance of PTO for two WECs
of different sizes. Afterwards, we review the performance of WEC farms for differing
number of devices and evaluate the variability associated to the number of devices. Finally,
the variability of a PTO time series for a 5 device WEC farm is analyzed.

3.1 Initial Results

In this section, the performance of a large prototype device (8.5 meters radius, 7.5 meters
draft, average density 1000 kg/m3 and damping coefficient of c=200 kNsm-1) is evaluated
using the two wave-structure interaction model. Figure 3 shows the PTO calculation (using
WAMIT as the wave-structure interaction model) from a WEC heave data series. Once the
heave motion of the device is known, the vertical velocity (dashed line) is calculated as a
derivative of the heave and the PTO time series (dotted-solid line) is computed using
Equation 2. This particular figure recreates a sea state for the hour 1500 of the year 2011
(see Figure 6). Once every sea state is characterized in terms of its wave components at the
location of the WEC, we need to know how those components are going to influence on the
WEC motion
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Since we have two different wave-structure interaction approaches, two different PTO data
series are produced (Figure 4) for the same series of wave elevation. Figure 4 shows the
differences between the WF and the WAMIT model and the influence they have on the PTO
data series. Due to the size of the device (Figure 2a) the heave shows less high-frequency
variability compared to the surface elevation. This is because the behavior of the body in the
WAMIT model is going to be influenced not only by the existing sea conditions, but also by
the structural characteristics of the body limiting its ability to respond to wave energy at high
frequencies. Figure 4 further shows that both models provide a similar WEC motion (upper
panel) but small differences occur. These differences are responsible for the differing PTO
data series (lower panel). Depending on the energy distribution within a spectrum with
respect to frequencies closer or further to the WEC natural frequency, the WF model; will
underestimate or overestimate respectively the results obtained when using WAMIT.
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Figure 3. PTO computation from the heave motion for the 1500th hour in 2011.
The solid-dotted line represents the PTO time series and its relationship with heave (solid)
and heave velocity (dashed) time data series during 75 seconds.
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Figure 4. 75 Seconds heave and PTO data series using WAMIT and the WF model for the
1500th hour in 2011. This plot compares the PTO for the Wave-Follower model (dashed) and
the WAMIT model (solid) for t5 the same wave elevation data series.
Once the PTO time series is computed for an hourly sea state, we repeat the same
computation for every hour within a year. The next step involves evaluating the performance
of both models for a year of data. We are interested in knowing the differences in PTO
forecasting from both models depending on sea state parameters, and these will certainly
change depending on the season of the year. For each of hourly spectra, the hourly mean
PTO and the energy flux were computed by the two models along with two defining
parameters of the spectrum (energy period Te and significant wave height Hs).
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Figure 5 shows the dependence of the ratio between the mean hourly PTO computed by WF
and the WAMIT model to the parameters of Hs and Te for each sea state within a year. For
the lowest energy periods, the WF model tends to overestimate the PTO. Due to the large
size of the device, the short period components are unable to excite the device (Figure 4,
upper panel) and hence, all the energy carried by those components cannot be absorbed by
the WEC. On the other hand, for sea states with longer energy periods, the WAMIT model
starts providing estimates closer to those predicted by the WF model. This is entirely due to
the fact that the device starts behaving as a wave follower as waves become longer. It was
observed that for some cases (4 % of the total), the WAMIT model provides PTO
predictions larger than those from the WF model.
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Figure 5. Influence of sea state parameters Hs and Te on the ratio between mean PTO
calculated from WF and WAMIT model for every hour of the year 2011 for a single WEC
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Figure 5 also indicates that the ratio between PTO derived from the WF and WAMIT models
can differ up to an order of magnitude. This phenomenon is caused by the differences in
energy distribution in a sea state spectrum. This issue is reviewed in section 3.3 when
comparing different WEC sizes.
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Figure 6. Influence of Hs on the ratio between mean PTO calculated from WF and WAMIT
model for two Te intervals. (a) shows hourly sea states with Te between 6 and 8 seconds and
(b) shows hourly sea states with Te between 10 and 12 seconds.
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We are also interested in the relationship between Hs and the ratio of the PTO from the WF
to the PTO obtained when using WAMIT. Figure 6 (a) shows that for a chosen Te interval
(6-8 seconds) this ratio decays as Hs becomes larger. On the other hand, Figure 6 (b) shows
that this relationship is weaker for longer period waves (Te=10-12seconds)

