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Abstract— The aim of this paper is to present a novel wave 
energy converter device concept that is being developed at the 
National Renewable Energy Laboratory.  The proposed concept 
combines an oscillating surge wave energy converter with active 
control surfaces.  These active control surfaces allow for the 
device geometry to be altered, which leads to changes in the 
hydrodynamic properties.  The device geometry will be 
controlled on a sea state time scale and combined with wave-to-
wave power-take-off control to maximize power capture, 
increase capacity factor, and reduce design loads.  The paper 
begins with a traditional linear frequency domain analysis of the 
device performance.  Performance sensitivity to foil pitch angle, 
the number of activated foils, and foil cross section geometry is 
presented to illustrate the current design decisions; however, it is 
understood from previous studies that modeling of current 
oscillating wave energy converter designs requires the 
consideration of nonlinear hydrodynamics and viscous drag 
forces.  In response, a nonlinear model is presented that 
highlights the shortcomings of the linear frequency domain 
analysis and increases the precision in predicted performance. 

Keywords— Wave energy converter (WEC), active geometry, 
oscillating surge WEC, time-varying parameters, load shedding 

I. INTRODUCTION 
During the past decade, the marine and hydrokinetic energy 

sector has experienced a resurgence in the funding and 
manpower allocated towards research and development.  As a 
whole, the field of wave energy continues to host a wide 
diversity of technologies ranging in scale from concept to 
prototype.  This situation highlights the need for a structured 
innovative approach to the development of wave energy 
converters (WECs) in hopes of achieving an optimal 
convergence in overall design and operation [1].  Recent 
studies on WEC system designs have shown that the 
development of advanced control methods that actively tune 
device performance to maximize energy generation in 
operational conditions, while minimizing hydrodynamic 
loading in extreme sea states, is a necessary step in advancing 
wave energy technologies towards commercial viability [2].   

This paper attempts to address such concerns by proposing 
a new device concept that combines an oscillating surge wave 
energy converter (OSWEC) with active control surfaces [3][4].  
The control surfaces can be thought of as being similar to air 
foils where it is hoped to modify and apply the controller 
designs [5] developed at the National Renewable Energy 
Laboratory (NREL) for wind turbine control. 

The development of nearshore oscillating surge wave 
energy devices has so far been led by Aquamarine Power 
(Oyster), AW-Energy Oy (WAVEROLLER), and Resolute 
Marine Energy [6].  In addition, Langlee Wave Power [7] is 
currently developing a floating dual-flap OSWEC; however, 
all of these designs consist of a fixed geometrical body that 
relies on control of the power-take-off (PTO) system to 
further optimize power absorption.   

Previous studies have shown that the general OSWEC 
design experiences large hydrodynamic loads that drive the 
structural design and material costs [8].  The novelty of the 
proposed design is the ability to alter the geometry normal to 
the particle velocity thereby reducing hydrodynamic loading.  
Point absorbers are generally narrow banded with high 
extraction efficiencies only around a small frequency range 
about its resonance.  Flocard and Finnigan [9] did investigate 
the ability to tune the resonance period of a pitching WEC by 
altering the devices rotational inertia by shifting the internal 
mass distribution.  A device with a controllable geometry 
would not only be able to shed loads, but also tune the 
hydrodynamic characteristics to match the resonance period of 
the device with the peak period of the sea state and broaden 
the effective operating range.  Furthermore, the ability to shed 
loads allows the device to continue operating in larger sea 
states where amplitude or structural loading constraints would 
force current designs to switch into survival mode.     

After the device concept is fully introduced, evaluation of 
the performance begins with the traditional linear frequency 
domain analysis.  To describe the design evolution, we present 
the performance sensitivity to foil pitch angle, foil cross 
section, and number of activated foils; however, current 
OSWEC designs require considerations for nonlinear 
hydrodynamics and viscous drag forces [10].  As a result, a 
nonlinear model was constructed while placing constraints on 
the pitch motion and PTO torque.  The paper ends with a 
linearization of the quadratic damping from the Lorentz 
theorem to be used in the described spectral analysis.  The 
linearization allows for the construction of a nonlinear 
optimization problem that can be solved while incorporating 
device-specific constraints. 

