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Abstract—The performance of a lift based wave energy con-
verter in unidirectional irregular deep ocean waves is investi-
gated. The energy converter consists of two hydrofoils attached
parallel to a horizontal main shaft at a radius. The main
shaft is aligned parallel to the wave crests and submerged at
a fixed depth. The local flow field induced by the incident
wave will cause the hydrofoils to rotate about the main shaft.
The orientation of each hydrofoil is adjusted to produce the
desired level of bound circulation. The energy converter and
incident wave field are modeled using potential flow theory. The
wave field is assumed to be long-crested and the hydrofoil span
infinitely long, thereby the resulting flow field is two-dimensional.
Each hydrofoil is modeled as a point vortex moving under a
free surface. The irregular ocean wave is modeled by linear
superposition of a finite number of regular wave components.
The amplitude and frequency of each component is determined
based on a Bretschneider spectrum. The hydrofoil position and
bound circulation are controlled using a sensor located up-wave
of the device and wave state estimator. The results demonstrate
the converter’s ability to effectively extract energy from multiple
wave components simultaneously. Device efficiencies for incident
wave fields consisting of 7 and 10 regular wave components were
85% and 77%, respectively.

Index Terms—Ocean Wave Energy Conversion, Irregular Deep
Ocean Wave, Cycloidal Wave Energy Converter, Feedback flow-
control

I. I NTRODUCTION

The majority of existing ocean wave energy converters
transform the wave energy into reciprocating mechanical mo-
tion, which then drives an intermediate power-take-off system
that converters the energy to a useful form. However, it is
possible to convert wave energy directly to rotational me-
chanical energy using a lift based energy converter consisting
of one or more rotating hydrofoils aligned parallel with the
incident wave crest [1]–[6]. The local flow field induced by
the incident wave will cause the hydrofoils to rotate about the
main shaft at the incident wave frequency [5]. The turbine
efficiency is strongly dependent on the relative phase between
the incident wave and hydrofoils and the bound circulation of
each hydrofoil. Physically, circulation strength is related to the
pitch angle of the hydrofoils and the local induced flow field.
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Fig. 1. Cycloidal wave energy converter geometry.

The geometry of this wave energy converter is similar to
the well established Cycloidal or Voith-Schneider propeller,
and is referred to as a Cycloidal Wave Energy Converter
(CycWEC). A schematic of the CycWEC, as considered in this
paper, is shown in Fig. 1. It features two hydrofoils with180
degrees of phase attached parallel to a horizontally oriented
main shaft at a radiusR, rotating clockwise at angular speed
ω, and submerged a depthyc, which is measured relative to a
Cartesian coordinate system withy = 0 being the undisturbed
free surface. The hydrofoils are assumed to have infinite span
in the third dimension, which is reasonable for hydrofoils
having a large aspect ratio. They are also assumed to be
aligned parallel with the incident wave crests. The orientation
(pitch) of each hydrofoil may be adjusted to produce the
desired level of circulationΓ. At any point on the free surface
the vertical elevation isη and peak-to-peak amplitude of the
resulting wave field isH . The incoming ocean waveWI is
assumed to travel left to right, and waves generated by the
CycWEC traveling in the direction of the incoming wave
are considered traveling in the down-wave direction and are
identified asWR−down; while waves traveling in the opposite
direction are considered traveling up-wave and are identified
asWR−up.

The CycWEC concept was first investigated in the late



1980s by researchers at TU Delft University [4]–[6]. Experi-
ments conducted at MARIN using a single hydrofoil attached
to a submerged horizontal shaft verified that the device could
operate as a winch in regular long crested waves. The concept
was further investigated both experimentally in [4] and numer-
ically in [6]. This initial work demonstrated the feasibility of
the approach, as well as the ability of the CycWEC to self-
synchronize with the incoming wave frequency and rotational
phase. However, the conversion efficiencies found both in the
theoretical work and the wave tunnel experiments were very
small, on the order of few percent in experiments, with a
theoretical maximum of 15%.