3.2 Wave Energy Flux and Power Extraction

The energy flux is defined as the rate at which energy is transferred and represents the
amount of power potentially available for extraction [18]. Due to its definition, the hourly
energy flux should be related to the hourly PTO and hence this information could potentially
be used to anticipate a PTO estimate given the energy flux associated to a certain sea state.
When plotting the energy flux versus the PTO (from the WF model and WAMIT) for every
hour in the year 2011, we obtain Figure 7. First thing we notice is the difference between the
two PTO calculations. As explained in the previous section (Figure 5) this plot shows that
the WF model tends to overpredict PTO compared to WAMIT.
On the other hand, the wave power associated with the available wave resource is not
necessarily indicative of the generated PTO power. It can be noticed how the same PTO can
be generated on days when the available power is vastly different (see hour 4326 and 570 in
Figure 7). These differences can be seen when comparing different hours, but they also
seems to occur for different seasons (spring/summer months (hours 3000 to 6000 approx.)
versus fall/winter months).
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The explanation of this phenomenon is related to the PTO model that is being used. In the
current work, PTO is related to the wave characteristics in terms of the vertical velocity of
the WEC (Equation (3)). Therefore, the PTO is related to the wave height, but also to the
wave period.
𝜕𝜂 2

2𝜋 𝐻 2

𝑃𝑇𝑂~𝑤 2 ~ ( 𝜕𝑡 ) ~(𝜔𝜂)2 ~ ( 𝑇 2 )

(3)

1
1 𝑔𝑇
𝜌𝑔
𝐹̅ = 𝐸𝐶𝑔 ~ (8 𝜌𝑔𝐻 2 ) (2 2𝜋 ) = 32𝜋 𝐻 2 𝑇 (4)

𝐹̅
~𝑇 3
𝑃𝑇𝑂

(5)

Equation (5) suggests that the ratio of energy flux to PTO should primarily depend on the
wave period. We evaluate this relationship by plotting the ratio of the energy flux to the PTO
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(computed using WAMIT) against the Te and Hs for every hourly sea state within a year (see
Figure 8). This figure shows that as waves become longer, the ratio of the energy flux to
PTO increases. This ratio occupies a large range for small Te and this range tends to decrease
as Te increases. For the same Hs larger scatter exists for longer waves and smaller scatter for
short waves.
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3.3 Comparison for different sizes WECs

The dynamic behavior of two WECs with different geometric properties may vary for a
same sea state. This section reviews the influence of the device size not only on the wavestructure interaction, but also on the power extraction. In the previous section, a device with

20

8.5 meters radius and 7.5 meters draft was tested. A smaller device has 1.5 meters radius and
1 meter draft is considered here. Both devices have the same average density 1000 kg/m3.
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Figure 9. Heave RAOs for different WEC sizes. The RAOHeave for the small device is given
by the dashed line and the one for the large is given by the dotted-dashed line. Damping
coefficients of 2kNsm-1 and 200kNsm-1 for the small and the large device, respectively
The behavior of each device is expected to differ even if the exciting forces are the same.
Figure 9 shows a comparison of the normalized heave RAO for the two considered sizes.
The natural period of the smaller device is considerably smaller than that of the larger
device. In order for both devices to have similar maximum heave RAO, damping factors of
200kNsm-1 and 2kNsm-1 were chosen for the larger and the smaller device.
The motion of the devices and hence the PTO, will depend on the distribution of energy in
frequency. The relationship between the WF model and the WAMIT model for both devices
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is plotted in Figure 10. It shows how the WAMIT model performs compared to the WF
model for the small device.
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Figure 10. Influence of sea state parameters Hs and Te on the ratio between mean hourly
PTO using WAMIT and WF model for every hour of the year 2011. Gray scale indicates the
results for the larger device as they appear in Figure 5 and color dots represent the results for
the small device.
First thing that can be noticed is that, similar to the case of the larger device, as waves
become longer, the ratio tends to one, which means that the device tends to behave as a wave
follower. This phenomenon is even more common for the smaller device since due to its
small natural period it behaves as a wave follower for a larger range of frequencies. When
considering smaller waves, the devices will perform in different ways. The ratio for the
larger device (gray points) will tend to increase as waves become smaller. Shorter waves will
not be able to excite the larger device and the PTO from the WAMIT model will become
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smaller than the one for the WF model. As a result, the shorter the waves are, the greater the
PTO ratio is going to be.
Regarding the small device, since its natural period is just around 3 seconds, the smaller the
Te, the more power can be extracted. As a result, the PTO ratio will decrease for the small
device as waves become shorter. Similar to results for the large device, this ratio is closer to
unity for larger waves.
This variable WEC behavior depending on WEC size, is influenced by energy distribution in
each spectra and it is better understood by deeply analyzing two hours in detail. Table 1
shows how for 2 energy spectra (see the energy flux associated with them in Figure 6) the
ratio of the PTO from the WF model to the PTO using WAMIT can be substantially
different.
Table 1. PTO comparison for the 1548th and the 6162nd hour

