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aSchool of Civil and Construction Engineering, Oregon State University. 101 Kearney Hall, Corvallis, OR 97331-3212
bCollege of Oceanic and Atmospheric Sciences, Oregon State University. 104 COAS Administration Building, Corvallis, OR

97331-5503

Abstract

A wave-structure interaction model is implemented, and power output estimates are made for a simplified

wave energy converter operating in measured spectral wave conditions. In order to estimate power output

from a wave energy converter, device response to hydrodynamic forces is computed using a boundary element

method potential flow model. A method is outlined for using the hydrodynamic response to estimate power

output. This method is demonstrated by considering an idealized non-resonating wave energy converter with

one year of measured spectral wave conditions from the Oregon coast. The power calculation is performed

in the frequency domain assuming a passive tuning system which is tuned at time scales ranging from hourly

to annually. It is found that there is only a 3% gain in productivity by tuning hourly over tuning annually,

suggesting that for a non-resonating wave energy converter, power output is not very sensitive to the value

of the power take off damping. Interaction between wave energy converters in arrays is also considered, and

results for an array of idealized point absorbers suggests that interactions are minimal when devices are

placed 10 diameters apart from each other.
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1. Introduction

One of the objectives in the design of Wave Energy Converters (WECs) is to ensure that they are efficient

in the wave field they encounter. However, the wave field impinging on a WEC can vary significantly over

time at wave time scales as well as over the course of hours, days, weeks, months or seasons. This variability

results in challenges in the design of an efficient WEC. Like other mechanical systems, when the input

conditions change (i.e the wave forces), the response of the system also changes. In order to design a

WEC which has a desirable power output, its response must be controlled (tuned). This involves changing

the characteristics of the mechanical system. Because WEC geometry and mass are generally considered
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constant after deployment, tuning methods focus on either controlling the Power Take Off (PTO) system or

applying motion constraints (e.g. latching control). The PTO system contributes a force to the mechanical

system which may be used to tune the response, while motion constraints force the phase of the response

into a resonance-like mode.

Controlling the PTO system can take place on different time scales. This introduces a distinction

which is often made between two types of tuning, active and passive. Active tuning takes place wave-by-

wave; methods are employed to optimize WEC response for individual waves, or wave groups. Because

the excitation force depends on the wave conditions, future wave conditions must be known in order to

determine the optimum system response and tune accordingly. A few methods have been proposed for this,

including, using nearby measurements to estimate waves at the WEC location [10] and using recent WEC

motions to estimate the most likely future waves [19]. With active tuning, the device may be controlled

through varying the PTO system, or through motion constrains. This is currently an area of active research

(e.g. [13, 2, 1, 7, 19, 11, 12]).

Passive tuning considers time-averaged conditions and therefore removes the need for measuring or

estimating subsequent waves. The PTO system is set to a single setting for a sea state. This results in lower

efficiency than a well applied active tuning system [19], but also allows for a much simpler device, which

may be desirable during the development stages of wave energy technology.

Both active and passing tuning require knowledge of wave conditions at some level. Basin scale wave

models (e.g. WaveWatch III [17]) allow for estimates of spectral wave conditions along the outer edge of

a continental shelf. Other spectral models are designed to characterize transformation of these waves over

the continental shelf (e.g. SWAN [4]). Because of the skill of these models, it is reasonable to expect that

spectral wave forecasts for a few days may be made for locations where WECs are deployed. With a wave

spectrum predicted, the device may be tuned accordingly (for passive tuning), and the power output may

be forecasted as well.

Given a wave spectrum, different approaches have been taken to determine the optimal PTO setting for

passive tuning. The PTO system is often characterized as a linear damper [9]. A recent study[19] proposes

that the damping value can be tuned using a bulk frequency parameter for the incident wave spectrum,

either the peak frequency, the energy frequency, or the mean frequency. In another study[7], calculations are

performed for a range of linear damping values, and the damping corresponding to the highest power output

is selected. As long as physical device limitations do not interfere substantially with power production (e.g.

