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Abstract: The WEPTOS wave energy converter (WEC) is a novel device that combines an
established and efficient wave energy absorbing mechanism with a smart structure, which
can regulate the amount of incoming wave energy and reduce loads in extreme wave
conditions. This adjustable A-shaped slack-moored and floating structure absorbs the
energy of the waves through a multitude of rotors. The shape of the rotors is based on the
renowned Salter’s Duck. On each leg, the rotors pivot around a common axle, through
which the rotors transfer the absorbed power to a common power take off system. The
study investigates the required capacity of the power take off (PTO) system and the
structural forces on a WEPTOS WEC prototype, intended for installation at Hanstholm
(Denmark), based on large scale experimental tests using a highly realistic laboratory
model of the complete device. The results hereof includes the rotational speed and
transmitted torque (and hereby power) to the PTO system using different PTO control
strategies, the impact of fluctuations of the available mechanical power and the effect of
limiting the PTO capacity on the annual energy production. Acquisition of structural forces
includes mooring forces and structural bending moments in both production and extreme
wave conditions, illustrating that the regulation of the angle in the A shape ensures that
extreme forces on the structure can be kept in the same order of magnitude as in
production conditions.

Keywords: WEPTOS; wave energy; marine structure; generator capacity; structural
forces; ocean technology; mooring force
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Nomenclature
AEP Annual (mechanical) energy production
Contrib  Contribution to the available wave power
H, Significant wave height
H,0 Significant wave height estimated from the spectrum (m), 4\Vmj
M, Structural bending moment around the horizontal axis
M, Structural bending moment around the vertical axis
Mpial Combined structural bending moment
PTO Power take off
Prech Mechanical power
Prob Probability of occurrence
Pave Wave power
T, Peak wave period
WEC Wave energy converter
WS Wave State
n Non-dimensional performance (or ND performance)
0} Rotational speed of the axle
T Torque measured on the axle between the rotors and the PTO system
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1. Introduction

In September 2011, extensive large scale laboratory tests were performed at CCOB in Santander,

Spain, on a highly realistic complete model of the WEPTOS WEC (Figure 1). The performance as well

as the structural forces on the WEPTOS WEC has been assessed in various wave conditions, enabling

to estimation of these parameters for various locations and scaling ratios, as reported in [1]. Based on

this report, it was decided that the next step in the development would be a 15:1 scale prototype

relative to the laboratory model intended for installation on the Danish west coast in front of

Hanstholm. A comprehensive description of the test setup and experiments are given in [2].

Figure 1. Picture of the WEPTOS WEC model operating during laboratory tests at CCOB.
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The WEPTOS WEC is a floating and slack-moored structure, composed of two symmetrical frames
(“legs”) connected at the front, which support a large number (20) of identical rotors. The shape of
these rotors is based on the shape of Salter’s duck WEC (invented in 1974 and intensively developed
since then [3]). All of the rotors connected to the same leg drive a common axle. Each axle is
connected to an independent power take off system (PTO) located in the front compartment. The
torque, resulting from the pivoting motion of the rotors around the axle, is only transmitted on the
upstroke motion of the rotor through a ratchet mechanism (Figure 2, left). The accumulated torque and
rotation of all the rotors on one leg were measured (on both legs) in between the end of the axle and
the system acting as PTO. The PTO systems were PLC controlled electrical motors, connected to the
main axles through a 1:3 gear.

By adjusting the position of the cross beam in the A shape the angle is adaptable between 30° and
120° (Figure 2, right). The angle between the legs (the A shape) of the device entails that the
interaction between the waves and the rotors are not in phase, which leads to a smoothening of the
power on the axles. The adaptability of the shape also means that the device can increase its width
relative to the incoming wave front in operating wave conditions and reducing its interaction with
excessive wave power in larger and extreme wave conditions. This enables the device to have smaller
variations in energy production under different wave conditions and to significantly reduce the forces
on the structure.