II. WAVE CHARACTERISTICS 
The hydrodynamic properties of the OSWEC and 

propagating power available will be affected by the water 
depth, h.  From linear potential theory, the incident wave 
potential, ϕI, for a right propagating wave is given by: 
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 (1) 

where σ is the wave angular frequency, g is gravitational 
acceleration, k is the wave number, A is the wave amplitude, β 
is the wave heading measured counter clockwise from the 
positive x-axis, and i is the imaginary unit (i=√-1).  Because 
of the combined free surface boundary condition:    

 (2) 

the relationship between the wave number and the wave 
angular frequency is given by the dispersion relation: 

 (3) 

where the solution of Eqn. (3) can be found in Fig. 1. 

 
Fig. 1: Depth parameter versus wave angular frequency. 

The time-averaged power (TAP) per unit width, Pw, 
contained within a propagating wave can be shown to equal:  

 (4) 

 (5) 

where ρ is the fluid density and Vg is the group velocity. A 
plot of power versus wave angular frequency is show in Fig. 2, 
in which shorter wavelengths will have greater power in 
shallow water, whereas in deep water longer wavelengths 
contain significantly more power.  Equation (4) assumes the 
waves propagate along a constant water depth, thus 

deployment along sloped seabeds should yield reduced 
extractable power as a result of reflection and frictional losses. 

 
Fig. 2: Wave propagating power versus wave angular frequency. 

III. DESIGN CONCEPT 
Large hydrodynamic loads are typical for most current 

OSWEC designs.  The added moment of inertia, which arises 
from radiation effects, can shift the resonance period of the 
device outside the wave range of 5–20 s.  In addition, without 
active PTO control measures the optimum conditions for 
power extraction will be difficult to maintain, especially in 
irregular waves.  Therefore, we believe employing active-
controllable geometries will allow for greater power 
optimization and load shedding for continued operation in 
larger sea states.   

A conceptual depiction of the device under investigation is 
shown in Fig. 3.  The general shape of the OSWEC design is a 
simple flat plate, but the concept under development aims to 
replace the main body by a set of identical actuated flaps.  The 
flaps will be allowed to pitch freely about their center of 
rotation with the flap pitch angle, φ, measured positive 
clockwise from the radial axis of the body as shown in Fig. 4. 

The geometric shape of the OSWEC will be allowed to 
change; however, the mass will be assumed to be evenly 
distributed throughout the device and the moment of inertia 
will remain constant and is given by: 

 (6) 

where I55 is the moment of inertia about the origin, m is the 
mass of the OSWEC, H is the height of the OSWEC, ρm is the 
mass density of the OSWEC, and is the displaced volume 
of the OSWEC.  For this study the mass density was set to ½ρ 
to act as the baseline case. 
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Fig. 3: Conceptual depiction of OSWEC with active geometry.  Side 
views can be found in the first and third images, whereas front views 
correspond to the second and fourth images. 

 
Fig. 4: Schematic of physical system under investigation. 

TABLE I 
GEOMETRIC PROPERTIES FOR PRELIMINARY HYDRODYNAMIC MODELING  

Description Variable Unit 
Water Depth h 10 m 

OSWEC Height H 10 m 
OSWEC Thickness t 1/3 m 

OSWEC Width w 5 m 
Number of Identical Flaps n 5 

Flap Height Hf 2 m 
Flap Width wf 4.5 m 

Flap Thickness tf 1/3 m 
Side Support Height Hs 10 m 

Side Support Thickness ts 1/3 m 
Side Support Width ws 1/4 m 

The primary dimensions used in this study, found in Table I, 
are significantly smaller than other designs approximately 1/4 
the width and thickness used by Clabby et al. [11].  The 
authors of the present work acknowledge that the design can 
assist in tuning the device’s hydrodynamic properties, but it 
will add loading and bending stress concentrations in the flaps, 
which will require a reduction in the overall width of the 

device.  This issue is currently being investigated and will 
ultimately determine if the design is feasible; however, this 
paper will focus on the hydrodynamic performance. 