[8] and [12]), passive tuning allows for power calculations to be performed in the frequency domain (e.g. [7]

and [16]). However, if an upper limit for power production exists (e.g. associated with a maximum operating

condition), time domain computations are necessary.

In this paper, we follow the second approach and determine ideal damping values by maximizing expected

power output. In order to compute expected power output from an array of WECs, we build on recent
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work by Brekken et al.[5] who presented a methodology for generating time series of WEC array power

output, and applied it using several simplifying assumptions: WEC motion was equated with the water

surface, a constant PTO damping level was chosen, and no interaction was considered between WECs.

The present study addresses these three assumptions. Rather than assuming that the WEC follows the

water surface, WEC response is computed given the incident wave spectrum by including wave-structure

interaction dynamics based on potential theory (using the code WAMIT[14]). Further, rather than choosing

a constant PTO damping level, calculations are performed for a range of PTO damping levels to determine

the optimal PTO damping (similar to [7]). Finally, a representation of array interactions is included to

ascertain the importance of these effects to the total power production from the array.

The methodology developed herein is applied to an array of simplified WEC devices using an entire year

of hourly wave observations on the Oregon Continental shelf. Optimal damping coefficients are computed

for each hourly spectrum. The effects of differing tuning time scales (e.g. hourly, daily, weekly, monthly,

or fixed for the whole year) on the annual power production are examined. Finally, effects related to array

interaction are discussed.

2. Model

The WAMIT model is based on linear potential theory, solved in the frequency domain using a boundary

element method. Sources are distributed over all submerged surfaces to represent the geometry. The no

flow condition is satisfied by setting the normal component of the external fluid velocity equal to the normal

component of the source velocity at each point on the surface. After solving for source strengths, pressure

may be integrated over submerged surfaces to calculate body forces.

With linear potential theory, the potential everywhere may be expressed by

Φ = Φ0 +ΦD +ΦR (1)

where, Φ0 is the incident wave potential, ΦD diffracted wave potential, and ΦR is the radiation potential.

Each of these satisfy the Laplace equation ∇2Φ inside the fluid domain.

The motion of an object is governed by the equation

Fe = (M +A) ẍ+ (C +B) ẋ+ (Km +Khs) x (2)

where Fe is the excitation force, M is the inertial matrix, A is the added mass, C is external damping

coefficient (e.g. PTO), B is radiation damping coefficient, Km is stiffness associated with mooring lines, Khs

is the hydrostatic stiffness matrix, and x is the position of the device. By using this equation, we assume

that the PTO system acts as a linear damper. This assumption is practical and common [9] and greatly

simplifies the solutions by keeping the formulation in the form of a traditional mass-damper-spring equation.

This form also lends itself to a solution in the frequency domain.
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Solution of this equation for the unknown device position x requires knowledge of Fe, A, and B. These

require the determination of the velocity potential (equation (1)) for each component in the wave spectrum.

The incident wave Φ0 is a single sinusoidal plane wave component. The diffracted wave potential ΦD and

the radiated wave potential ΦR are found for specific boundary conditions. The classic linearized approach

to this problem is to treat these two problems separately.

The diffraction potential ΦD is computed by holding the object rigid in the incident wave field Φ0 and

fulfilling the no flow boundary condition in its surface. This is a reasonable approximation if the motion of

the object is small compared to the wavelength of the incident wave. From these two potential functions

(Φ0 and ΦD), the pressure on the surface of the object may then be calculated resulting in the excitation

force Fe.

The radiation problem considers an object in calm water (no incident wave) and characterizes the waves

created when the object moves in each of the six degrees of freedom due to the presence of the excitation

force Fe. Each mode of motion is considered separately. The boundary condition on the surface of the

object is also the no flow condition, enforced by setting the normal velocity of the fluid equal to the normal

velocity of the object at each point on the object’s surface. The added mass and radiation damping matrices

(A and B from equation (2)) are calculated from the radiation potential functions [9].