Figure 2. Side view illustration of the working principle of the ratchet mechanism (left)
and illustration of the opening angle of the structure between 30° and 120°.
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This paper aims at estimating the required design specifications of the Hanstholm WEPTOS WEC,
based on the results of the WEPTOS model tests. It will therefore focus on the specifications of the
PTO system, i.e., mechanical power (P.), rotational speed (w) and torque (r) of the axles and
individual rotors, and on the mooring forces and structural bending moments.

Hanstholm is located on the west coast of Denmark facing the North Sea and is the site of the Danish
Wave Energy Center (DanWEC). Wave data has been gathered by a wave rider buoy located in front of
the harbour at a water depth of 18 m and indicates an average available wave power of 6.1 kW/m [4].
The majority of the wave conditions are in the range of 0 to 3 m of significant wave height (H;) and
between 3 and 7 s of peak wave period (7)), while most of the wave power is in the wave condition
range between 1.5 and 3.5 m H; and between 5 and 8 s 7. In this analysis, the scatter diagram of
Hanstholm harbour was limited to events occurring at least 0.5 %o of the time (~4.4 hours per year).
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A scaling ratio of 15:1 is used relative to the WEPTOS laboratory model, for the various
estimations of the Hanstholm WEPTOS WEC. This assumes an exact geometrical scaling of the
device, enabling the use of non-dimensional parameters and of the Froude scaling law [5]. Thereby,
the Hanstholm machine would consist of 40 rotors each of 14 tons, 25 m’ and a width and chord of
3.6 and 4.9 m. The combined width of all the rotors on each leg would be 72 m and the length of the
legs of the device 114 m long. The large difference is due to the sizing of the laboratory model and
leads to the conclusion that the design might be adapted for the 15:1 scale device in order to increase
the ratio between the effective width of the rotors to the length of the leg. As the # is calculated
relative to the effective width of the rotors, the change in length of the leg is not expected to influence
significantly the performance, however it will change the hydrodynamic behaviour and possibly in a
beneficial way. A linear PTO loading (PTO controlled to keep a constant ratio between rotational
speed and torque on the axles) that has been used during some of the experimental tests are the most
representative for the Hanstholm WEPTOS WEC, therefore all the estimations will be based
upon them.

2. Experimental results from the WEPTOS prototype
1.1. Overview

The performance of one rotor of the WEPTOS WEC model was investigated at Aalborg University
prior to the extensive tests on the complete model at the Cantabria Coastal and Ocean Basin site (CCOB,
Spain) in September 2011 [6].

Table 1. Overview of the non-dimensional performance (7), rotational speed (w) and
torque (7) in the power production wave states tested with an optimized linear and constant
PTO loading in long-crested irregular waves [1].

Target Waves Constant Loading Linear Loading

WS H, T, n H,, w T n H,, w T
[m] [s] [-] [m] [rpm] [Nm]  [-] [m] [rpm] [Nm]

1 0.047 1.06 0.39 0.041 4.19 2.94 0.43 0.042 3.81 3.51

2 0.084 1.28 0.26 0.074 8.2 4.6 0.32 0.077 7.0 6.5

3 0.118 1.51 0.17 0.104 9.2 6.3 0.21 0.102 7.7 8.0

4 0.165 1.72 0.11 0.143 9.4 8.4 0.11 0.147 8.2 9.6

5 0.212 1.92 0.08 0.171 8.5 10.0 0.06 0.207 7.5 12.7

6 0.043 1.16 0.34 0.037 2.7 33

7 0.085 1.45 0.19 0.078 5.8 5.8

8 0.128 1.74 0.11 0.113 6.2 7.8

9 0.171 2.03 0.06 0.143 6.2 8.8 0.06 0.162 6.2 9.2

10 0.214 2.32 0.03 0.171 52 9.5

11 0.085 1.72 0.12 0.074 2.8 6.8 0.13 0.078 3.9 6.2

12 0.128 2.03 0.07 0.103 3.7 7.9

0A 0.04 0.97 0.48 0.035 3.5 2.6 0.37 0.033 2.9 23

0B 0.035 0.9 0.57 0.027 2.4 2.2

These experimental tests were performed with 14 different power production wave states and five
extreme wave states [2]. However, the performance has only been assessed in seven of the 14 wave
states with a linear PTO loading, while all of them have been used with a constant PTO loading (PTO
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controlled to achieve a constant torque on the axle for any rotational speed). In the assessment of the
experimental data, the wave conditions are characterised by the target peak wave period, 7, and the
estimate of the significant wave height, H,,, obtained through 3D wave analysis.