Recent research at the United States Air Force Academy
(USAFA) has focused on extending the original work con-
ducted at TU Delft [1]. The primary objective is to increase
the device efficiency by operating at significantly higher
blade speeds than the wave-induced velocity and by using
feedback flow-control to intelligently control the turbineblade
orientation and position based on the incident wave field.
Initially, computational simulations were performed in [1] and
[2] with the device operating as a wave generator with a
constant rotational rate and bound circulation. This verified
that the CycWEC primarily produces a single-sided wave field
and thus is well suited for operation as a wave termination
device. The resulting wave field was composed of three
components, the fundamental wave and its first two harmonics.
The frequency of the fundamental wave matched the rotational
frequency of the CycWEC and the amplitude was proportional
to the hydrofoil bound circulation. For a given bound circula-
tion, the wave amplitude decreased nonlinearly as the device
submergence depth increased.

The study also showed that resulting wave amplitudes
are strongly dependent on the device radius, which, for a
given rotational frequency, is proportional to blade speed. The
fundamental wave amplitude was maximized when2R/λ =
1/π, whereλ is the fundamental wave length. It was also
determined that by using a configuration with two hydrofoils
of opposite circulation and180 degrees of phase the first
harmonic from each wave canceled. This was a significant
finding because, as noted in [5], the potential of the device
was limited by the fact that the amplitude of the generated
harmonic waves became increasingly significant as the device
was situated closer to the free surface, which is the same region
where the device becomes an efficient wave generator.

Wave cancellation of both deep and intermediate long
crested regular ocean waves was successfully demonstratedin
[1] and [2]. To operate as an effective wave termination device
the motion of the CycWEC was synchronized in frequency and
phase locked to the incoming wave. The circulation of the
hydrofoils was adjusted to produce the same wave amplitude
as the incoming wave. Inviscid simulations resulted in device
efficiencies in excess of 99%.

Preliminary wave generation and cancellation experiments
at a 1/300 scale have been conducted at USAFA and the results
can be found in [7]. For the wave cancellation experiments
the regular incident wave field is known and the CycWEC

was synchronized according. In general, the results from
the experiments agree well with the computational results
in [1] and [2]. More recently, small scale experiments with
regular wave cancellation employing both state estimationand
feedback control have been completed.

Real ocean waves are random in nature with wave patterns
that are ever changing in both time and space. This will require
significantly more complex feedback flow-control algorithms
for the CycWEC to operate efficiently as an ocean wave
energy converter. The hydrofoil bound circulation, device
phase and rotational frequency must continuously vary. As
such, the objective of this paper is to numerically investigate
the performance of a CycWEC in unidirectional long crested
irregular ocean waves.

II. COMPUTATIONAL MODEL

The CycWEC and wave-induced flow field are modeled us-
ing potential flow theory. For an inviscid, incompressible,and
irrotational flow, the governing continuity equation simplifies
to the Laplace equation,

∇2Φ = 0 (1)

whereΦ is the velocity potential. Unique solutions to Equa-
tion 1 are determined by satisfying the appropriate boundary
conditions based on physical considerations. In seeking two-
dimensional solutions it is often convenient to define the
complex stream function in terms of the complex coordinate
z = x+ iy,

F (z, t) = Φ + iΨ (2)

whereΨ is the stream function and the complex velocity is
defined bydF/dz = u− iv.

A. Cycloidal Wave Energy Converter Model

The simplest representation of a two-dimensional hydrofoil
that correctly represents the flow induced in the far field is
a point vortex of strengthΓ equal to the hydrofoil bound
circulation. When the hydrofoil is in the presence of a free
surface it is imperative that the appropriate kinematic and
dynamic boundary conditions be satisfied on that surface.
Derivations of the linearized free surface boundary condition
can be found in [8]. Neglecting higher order terms, the
kinematic boundary condition ensuring the vertical velocity
of the free surface and the fluid are equal is,

∂η

∂t
=

∂Φ

∂y
. (3)

The dynamic boundary condition ensuring the pressure on the
free surface is atmospheric is determined from Bernoulli’s
equation. Substituting the free surface elevation fory, and
again neglecting higher order terms results in,

η = −1/g
∂Φ

∂t
, (4)



where g = 9.81 m/s is the gravity constant. Due to the
linearization, Equation 4 can be imposed aty = 0. A
non-reflective boundary condition is applied at the domain
boundaries to avoid wave reflections.