Once the device dynamics have been calculated, the surrounding fluid motion is also prescribed. Using

the total velocity potential Φ, the pressure may be calculated at any point in the fluid domain using the

first order pressure approximation. Because the dynamic free surface condition requires that the pressure

at the free surface be equal to the atmospheric pressure, the free surface elevation may be calculated from

this pressure at any point surrounding a WEC.

3. Methods

In order to calculate power converted by a WEC responding to spectral incident wave conditions, the

following steps are taken: the incident wave spectrum is discretized assuring a realistic representation in

the time domain; hydrodynamic parameters (A, B, and Fe) are inferred for each spectral component from

WAMIT results; the response of the WEC is found from equation (2) for each spectral component, for a

desired PTO damping level; mean power is calculated for each spectral component.

3.1. Representation of the frequency spectrum

The spectral method employed here characterizes a wave spectrum with a large number of frequencies,

each having only one associated direction. Frequencies are chosen from a distribution weighted by the

directionally integrated frequency spectrum, and directions are chosen for each frequency component out of

distributions weighted by the directional spectrum associated with that frequency. This method provides the

proper framework for generating realistic time series for array power output by eliminating spurious spatial
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Figure 1: Rectangular (left), Scatter (right) representations of an example measured wave spectrum. Directions are measured
with positive counterclockwise and zero pointing East.

beating pattern of phase locked spectral components. In this study, this method is termed the scatter

method, and produces a scatter spectrum (see figure 1) made up of, in this case, 3000 wave components.

Note that the resulting significant wave height from either representation is identical. Similar methods have

been used in other studies (e.g. [5, 18]).

The hydrodynamic quantities computed by WAMIT (A, B, and Fe) are smooth functions of frequency

and direction. Therefore, once a grid of frequencies and directions has been processed in WAMIT, the results

are interpolated to find quantities associated with the direction-frequency pairs of the scatter spectrum. For

WECs located away from the spatial origin, the phase of each incident wave component at that location

must be subtracted before interpolation. After interpolation, the incident wave phases are added back so

all phases are referenced to the same location (necessary for including any coherence in the motion between

WECs in an array).

3.2. Power calculation and optimal damping coefficient Cmax

Using interpolated hydrodynamic properties, the WEC response is calculated for each spectral component

using equation (2). This equation includes an external damping coefficient C, and we assume that the only

external damping is due to the PTO system so that C = CPTO. Equation (2) can now be solved for the

response x, given a particular PTO setting. Here, the response of each spectral component is computed

independently and can be expressed in terms of a complex amplitude x̂ that contains information about

the amplitude and phase of the response. Likewise, mean power absorbed by the PTO system is computed

independently for each spectral component (all the cross terms average to zero when velocity is convolved

with itself because each frequency is independent). For the ith frequency component, the mean power is
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Figure 2: Mean power calculated using hydrodynamic response for varying CPTO .

given by

P̄i =
1

2
CPTO| ˙̂xi|

2
. (3)

Here, CPTO is the power take off damping value. | ˙̂xi| is the amplitude of the velocity of the device caused

by the energy in the ith spectral component.

This method for calculating power can be applied for any value of CPTO. Because this solution method-

ology is not computationally intensive, mean power may be calculated for a range of CPTO values (see

figure 2). The damping value producing the highest mean power is chosen as the optimal damping coeffi-

cient, Cmax. A similar method has been employed in a previous study [7]. This method produces a unique

optimal damping value for each incident wave spectrum. If spectral forecasts are made for a WEC array,

this method provides a means for determining the optimal damping coefficient for each spectrum and the

associated expected power output.