As it can be seen in Table 1, the prototype performance is in general better with a linear PTO
loading, except in the smallest wave conditions (WS 0A). The optimal performance with both PTO
loadings will be used to estimate the performance of the WEPTOS WEC for in Hanstholm, while only
the tests performed with a linear PTO loading will be used to estimate the @ and 7.

1.2. Performance of the WEPTOS Prototype

Based on the 14 production wave states in which the performance of the WEPTOS prototype was
investigated, a 3-dimensional surface representing its non-dimensional performance (7), which is the
ratio between the mechanical power from all the rotors (two legs of 20 rotors, each of 0.24 m width)
and the available wave power, has been created (Equation 1). This is then used to assess the
performance of the Hanstholm WEPTOS WEC in all the different wave conditions occurring at this
location [5]. The wave conditions at Hanstholm have been down-scaled by a ratio of 15:1, in order to
find the corresponding performance of the Hanstholm WEPTOS machine:

P

mech

P x2x20x0.24 )

wave

77:

In Figure 3, the 5 surface is presented with the laboratory test results (blue dots). For lower wave
periods than the most optimal 7, the anticipated evolution of # has been set to be decreasing rapidly,
which is very conservative, as no experimental tests have been performed in smaller wave conditions.
However, it is conceivable that the # increases with lower wave conditions.

Figure 3. Non-dimensional performance surface of the WEPTOS prototype with
laboratory test results (blue dots).
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It appears that the performance of the WEPTOS WEC is mostly dependant on the peak wave period
(T,) rather than the significant wave height (/) as the 5 decreases significantly with increasing 7,
while # remains nearly constant with different values of H,. This was to be expected as the # found in
the test on an individual rotor of the WEPTOS prototype was already showing this tendency [7].

1.3. Maximum-to-Mean Ratio of the Mechanical Power

The maximum-to-mean ratio of the P,,..;, in normal operation of the WEPTOS model is presented in
Figure 4 for five different wave states. Besides the measured and reference case, where Py, was not
limited (outer right marker of each sample), the impact on limiting the maximum P,,..; of each sample
to2.5, 2.3, 2.1, 1.9, 1.7, 1.5 and 1.3 times their mean value has been analysed. This corresponds to
having a limited PTO capacity, which is relative to the average P,..;, in the corresponding time series
of a wave state. So, the unlimited and limited maximum-to-mean P, ratios are given in function of
the relative average Puech (Pmecrh With limitation/Py,.., of the reference).

Figure 4. Impact on the performance in normal operating conditions, for 5 wave states

with linear PTO loading, by limiting the maximum P, relative to the average P,..; of the
unlimited case.
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The drop in performance is approximately the same in all the different wave states and it is
considered quite low. In the case where the maximum-to-mean ratio is unlimited, the ratio is
approximately 5, while if the ratio is forced to 1, between the maximum P,,..;, and the average P, in
the unlimited case, only a drop in performance of 25% is experienced. This power levelling is

considered small, especially as setting a limit to P, in WS 5 will only induce a drop in performance
in WS 5, but will almost not be felt in WS 4 [8].

1.4. Rotational Speed and Torque on the Axle

The rotational speed (w) and torque (z7) on each axle of the WEPTOS model have been measured
with a linear PTO loading in eight different wave conditions. Although the data points are less
abundant (only eight instead of 14) than those performed with a constant PTO loading, they still enable
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a good representation of @ and 7 for the Hanstholm wave conditions. This can be seen in Figure 5,
where the wave states representing the wave conditions in Hanstholm (green squares) fall in between
the tested wave conditions (blue dots). A surface fitting based on the experimental data points has been
created in order to estimate the average w and average t for the wave conditions given in the scatter
diagram for Hanstholm.