A. Linear Hydrodynamic Coefficients 
The first step in the study of the proposed OSWEC device 

was examination of the hydrodynamic coefficients for several 
flap pitch angles, presented in Fig. 5‒Fig. 7.  The 
hydrodynamic coefficients were obtained from WAMIT 
version 7.0 [12].  As expected, when the flap pitch angle is set 
to zero (φ = 0) the added moment of inertia dominates and is 
25 times the mass moment of inertia.  Pitching the flaps to 45 
degrees drops the added moment of inertia by a factor of 4; at 
90 degrees there is a drop of a factor of 25.  Because the mass 
and restoring moment are not affected by foil pitch angle, the 
resonance period will increase as the flaps are opened.  The 
wave-exciting force exhibits a similar trend in magnitude; 
however, for a pitch angle of 45 degrees the phase deviates 
from 0 and 90 degrees because there is a significant 
contribution from the real component that arises from the 
difference in the pressure distribution along the x-axis as the 
flap is rotated. 

 
Fig. 5: Ratio of pitch-added moment of inertia to pitch mass inertia for 
three pitch angles. 

IV. EQUATION OF MOTION 
It is common practice to calculate the response amplitude 

operator (RAO) to access the performance of a WEC.  For an 
incident wave described by: 

 (7) 

where η is the wave elevation, the time-harmonic response of 
the floating body, in the j-th direction, is given by: 

 (8) 
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Fig. 6: Pitch-added moment of inertia and wave radiation damping for 
three pitch angles. 

 
Fig. 7: Magnitude and phase of the wave-exciting force for three pitch 
angles. 

where ξj is the complex amplitude of motion for the j-th 
direction.  The resulting harmonic motion when allowing for 
six degrees of freedom can be described by the following 
coupled system of linear differential equations: 

 (9) 

where Iij is the generalized inertia matrix, μij is the added mass 
matrix, λij is the wave damping matrix, Cij is the restoring 
matrix, and Fi is the complex amplitude of the wave-exciting 
force. 

B. Linear One Degree of Freedom 
As shown in Fig. 4, the OSWEC will pitch about the origin, 

O, which is fixed to the seabed.  The other five modes of 
motion will be constrained and the one degree of freedom 
pitch equation of motion is given by: 

 (10) 

where Bg denotes the linear PTO damping coefficient required 
for power extraction and X5 is the complex wave exciting 
force per unit wave amplitude (F5=AX5 ).  The instantaneous 
power absorbed by the PTO is calculated from: 

 (11) 

where |∙| denotes the magnitude and Θ is the phase of pitch 
motion. Because the current analysis is in the frequency 
domain, it is more appropriate to report the time-averaged 
power (TAP) absorbed by the PTO system, which is 
calculated as follows: 

 (12) 

where T is the wave period.  Equation (10) can be inserted 
into Eqn. (12) allowing for the optimal PTO damping at each 
wave frequency to be calculated.  This results in the following 
expression: 

 (13) 

where at resonance Bg = λ55, which is consistent with the well-
known results from [13].  However, Eqn. (13) does not take 
into account physical constraints that can arise in the final 
design, which often lead to unrealistic amplitudes of motion 
that invalidate the linear assumption [14]. 

1)  Restoring Coefficient: A hydrostatic restoring moment 
is present if the OSWEC is positively buoyant  
and is calculated from:   

 (14) 

where rg is the center of gravity, rb is the center of buoyancy, 
and m is the mass of the OSWEC.  The previous equation can 
be linearized by assuming small amplitude motion and 
approximating sin θ ≈ θ.  For this study the mass distribution 
is assumed uniform; thus rg = rb = H/2. 
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The performance results without motion constraints are 
shown in Fig. 8‒Fig. 10.  The results show three distinct peaks 
corresponding to the shifting resonance frequency as the foils 
are opened.  The amplitude of pitch motion per wave slope is 
greatest for the closed configuration; however, the frequency 
of oscillation is significantly reduced, leading to comparable 
energy production. These results indicate that device 
performance can be tuned over a wide operating range. 

 
Fig. 8: Optimum time-averaged power and nondimensional capture 
width for three pitch angles. 

 
Fig. 9: Unconstrained RAO magnitude and phase with the PTO damping 
obtained from Eqn. (13) for three pitch angles.  