4. Results

To demonstrate this method, one year of hourly wave spectra (see figure 3) were applied to an example

WEC geometry. These spectra were constructed from Fourier coefficients recorded by National Data Buoy

Center (NDBC) buoy 46050 during the year 2010. This buoy is located about 30km off the coast of central

Oregon in 123m of water, and long-term mean wave power per unit wave front at this buoy is ≈ 40 kW/m

([15]). Significant wave height (Hsig) and peak period (Tpeak) for the year 2010 are shown in figure 3.
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Figure 3: Significant wave height (Top) and peak period (Bottom) at NDBC 46050 for the year 2010.

Significant wave heights range from 1m during calm periods to 9m during storms. Wave heights are generally

higher in the Winter and rarely surpass 4m during the Summer. Peak wave periods are also generally lower

in the Summer (≈ 10sec) but can reach values of 20sec in the Fall and Winter months.

The example WEC geometry is for a wave follower type WEC. That is, a geometry that is not designed

to resonate. The device is a cylinder, 10m in diameter and 2m high. The cylinder is allowed to move in

all six degrees of freedom, but power is extracted from the heave motion only. The frequency response of

this device with various levels of PTO damping is shown in figure 4. The natural frequency of the device

is around 0.23Hz (with no PTO), a little above the frequencies where substantial energy is present off the

Oregon coast. In the frequency band where most energy falls, 0.05Hz-0.2Hz, the device has a response of

close to one, though for higher levels of damping, this response is attenuated significantly. This simplified

one piece geometry neglects hydrodynamic effects associated with a stationary (or nearly stationary) spar.

The spar provides a reference for the relative motion necessary for extracting power and is thus assumed to

be present for the sake of the mechanical system.

4.1. Single Device

For each considered spectrum, the mean power was calculated for a range of CPTO levels ranging from

0-1500kN ·s
m

(see figure 2). As is expected, no power is generated when CPTO = 0, and power decreases as

CPTO → ∞ because the PTO damping restricts device motion to an increasing degree. A clear maximum

in power generation exists between these two extremes.
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Figure 4: Heave frequency response of the WEC with various levels of external (PTO) damping applied.

A power versus CPTO curve is found for each hourly spectrum of the year considered. For a device

which may be tuned on an hourly time scale, maximum power (P̄max) marks the optimal setting for the

PTO system (Cmax) of the device, and the corresponding estimated mean power output during the time

period that the spectrum represents. Cmax and P̄max vary considerably over time (see figure 5). The optimal

damping value is generally higher during the Winter and the generated power is episodic. Even with optimal

damping, significantly less power is generated in the Summer primarily due to the availability of less power

in the wave field.

In order to assess the value of tuning on an hourly time scale, it is useful to compare the performance of

a WEC tuned hourly to the performance of a WEC tuned with different tuning time scales (daily, weekly,

or monthly), or no tuning at all. This last option corresponds to choosing a value for CPTO and holding it

fixed for the whole year. Calculations using these various tuning time scales are summarized in table 1. The

mean power output over the whole year for hourly tuning was 77kW. For longer tuning scales, losses were

relatively small, with only 3% less power being generated by a WEC with a fixed PTO value. This shows

that non-resonating WECs are not extremely sensitive to the PTO damping value. This may be explained

by examining figure 2. The area around the peak of the curve has a very gradual shape to it. Thus, values

of CPTO even a substantial different from Cmax will result in generated power near P̄max.

In a recent study [19] a WEC at near-resonant conditions was considered, and it was suggested that

the PTO damping could be selected based on the peak period of the incident wave spectrum. In this

current study, damping coefficients for maximum power output are compared to peak period, and no strong
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Figure 5: Optimal PTO damping, Cmax, for each spectrum over a whole year [kN*s/m] (Top). P̄max, mean power output
associated with optimal damping [kW](Bottom).

Table 1: Power output for various tuning time scales. Percent tuning loss is referenced to the hourly tuning output.