Figure 5. Surface fit of the average rotational speed [rpm] (left) and average torque [Nm]
(right) of the WEPTOS prototype with a linear PTO loading, based on the experimental
data points (blue dots) and the scaled wave states representing Hanstholm (green dots).

Rotational speed [rpm] Torque [Nm]
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The average values of r and w appear to be dependent on the /1, as well as on the 7, as there does
not seem to be any clear dependency relative to one or the other parameter. However, the distribution
of @ and the distribution of 7 appear to be similar, which is also to be expected as the 7 is set as
function of w as they are obtained with a linear PTO loading. However, in this case even the absolute
values (but not the units) are similar, which is a coincidence and will change when applying a different
scaling ratio.

Table 2 presents the maximum, mean and maximum-to-mean ratio of @ and t for 5 different wave
states (tested with linear PTO loading). Wave state 1 and 11, in which the linear PTO loading was also
assessed, are not included as the linear PTO loading did not perform better than the constant PTO
loading in these wave conditions. This was most likely due to the response delay and setup of the
linear PTO loading.

It appears that the maximum-to-mean ratio remains relatively constant, approximately 2.7 and 1.7
for w and 7 respectively. The average and maximum @ and 7 are slightly scattered but generally of the
same order of magnitude. The average values given here are significantly higher than the overall
average w, of 1.3 rpm, as these values are given for wave conditions in which the device would operate
while the average also includes periods were the device is not operating.
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Table 2. Summary of the maximum, average and maximum-to-mean ratio of the rotational
speed and torque for five different operational wave conditions of the WEPTOS model.

WS Rotational Speed [rpm] Torque [Nm]
Maximum Mean Maximum/Mean Maximum Mean Maximum/Mean

2 17.8 7.0 2.5 10.9 6.5 1.7
3 19.9 7.7 2.6 13.6 8.0 1.7
4 23.8 8.2 2.9 17.0 9.6 1.8
5 21.7 7.5 2.9 22.6 12.7 1.8
9 15.6 6.2 2.5 15.8 9.2 1.7

Average 2.7 Average 1.7

1.5. Mooring Forces and Structural Bending Moments

The mooring forces and structural bending moments have been assessed during 14 power
production and five extreme wave conditions. In one of these extreme wave states the effect of
changing the directional spreading and peak enhancement factor have also been investigated, which
will be referred to as ““alterated wave conditions” in the figures. The measured mooring forces and
structural bending moments are presented in terms of the average of 1 out of 250 largest (positive and
negative, when applicable) peaks relative to the measured significant wave height.

The mooring line was connected at the bottom of the front hinging point of the legs of the
WEPTOS model by a hawser to a buoy, which was connected to the seabed. The resulting mooring
stiffness in surge of the whole setup corresponded to approximately 1.56 kN/m. The axes around
which the structural bending moments were measured are passing through the centre of the tube in
between the second and third section of the prototype (between the 8™ and 9" rotor), where a
measuring flange equipped with strain gauges was installed, see Figure 6. The horizontal bending
moment M, (positive) corresponds to the bending moment resulting from a vertical downward force
applied on the location of the flange, while the vertical bending moment M. (positive) corresponds to
the bending moment resulting from in-side-out force on the flange.

Figure 6. Indication of the location of the measurement of the mooring force (F,) and
structural bending moments (M, and M.) on the design of the WEPTOS WEC model.
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In case of the mooring force, the number of peaks that were recorded was limited (due to the slow
motion response in surge) and therefore the 1/250th force corresponds to the largest event. The
mooring forces are grouped relative to the corresponding opening angle of the device and are given for
a large number of tests, regardless of other parameters such as the type of PTO loading.