C. Constrained Motion and PTO Power Capacity 
As in the previous section, the optimal conditions for power 

absorption require unconstrained motion and a properly sized 
PTO; however, in practice, physical limitations such as a 
hydraulic stroke length will constrain the device’s maximum 
amplitude of motion.  Furthermore, as shown in Fig. 10, the 
optimum performance of the closed flap configuration 
requires a PTO system that can deliver a linear damping 
coefficient that is nearly 20 times that of the fully open 
configuration when operating in the high-frequency regime.  
Still, both open flap conditions only require a maximum PTO 
rotational damping of 2 MN.m.s.  To address these concerns, 
the PTO damping was iterated to limit the magnitude of Eqn. 

(10) to one with an upper limit of 2 MN.m.s.  These 
constraints cause a dramatic reduction in power production 
and motion as shown in Fig. 11 and Fig. 12, though proper 
device geometry and PTO configuration can provide a 
minimum of 25 kW/m2 over the operating frequency range.  
The upper limit on the PTO only affects the fully closed 
geometry and provides only a small frequency window where 
it was not fixed at the upper limit.  The PTO damping also 
experiences a hump about each resonance period that is a 
result of the motion constraint as shown in Fig. 13. 

 
Fig. 10: Unconstrained optimum PTO damping and its ratio with wave 
damping for three pitch angles. 

 
Fig. 11: Constrained time-averaged power and capture width divided by 
device width for three pitch angles. 

V. FOIL CROSS SECTION 
It is anticipated that the rectangular cross section of the flaps 
will generate a large amount of vortex shedding caused by the 
sharp edges [15].  A more streamlined shape will be desired to 
prevent wave power from being dissipated in eddies rather 
than being absorbed by the PTO; however, because this is a 
viscous phenomenon, the effect on power performance cannot 
be obtained from WAMIT.  An attempt to model the viscous 
contribution will be presented in Section VII and the results in 
this section will be obtained from WAMIT coefficients.  
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Fig. 12: Constrained RAO magnitude and phase for three pitch angles. 

 
Fig. 13: Constrained PTO damping and its ratio with wave damping for 
three pitch angles. 

For now, an elliptical cross section was chosen with a 
semimajor axis, a, of 1 m and a semiminor axis, b, of 1/6 m.   
The change in cross section will lead to a decrease in the flap 
displaced volume by approximately 20%. The same 
constraints on the RAO and PTO rotational damping were 
applied, and the results are plotted in Fig. 14. The most 
significant result from the comparison is the nearly 40% drop 
in time-averaged absorbed power. Yet, to account for the 
decrease in displaced volume, the time-averaged power was 
divided by the amplitude of the wave exciting force, which 
provided comparable results. The change in cross section cut 
the wave damping by more than 50%, added moment of 
inertia by 30%, and the wave-exciting force magnitude by 
40% as plotted in Fig. 15. 

 
Fig. 14: Constrained time-averaged power and per-wave exciting force 
amplitude for two flap cross sections. 

 
Fig. 15: Ratio of hydrodynamic coefficients for the two cross sections. 

VI.   NUMBER OF ACTUATED FLAPS 
In the previous sections, the flaps were actuated in 

synchronization; however, a simpler control of the geometry 
may be to open the flaps independently.  This would allow for 
configurations in which the top flap or top two flaps were both 
pitched to 90 degrees as depicted in Fig. 16.  It would not be 
unexpected to see five resonance peaks accounting for each 
additional flap opened, which is confirmed in Fig. 17.  The 
simple control allows the device performance to be 
maximized over the range of 7‒16-s wave periods, in which 
an average value of 40 kW/m2 is obtainable.  Furthermore, as 
the flaps are opened the structural loading on the device is 
reduced which will allow for loading constraints to be 
maintained and peak loads to be reduced if an adequate wave 
prediction methodology is implemented. 

The results from this section also suggest that the fifth 
(bottom) flap should have little influence on the device 
performance. As seen in Fig. 17, there is only a small 
frequency range in which greater power is absorbed when 
compared to the four-flap configuration. Therefore, it is 
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expected that the fifth flap be fixed under normal operation.  
In extreme sea conditions, the fifth flap can be feathered to 
further reduce loading; however it will likely be more 
beneficial to permanently fix the flap to add structural rigidity 
and eliminate additional rotational actuators, thereby reducing 
the overall complexity of the design. 