Tuning Total Energy Annual Mean Power Range of Cmax Tuning loss
Time scale [MWh] [kW] [kN*s/m] [%]

Yearly 653 74.6 790 3.2
Monthly 660 75.3 450-920 2.3
Weekly 661 75.5 370-990 2.0
Daily 668 76.2 70-1300 1.1
Hourly 675 77.0 60-1500 -
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Figure 6: Dependence of Cmax to Tpeak. Significant wave height is shown with color (Left). Dependence of P̄max and Tpeak.
Significant wave height is shown with color (Right).

correlation was observed between the peak period and the optimal damping coefficient (see figure 6 (left)).

The WEC generally operated far away from resonance, which may explain why the expected correlation

between peak period and Cmax (explained in [19]) was not observed. In contrast, there is a strong correlation

between wave height and P̄max (see figure 6 (right)). For longer period waves, higher power is generated for

equivalent wave heights, because the available power is higher (the group velocity is higher).

4.2. Array Interaction

A square array of four WECs with spacing of 100m was considered. This spacing was used in one

previous study [5], though other studies have assumed smaller spacing (e.g. [6]). WECs were allowed to

interact both in the diffraction problem (through shadowing which affects the excitation forces) and in the

radiation problem (through coupling terms in the added mass and radiation damping). The CPTO for all

four WECs was set to the same value as Cmax for a single buoy when tuning was fixed for the whole year.

Results are presented as a ratio of power generated by this array to power generated by four independent

WECs (hence, neglecting array interaction). This ratio is shown for the whole year in figure 7. We note

that the ratio generally hovers near unity (mean value of 0.95), but can episodically assume values between

0.8 and 1.2 (standard deviation of 0.04) indicating destructive or constructive interference, respectively, in

the array.

It is possible that other values of CPTO would provide better array power output for an interacting array

(perhaps different values for each WEC as in [6]). However, using the single CPTO value for the array gives
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a picture of how strong array interactions may be. When averaged over the whole year, this suggests that

the array will produce approximately 5% less power than the devices acting independently. Spacing within

the array will certainly have some effect on power production [6, 3], though any resonance effects between

WECs will likely be smoothed considerably in variable spectral conditions.
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Figure 7: Ratio of power produced by an array of four interacting WECs to power produced by the same four independent
WECs as a function of months of the year 2010.

5. Conclusions

A method was presented for calculating the response of a WEC to spectral incident wave conditions. The

response is found in the frequency domain using excitation forces and hydrodynamic coefficients calculated

by WAMIT and an applied PTO force. However, our method of discretizing the incident spectrum also lends

itself well to calculations in the time domain. By varying the PTO coefficient, the optimum power output is

found. This method of calculating WEC response and optimum PTO levels allows for the relaxation of two

assumptions made by Brekken et al.[5]. In that study, it was assumed that the device response was equal

to the water surface motion, and that PTO damping was a constant.

The method was applied to an example WEC geometry for a year of hourly spectral wave data from

the Oregon coast. During this time period, optimal damping values for individual spectra fluctuated from

60-1500 kN*s/m, with an annual mean power output of ∼ 77kW when the WEC is tuned to Cmax at every

hour. No clear relationship was seen between Cmax and Tpeak (though it is expected that a relationship

would exist near resonance). It was found that this WEC was not very sensitive to CPTO, as tuning over

longer time scales resulted in minimal power losses. For example, when CPTO was fixed for the whole year,

the annual mean power output was lower by only a few percent at ∼ 75kW. The use of linear potential wave

theory limits the generalization of this result. However, we note that this theory is expected to be most

realistic for the conditions considered herein – a wave-following device that operates in conditions well away

from its resonance period. Further validation with experimental data is, nonetheless, desirable.
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Finally, array interaction was considered for a square array of four WECs with 100m spacing. The annual

power output of the array was 5% lower compared to power estimates that assume no interactions between

WECs. Therefore, the results presented herein suggest that for the purposes of power output predictions,

array interactions may be negligible at first order for WECs spaced ≈10 diameters apart and operating away

from resonance.
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