Figure 7. Measured 1/250 mooring forces (F,,) for different opening angles of the structure
(with corresponding trend lines, values are given for A90 and A30).
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The mooring forces seem to follow an increasing linear trend with H,,, which is different for every
opening angle of the structure. The linear trend lines for the different opening angles seem to have
roughly the same steepness and to be translated with increasing H,,, for decreasing opening angles.
The mooring force (given in kN) trend line for an opening angle of 30° follows the relationship with
Hy of: F,, = 1.75 X Hyp — 0.17. The largest mooring force of 0.775 kN was found in the largest
extreme wave test, which had a H,, of 0.466 m. The alterations to the wave conditions in extreme
waves did not appear to have a significant impact on the mooring force; however, having an opening
angle of 45° in extreme wave conditions increased the mooring forces significantly, by about 35%.

The horizontal, vertical and combined structural bending moments (M, M, and M,,,;) are given as a
function of the opening angle of the device and for various tests in Figure 8. Values of the resulting
bending moment from a vast amount of tests are calculated by applying Equation (2) to the time series.

Mtotal:VMJ?_'_Mj (2)

It can be seen that the M, increases linearly with H,, independently of the opening angle. The
maximum negative peaks of M, are mostly in the same range as their positive counterpart and more
precisely about 6% smaller for an opening angle of 30°. The influence of the spectral shape (G1 and
G7) is again very limited, while here the directional spreading (S5) has increased M, by about 15%,
which corresponds to the highest recorded M, of 2151 Nm.
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Figure 8. Measured 1/250 M, (top left), measured M. (top right, trend lines for A90 and
A30) and combined 1/250 bending moment (bottom plot, trend lines for A90 and A30) in
production and extreme wave conditions.
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Remarkably, M. is significantly greater under power production wave conditions (large opening
angles) than under the extreme wave conditions (characterized by a device with a 30° opening angle).
This can clearly be seen by the decreasing steepness of the trend line of M. relative to H, for each
opening angle. The maximum M. (positive) are on average 19% smaller than the negative maximum
peaks for an opening angle of 30°, but 33% larger for an opening angle of 90°. The spectral shape (G1
and G7) has almost no impact on M., while directional spreading (S5) can approximately double M.
with an opening angle of 30°, still resulting significantly lower than the M. in power production wave
conditions. The influence of alterations to the wave conditions are very coarse as only a very few
amount of tests has been made.

The combined structural bending moment appears to be slightly larger in the power production
wave conditions (2700 Nm) as in the extreme wave conditions (2218 Nm, they are characterized by a
device with a 30° opening angles). This is due to the significant decrease in M. with a decreasing
opening angle. This is remarkable, as the need to over-dimension the structure to survive extreme
conditions is as a result unnecessary. Directional spreading still appears to have a significant impact on
M,o1a1; however, the overall moment still appears to be lower than the moments in power production
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wave conditions. This shows that the survival mechanism, based on regulating the opening angle of the
structure, is effective and can diminish the structural bending moments significantly. Note that the
structural bending moments were only measured at one location on the legs and that they are believed
to be very dependent on the location of the transversal beam. As the transversal beam changed position
with the opening angle, the measured and given bending moment is probably not representative for the
maximum bending moment on the whole structure, however it can be used for further calculations.

2. Hanstholm WEPTOS WEC Design Specifications
2.1. Generator Capacity

Determining the actual size and type of the generator depends on various factors, such as the
available P (short and long term variations) and the characteristics of the PTO system itself (type of
generator, rotational speed and torque range, efc.) [9,10]. This section will mainly focus on the
capacity of the generator and on the performance of the WEPTOS WEC.

In Figure 9, two plots are given of which the left one presents the power matrix of the WEPTOS
WEC with a maximum P, of 250 kW, while the plot on the right presents Ppe., X Prob of the
different wave conditions, to present the contribution to P,.., of the different wave conditions in
Hanstholm. The blue circles on the plots correspond to the tested wave conditions with the WEPTOS
model in the laboratory and the green squares correspond to the five wave states representing the wave
conditions in Hanstholm.