  
Fig. 16: Solidworks model of two configurations (left: four flaps open and 
right: three flaps open). 

 
Fig. 17: Time-averaged power for five geometric configurations.  The 
legend indicates the number of flaps fully open, starting from the topmost.  
PTO damping values were taken from Eqn. (13) with a 0.75 MN.m.s limit. 

VII.  VISCOUS DRAG 
The previous analysis has been completed under the 

inviscid assumption.  This generalization often leads to 
significant overprediction in device motion and absorbed 
power.  The first attempt at modeling the viscous drag 
moment begins with Morison’s equation [16]: 

 (15) 

where fd is the drag force and CD is the drag coefficient which 
is a function of pitch angle and potentially of the radial 
position, Ap is the projected area of the flap normal to the 
rotational velocity of the OSWEC, |∙| denotes the absolute 
value, and r denotes the position of the drag element along the 
radial axis. The moment generated by taking a differential 
slice of the OSWEC along the xy-plane is given by: 

 (16) 

where MD is the drag-induced moment and dr is the 
differential unit along the radial axis. To obtain the total drag 
moment, Eqn. (16) must be integrated over the height of the 
OSWEC: 

 (17) 

Equation (17) can be integrated directly if the flaps are closed; 
however, as the flaps are pitched the projected area will need 
to be adjusted. The change in projected area with flap pitch 
angle will be modeled as: 

 (18) 

with the bounds of integration in Eqn. (17) set to: 

 (19) 

where rci is the radial position of the center of rotation of the i-
th flap.  The total drag moment is the summation over the total 
number of flaps: 

 (20) 

 (21) 

The drag coefficient was assumed to be constant over the foil.  
The difficulty in modeling is the appropriate choice of CD(φ) 
as the projected area is reduced, at most, by a factor of 1/6.  
For this analysis the following drag coefficients were used:  
CD(0) = 1.9 and CD(90) = 0.1.  
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Often the rotational velocity, in Eqn. (17), is subtracted by 
the undisturbed fluid orbital velocity, as described in Babarit 
et al. [17].  A nonlinear time domain model was constructed to 
ascertain the effect of the modelling approximation. Results 
showed minor differences and will not be discussed further in 
this preliminary analysis. 

The nonlinear time domain model was used to evaluate 
performance sensitivity to wave height. The viscous drag 
reduced the power capture efficiency by up to 60% for the 
largest wave amplitude, Fig. 18. The absorbed power has local 
maximums for each configuration; however, the two-flap 
geometry is the most robust over the frequency range as 
plotted in Fig. 19. 

 
Fig. 18: Variation of nondimensional capture width with wave amplitude 
for the configuration with four flaps open.  PTO damping values were 
taken from Eqn. (13) with a 0.75 MN.m.s limit. 

 
Fig. 19: Variation of time-averaged power and nondimensional capture 
width for four geometric configurations. PTO damping values were taken 
from Eqn. (13) with a 0.75 MN.m.s limit. 

A. Lorentz Linearization 
The frequency domain analysis used predominantly 

throughout this document cannot be used to model nonlinear 
systems; however, if the nonlinear terms can be linearized 

then spectral analysis in the frequency domain is still possible.  
For sinusoidal waves the torque generated by the nonlinear 
drag term can be substituted by a linear term using the Lorentz 
linearization [18].  This method consists of ensuring the work 
done over one wave cycle is the same for both linear and 
nonlinear expressions and can be represented by: 

 (22) 

where ˂∙˃ stands for the average over one wave cycle, Λ is 
the linearized viscous damping coefficient, and Λnl is the 
nonlinear viscous damping coefficient.  The result from 
integrating both terms in Eqn. (22) over one wave cycle 
provides the following expression for the linearized damping 
coefficient: 

 (23) 

The linearized viscous damping coefficient can now be 
inserted into Eqn. (10) leading to: 

 (24) 

A result of the substitution is the presence of the device 
amplitude of motion on both sides of the equation. An 
iterative-zero solver is required and the response is no longer 
invariant to the incoming wave amplitude.  It is possible to 
combine Eqn. (12) and Eqn. (24), with slight modifications, to 
form a constrained nonlinear optimization problem.  The 
problem can be solved using the MATLAB [19] function 
fmincon similar to the procedure described in Folley et al. [20].  
As a result the PTO damping required for optimum power 
absorption can be quickly obtained allowing for faster design 
iterations rather than running lengthy time-domain simulations. 