Hour
1548
6162

Te
[s]
10.1
6.2

PTO ratio
(Small WEC)
0.86
0.56

PTO ratio
(Large WEC)
0.79
17.1

Figure 11 shows the difference in the spectra (added for all the angle components) for the
same two hours. The left-hand side panel shows that the small device (dashed line) extracts
slightly more energy that a wave follower. Since its small natural period is far from the
spectrum energy period of 10.1 seconds, it performs like a wave follower (especially after
the 5 seconds period) for the majority of the period components in the spectrum. The device
extracts more energy than a wave follower in periods close to its natural period. Since in this
case the energy levels associated to those periods are low, the device will capture more
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energy than the wave follower for those periods, but that energy contribution is small. That
is why the PTO obtained from WAMIT is slightly greater than for the WF model. A similar
approach is applicable to the larger device. The difference is that the natural period of this
device coincides with higher energy levels than for the smaller device. As a result, the larger
device will extract more energy than the smaller device and the wave follower.
This analysis is valid for the right-hand side panel with slight differences. The small device
still behaves as a wave follower but for this case, the spectrum shows an energy peak with
periods close to the device natural period. For this reason, the small device captures more
energy than the wave follower, and the ratio becomes even smaller.
On the other hand, the first energy peak cannot be assimilated by the larger device since the
periods associated to it, are not able to excite the device. As a result, and the first energy
peak contribution to the total PTO is none. In addition, for this case the maximum device
PTO occurs for periods that have associated low energy levels and once the second (and
more energetic) peak appears, the device is almost acting like a wave follower. These are the
reasons why for this particular case, the wave follower overstimates (by 17 times) the larger
device PTO.
During our entire analysis, we did not consider the peak period but the energy period to
better represent the energy distribution in a wave energy spectrum. When including the peak
period parameter in our calculations instead of the energy period, the relationships
previously obtained in Figures 8 and 10 are not as clean. For example, the spectra that were
just analyzed (hours 1548 and 6162) have the same peak period (10 seconds) and as a result
the Flux to PTO ratio should be roughly the same (Equation 5).

24

Figure 11. Frequency distribution of energy for the 1548th and 6162nd hour spectra and its
relative position to the WECs RAOs. Solid line indicates the added spectrum, and the heave
RAOs are given in terms of the dashed line (small) and the dotted line (large)

3.4 Multiple WECs
For the case of a WEC array, the total PTO can be calculated by adding all the contributions
from every WEC. Table 2 summarizes the PTO results for 5 wave farms (1, 2, 4, 6 and 8
WECs, 100 meters regularly-spaced array with two rows) experiencing the same sea state,
using the WAMIT Model. The larger device is selected for this analysis. As expected, the
average PTO of the farm increases with the number of WECs. If the variability of the PTO
data series is defined in terms of the standard deviation, then variability increases as the
number of WECs rises. On the other hand, the relative PTO time data series variability (if
defined as the ratio of the mean over the standard deviation) would decay for an increasing
number of devices. This is due to the increase of the average PTO.
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Table 2. Variability of PTO time data series and q-factor depending
Number of
WECs
1
2
4
6
8

 [W]

 [W]

/

q

1.22e+6
1.33e+6
1.82e+6
2.48e+6
2.82e+6

7.92e+5
1.32e+6
2.92e+6
4.53e+6
5.99e+6

1.54
1.01
0.62
0.54
0.47

1
0.83
0.92
0.95
0.95

When modeling the PTO performance for a WEC farm it is important to understand the
influence that multiple interacting WECs with each other may have on the overall
performance. Several authors [17-19] have been using the interaction factor q that relates the
influence of the presence of WECs on the total PTO of the WEC farm. The q-factor is
defined as:
𝑞=𝑁

𝑃𝑇𝑂𝑇𝑂𝑇𝐴𝐿

𝑊𝐸𝐶𝑠 𝑃𝑇𝑂𝑊𝐸𝐶𝑖

(6)

where PTOTOTAL is the total power extraction when considering interaction between WECs,
NWECs is the number of WECs and PTOWECi is the power extraction for a single device when
no WECs interaction are considered. When the factor is smaller than one, the interaction
between WECs is considered to be destructive in terms of PTO. Note in Table 2 how for the
realistic random conditions generated in this project, the q-factor remains smaller than one
for all the scenarios [20, 21].