The Ppecn % Prob graph (Figure 9, right) shows how much each wave condition contributes to the
annual energy production (4EP) of the device. Notice that the largest and smallest wave conditions do
not contribute significantly to the 4EP, while the largest contribution can be found for average wave
conditions of around 2 m (/) and 6 s (7},). The left plot of Figure 9 presents the power matrix of the
Hanstholm WEPTOS WEC with a maximum mechanical PTO capacity of 250 kW.

Figure 9. The power matrix with a maximum P, of 250 kW (left) and P,ecn X Prob of
the WEPTOS machine for the scatter diagram of Hanstholm, complemented with the wave
states (green squares) and scaled laboratory tested wave conditions (blue dots).
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For the wave conditions with the highest P, * Prob, P is around 250 kW (around wave state
3 and 4 indicated by the green dots), the increase in AEP by having a greater generator capacity would
be limited. Therefore, limiting the average P,..; that can be absorbed by the PTO system (= Max
average P..;) to the average P,.., of wave states that contribute the most would only have a small
impact on the AEP, while increasing the load factor (LF) and reducing PTO capacity requirements.
The consequence of limiting the maximum average P,.., on the AEP and LF is presented in Figure 10.

Figure 10. Representation of the impact of having a limited generator capacity on the
annual energy production (4EP) and load factor (LF).
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The reduction in maximum (average) Py..; has only a small impact on the AEP, but significant on the
LF. For a maximum P, of 439 kW and average P,.., of 107 kW, the estimated AEP is 0.93 MWh,
while for a maximum Py, of 250 kW, the average Py, and AEP are 103 kW and 0.89 MWh. This
corresponds to an increase in LF of 68% from 0.24 up to 0.41, for a drop in AEP of only 4.3%.

The fluctuations (maximum-to-mean) in P, are expected to be similar to the one found on the
WEPTOS model as long as the same conditions are maintained and scaled following the same scaling
ratio. However, limiting the maximum average P,..; (or installed PTO capacity) will most-likely result
in a maximum 7 that can be applied by the PTO system. The (short-term) excesses in Py, will then
result in an increase in w. Note that due to the natural behaviour of the primary power absorption by
the rotors, there is no risk at having “runaway” rotational velocities and that, during tank testing, no
rotor has ever made a complete rotation around the axle.

2.2. Rotational Speed and Torque

The rotational speed, w, and torque, 7, are given for one leg of the device, without introducing any
limitations on the PTO capacity, together with the trend line putting w in relationship with P,.c;,. The
trend line is weighted against the P,...; X Prob of each bin of the scatter diagram (indicated by bubble
size in right graph), as given in Figure 9.
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Figure 11. Representation of w (left), average torque (middle) and @ in function of P.ecx
weighted against P, X Prob (right) for each axle of the WEPTOS WEC operating in
front of Hanstholm harbour with a linear PTO loading of unlimited capacity.
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The average w ranges from 0.5 to 2.5 rpm and the 7 from around 100 to 600 kNm, while the yearly
average o is 1.29 rpm and the yearly average 7 of 288 kNm. Their highest values can be found for
similar wave conditions, which is due to the characteristics of the linear PTO loading (7 is set relative
to w) and can be found for wave heights ranging between 2 and 3.5 m and wave periods of 6 to 8 s.
The number of rotations a year, however, is much more dependent on smaller wave conditions, as
these are more frequent. Each axle of the WEPTOS WEC is estimated to rotate around 676,450 times a
year, with most rotations occurring under wave conditions of approximately 1.5 m (H,) and 6 s (7},).

The same maximum-to-mean ratios can be expected for the Hanstholm WEPTOS WEC as for the
WEPTOS model (Table 2) as these values are non-dimensional, however, in condition that the wave
conditions, PTO settings and other parameters remain equal or are adapted accordingly to the
scaling ratio.

2.3. Mooring Forces and Structural Bending Moments

The mooring forces and structural bending moments are calculated based on the corresponding
trend lines for the parameter of interest and opening angle of the device. These values are first obtained
for the WEPTOS model and then scaled to the size of the Hanstholm WEPTOS WEC. This
corresponds to multiplying the mooring forces values found for the laboratory model by 15° and the
structural bending moments by 15* [11]. For the power production wave states, an opening angle of
90° was chosen (as an illustration); however, this can of course be adapted as desired, especially if
structural forces need to be reduced.
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Table 3. Overview of the 1/250 mooring forces and positive structural bending moments for
the 5 wave states presenting the wave conditions in Hanstholm and extreme wave conditions.