A sample set of results from solving the nonlinear 
problem is shown in Fig. 20‒Fig. 25 comparing wave 
amplitudes of 0.25 and 2 m.  A maximum pitch amplitude of 
30 degrees was set and the PTO damping was limited to 0.75 
MN.m.s.  As seen in Fig. 20, the power capture efficiency is 
the greatest because the incoming wave amplitude is too low 
to reach the imposed motion constraints; thus, the body is 
allowed to oscillate freely.  In this regime, the actuation of the 
foils is desired to maximize power absorption.  The response 
of the four geometric configurations can be found in Fig. 21, 
in which the typical resonant motion is still observed with the 
four-flap configuration.  The optimum PTO damping plotted 
in Fig. 22 shows a minimum at each resonant frequency; 
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however, as a result of the viscous damping contribution the 
PTO damping does not equal the wave damping.   

As the wave amplitude is increased to 2 m, in certain 
configurations and wave conditions a feasible solution cannot 
be found and are not plotted in Fig. 23.  As seen in Fig. 24, 
both the three- and four- flap configurations hug the upper 
limit on pitch motion because the damping magnitude is large 
enough to control the device.  See Fig. 25; however, for the 
other geometries, the PTO damping cannot reduce the motion 
amplitude below 30 degrees.  As such, it will be necessary for 
the geometry to open to the three-flap configuration to remain 
in operation and optimize power absorption. In this regime the 
flaps are successful at shedding hydrodynamic loads.  

VIII. CONCLUSIONS 
This paper has proposed a new wave energy converter 

device concept that has combined an OSWEC with active 
control surfaces. The control surfaces were shown to be 
effective at altering the device geometry to reduce the design 
loads and increase the capacity factor in larger sea states.  
Furthermore, the design was shown to be effective at tuning 
the hydrodynamic characteristics to match the resonant 
frequency of the device to the dominant wave-excitation 
frequency, which allows for optimum power extraction.  The 
current analysis has focused purely on regular waves, while 
assuming the PTO provides a constant and continuous linear 
damping coefficient; though, it is known that active control of 
the PTO system can be used to further optimize power 
absorption.  

The device concept was evaluated using traditional linear 
frequency domain techniques.  The performance sensitivity to 
foil pitch angle, foil cross section, and number of activated 
foils were presented to describe the design evolution and 
highlight areas of future research.  The analysis was further 
improved by introducing nonlinear hydrodynamics, namely, a 
quadratic viscous drag moment.  The nonlinear model was 
then used to examine how performance varied with wave 
height.  The viscous drag contribution was linearized using the 
Lorentz theorem, which allowed for construction of a 
nonlinear optimization problem that incorporated both motion 
and PTO constraints.  The results highlighted the ability of the 
device to adapt to various wave climates in terms of power 
optimization, increased capacity factor, and reduction of 
hydrodynamic loads.  Future work will be required to evaluate 
the structural and actuator requirements to determine final 
feasibility. 
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Fig. 20: Constrained time-averaged power and nondimensional capture 
width for four configurations using the nonlinear optimizer with A= 0.25 
m. 

 
Fig. 21: Constrained RAO magnitude and pitch amplitude for four 
configurations using the nonlinear optimizer with A = 0.25 m. 

 
Fig. 22: Constrained optimum PTO damping for four configurations 
using the nonlinear optimizer with A = 0.25 m.  
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Fig. 23: Constrained time averaged power and nondimensional capture 
width for four configurations using the nonlinear optimizer with A = 2 m. 

 
Fig. 24: Constrained RAO magnitude and pitch amplitude for four 
configurations using the nonlinear optimizer with A = 2 m. 

 
Fig. 25: Constrained optimum PTO damping for four configurations 
using the nonlinear optimizer with A = 2 m. 
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