3.5 Variability of PTO data series
When examining the plots showing PTO data series (Figure 4), it is noticed that these series
tend to show an irregular pattern. Power companies are interested in being able to model this
PTO variability to enable them to adjust to the availability of wave power and combine it
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with other energy sources [22]. PTO surpluses and deficits entail associated costs [23]. In
this section, PTO data series variability is analyzed. Since the PTO variability has an impact
in the grid planning on different timescales, one way to analyze the variability is dividing the
PTO time series into time intervals and averaging the PTO along them, as suggested by
previous literature [23].
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Figure 12. Modeled PTO variability for a 3-day PTO data set from a 6-devices farm. The
variability for the WF model (dashed-dotted) and also for the large (solid) and small
(dashed) devices modeled using WAMIT for different time intervals. The PTO variability
was normalized using the peak PTO value obtained from the WF model for the 3-day time
series.
We divided the PTO data series (computed from WAMIT data) for the two WECs sizes and
the WF model into intervals of varying sizes (1 minute, 15 minutes and 1 hour). For each of
those intervals the average PTO was calculated for a 3-day PTO time series. The change in
averaged PTO between successive intervals is calculated. There will be positive (averaged
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PTO is greater than in the previous interval) and negative (averaged PTO is smaller than in
the previous interval) steps. Then, we calculate the percentiles for the positive and negative
steps. From all the percentiles, we are just interested in the highest changes in the total PTO
for a WEC farm, so percentiles 95 to 99.5 were considered (Figure 12). The variability has
been normalized by the peak PTO value obtained from the WF model for this specific run.
The PTO time series in this example corresponds to 3 days during winter period (more
variability is expected). The WEC farm is composed by 6 devices placed 100 meters from
each other. It can be observed how the three analyses (WF Model, and small and large
device by using WAMIT) have a comparable level of variability. The variability obtained
from the small devices tends to be closer to that one for the WF model. This agrees with the
fact that the smaller device behaves like a wave follower for a wider number of frequencies
than the larger device. Additionally, since the PTO obtained from the large devices is
smaller than that from the small devices and the WF model, the large device will experience
less variability (solid). As a result, for all the time intervals analyzed, the larger devices
produce the least variable power.
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5. Conclusions

The methodology presented in this study forecasts PTO time series for a single or multiple
WEC devices. By using wave energy spectra obtained from NDBC buoy 46050, two
different wave-structure interaction models are used to obtain the motion for each WEC.
Once the motion of the body is known, the PTO can be computed for that device. By adding
all the individual WEC PTO contributions the total WEC farm PTO is obtained.
After applying this methodology for all the hourly sea states in the year 2011, and comparing
PTO results from the WF model and those obtain using WAMIT, a number of conclusions
can be stated. The wave follower assumption overpredicts PTO compared to WAMIT for
large devices. This is due to the fact that a large structure cannot be excited by short waves
while the wave follower is affected equally by any period component. On the other hand,
when comparing the small device PTO from WAMIT versus the WF model the behavior is
reversed. Since the natural period is small, the device will be working as a wave follower for
most of the period components. However there is a small interval (2.5-5 seconds) in which
the WAMIT-modeled device absorbs more energy than a wave follower. For this reason, the
WF model underpredicts the PTO results obtained when using WAMIT for this device size.
We were also able to prove the relationship between the energy flux and the average PTO
for a specific sea state. The ratio between these two parameters was computed for very
single hour in the year 2011 and the ratio value was proved to depend mainly on the energy
period. The flux to PTO ratio tends increase as waves become longer.
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On the other hand, it must be noted that although the wave-structure interaction model
accounts for differences in WEC sizes, the PTO model does not. This is an issue we are fully
aware of and we encourage future work to determine a more realistic PTO model.
As far as the analysis of a WEC farm, we observed that for the simulated conditions, our
interaction factor was lower than one for all the cases, showing a destructive interaction
between devices. This aspect needs to be fully understood when designing WEC farms, since
the presence of WECs does affect the total WEC farm PTO negatively. Additionally, the
PTO variability, normalized by the mean WEC farm PTO, decays as the number of devices
increases for a given sea state.
Finally, we also found than when comparing a WEC farm under the same sea state
conditions for the two different models (WF model and WAMIT) and also for different
WEC sizes, the larger devices produce the least variable power.
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