Wave Angle F,, M, M, M1
State [°] [KN] [KNm] [KNm] [KNm]
1 90 146 9352 22014 30282
2 90 367 16919 39427 62684
3 90 570 23882 55447 92493
4 90 764 30541 70771 121007
5 90 1025 39471 91319 159241
10 years wave 30 2022 97138 22021 89569

From Table 3 we can deduce that the highest mooring forces will be found in extreme conditions,
which are almost twice as large as in power production conditions. However, the structural bending
moments are at least as important during power production wave conditions as in extreme wave
conditions, as the M, s as large in wave state 3,4 and 5 as for a 10 years wave.

2.4. Individual Rotor Specifications

The experimental tests performed on a single rotor of the WEPTOS model [4] with a constant PTO
loading showed that under the Danish North Sea wave conditions [5], on average, the rotor is in
rotation around 40% of the time and there is (some) 7 in the power transmission lamellas
approximately 75% of the time. The amount of time torque is present is substantially higher than the
time the rotor is in rotation as the constant PTO loading set a threshold for the minimum z at which the
rotor starts to rotate. The ratio between the average t over the whole time series and the required 7 for
rotation was 0.54 on average.

The PTO system of the complete WEPTOS model behaves in a relatively different way, as in this
case 20 rotors are connected to the same power transmission axle, which is in connection with the PTO
system. This induces that the axle is (almost) always in rotation and thereby a minimum @ of the rotor
is required, instead of 7, to transmit power. Moreover, the PTO loading is linear, which makes the
resulting 7 on the axle being in function of w of the axle.

In Table 4, an overview is given of P,..;, @ and 7 for the whole device, one leg of the device and
for one rotor of the device. The conversions of the parameters from one case to the other are based on
ratios that were obtained in previous experimental tests on a single rotor equipped with a constant PTO
loading and on the full prototype having a linear PTO loading.

Table 4. Overview of P,..;, @ and t for the whole device, a leg of the device and for one
rotor of the device.

Device 1Leg 1 Rotor Assumption/Comment

Average Pecn [kKW] 108 54 2.7 * every rotor contributes equally

Overall average o [rpm] 1.3 1.3 0.5 * rotors are in rotation 40% of the time

— mean o when engaged 1.3

Average w in operation 1.8 1.8 0.7 * rotors are in rotation 40% of the time

— mean o when engaged 1.8

Maximum (average) w 2.9 2.9 1.2 * Highest average rpm in any wave conditions

— mean o when engaged 2.9
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Table 4. Cont.

Device 1Leg 1 Rotor Assumption/Comment

Absolute Max w (engaged) 7.8 7.8 7.8 * maximum-to-mean ratio of 2.7 (Table 2)
Rotations per year 683310 273324  * rotors are in rotation 40% of the time
Overall Average 7 [kKNm] 576 288 14.4 * every rotor contributes equally

— mean 7 when in rotation 36.0 * rotors are in rotation 40% of the time
Average 7 in operation 1012 506 253 * every rotor contributes equally

— mean 7 when engaged 63.3 * rotors are in rotation 40% of the time
Maximum (average) 7 1294 647 324 * Highest average torque in any conditions
— mean 7 when engaged 81

Absolute Max 7 (engaged) 2200 1100 137 * maximum-to-mean ratio of 1.7 (Table 2)

*based on Matlab surface fitting with linear PTO loading data and unlimited PTO capacity.
3. Conclusion

The WEPTOS WEC model is a highly realistic scale model representing a real sea power producing
WEPTOS WEC. The model includes all main elements of the real target WEPTOS WEC, as it
consisted of all the same principal components, even the two electrical motors acting as power take off
(PTO) system. It performed very well during all the laboratory tests that have been performed,
resulting in a vast amount of high quality data and enabling a good representation of the performance
of the device in a wide range of wave conditions.

Estimations for various parameters of the PTO system and structural forces have been made for a
WEPTOS WEC to be installed in front of Hanstholm harbour at a scaling ratio 15:1 larger than the
model. The main estimations are summarized in Table 5.

Table 5. Overview of the main estimations regarding the PTO and structural forces for the
Hanstholm WEPTOS WEC. The mechanical power (Py..;) represents the average available
mechanical power to the PTO system, which was limited to 250 kW.

HanstolmWEPTOS WEC
Wave H;, T, Angle p Pooen w* T* F, M. * M * My *
State [m] [s] [°] [l [kW]  [rpm] [kNm] [kN] [kNm] [kNm] [kNm]
1 1 54 90 0.40 68 1.2 210 146 9352 22014 30282
2 1.5 6 90 0.23 133 1.8 345 367 16919 39427 62684
3 2 6.6 90 0.16 187 1.9 428 570 23882 55447 92493
4 25 72 90 0.11 220 1.8 487 764 30541 70771 121007
5 3 7.8 90 0.07 248 1.8 558 1025 39471 91319 159241
Overall 0.12 103.5 1.3 288
10 years wave 6.6 14 30 2022 97138 22021 89569

* Values are given for individual axles/legs of the device.

The main results are:

e The non-dimensional performance (7) is the ratio of the mechanical power (Py..;) available to
the power take off (PTO) system, divided by the wave power over the effective width of all the
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rotors. This means that increasing the length of the legs will not have an impact on # but will
increase P,,..; for each axle in accordance.

e The maximum 7 that has been obtained during laboratory test is 0.57, which was in the smallest
wave conditions, and the # tends to decrease with increase wave conditions (values of H,,o and
T,). This indicates that the # could even be increased in smaller wave conditions and that a larger
scaling ratio will result in a higher overall .

e The maximum-to-mean fluctuations in Py, can be reduced from around 5 to 2.8 without any
significant loss in performance, while the fluctuations during operating conditions of w and 7 are
around 2.7 and 1.7, independently of the wave conditions. These values are very low compared
to most other WECs, which results from the combined power transmission axle for 20 rotors.

e The annual energy production (AEP) only decreases slightly (~4%) when the maximum P, is
limited from its theoretical maximum of 439 kW to 250 kW (a drop of ~75% in installed PTO
capacity). This results in a long term average Pe., of 103.5 kW, a load factor of 0.41 and an
AEP of 0.9 GWh, for a WEPTOS WEC being installed in Hanstholm (6.1 kW/m).

¢ In the Hanstholm WEPTOS WEC a typical rotational speed of the main axles of around 2 rpm is
expected. Gearing solutions for bringing the rotational speed to a suitable level for use of
standard wind turbine generator equipment has been identified.

e The survival mechanism, which relies on reducing the angle between the two legs of the
structure down to 30°, enables bringing the structural bending moments in extreme wave
conditions below the level of the structural bending moments in normal power production wave
conditions. Also the mooring forces are significantly reduced, however in extreme wave
conditions they will be above normal operation levels. This illustrates that the mechanism is very
effective and that the dimensions, and there by economics, of the structure is not determined by
some rarely occurring extreme wave conditions, but by daily operating conditions which are also
responsible for generating the revenue of the WEC [12].

An important aspect in the development of this device is its scalability. When customizing a
WEPTOS to a given location with a given wave power potential three main parameters are available
for the optimization (in terms of achieved Cost of Energy); the installed length of the legs (increased
length results in roughly the same # but higher P,..;), rotor dimension (increased rotor cross section
increase the # (up to a certain level) and thereby also P,..;) and at last, as shown in this paper, the
generator capacity. This indicates that the technology is suitable to be developed to handle high power
ratings and presents the option of gradually growth, which is an appealing feature in terms of raising
the necessary funds for the concept development. Regarding the absolute numbers of Cost of Energy,
accurate calculations are yet to be done but preliminary estimations are providing promising results.
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