Subject to the above boundary conditions, the complex
potential for a vortex moving under a free surface with position
c(t) = x(t) + iy(t) in the complex plane is developed in [9]
to be,

F (z, t) =
Γ(t)

2πi
ln

(

z − c(t)

z − c̄(t)

)

+
g

πi

∫ t

0

∫

∞

0

Γ(τ)√
gk

e−ik(z−c̄(τ))

× sin
[

√

gk(t− τ)
]

dkdτ (5)

whereΓ(t) is the circulation of the vortex, andk the wave
number. The first term is the complex potential due to the
vortex and its mirror image above the surface, which is neces-
sary to satisfy the kinematic free surface condition. The second
term describes the radiated waves related to the dynamic free
surface condition. It is also important to note that in Equation 5
the fluid is assumed to be infinitely deep.

Each CycWEC hydrofoil is modeled by numerically in-
tegrating Equation 5 using a second order time and wave
number marching technique. To ensure that the numerical
solution sufficiently converges, numerical integration settings
for ∆t, ∆k, andkmax were chosen based on the results of the
convergence study presented in [1]. Equation 4 is then used
to determine the resulting surface elevation and wave pattern.
The theory of superposition is used to extend this approach to
a CycWEC with two hydrofoils, where the total potential is
determined fromΦtotal =

∑2
i=1 Φi andΦi is the potential of

each hydrofoil.
The position of each hydrofoil is a function of the in-

stantaneous incident wave field and is determined from the
implemented feedback flow-control scheme. The coordinates
for the first hydrofoil moving about the center of rotation
(0, yc) with radiusR is,

x1(t) = R cos[φ(t)]

y1(t) = yc −R sin[φ(t)], (6)

and for the second hydrofoil is,

x2(t) = R cos[φ(t) + π]

y2(t) = yc −R sin[φ(t) + π], (7)

whereφ is the angular position of the first hydrofoil measured
clockwise from they-axis.

The hydrofoil bound circulationΓ(t) is a function of the
instantaneous wave height and is also determined from the
implemented feedback flow-control scheme. It should be noted
that no wake model is implemented to ensure that Kelvin’s
conditions is satisfied at each time step. In actuality each hy-
drofoil would shed vorticity into its wake of an amount equal

to the change in bound circulation. Thin hydrofoil simulations
presented in [1] showed that this effect is negligible for far
field estimates of surface elevation when the hydrofoil chord
is small relative to the wave length (i.e.,c/λ << 1).

B. Irregular Wave Model

The irregular incident wave field is modeled using a lin-
ear superposition of a finite number of linear Airy wave
components. The velocity potential for a unidirectional deep
ocean wave propagating in thex-direction and satisfying the
linearized free surface boundary conditions is given in [8]to
be,

ΦAiry(x, y, t) =
Hg

2ω
ekysin (kx− ωt+ θ) (8)

whereH is the peak-to-peak wave amplitude,ω is the wave
frequency,k is the wave number andθ is a random phase an-
gle. Thus, the velocity potential for the unidirectional irregular
incident wave field is given by,

ΦI(x, y, t) =

NI
∑

i=1

Hig

2ωi

ekiysin (kix− ωit+ θi) (9)

and the resulting surface elevation is,

ηI(x, t) =

NI
∑

i=1

Hi

2
cos (kix− ωit+ θi) , (10)

whereNI is the number of regular wave components used to
represent the irregular wave field, andHi, ki, ωi andθi are the
wave height, number, frequency and phase for componenti,
respectively. The wave phase componentsθi are obtained using
a random number generator based on a uniform distribution
between0 and 2π. The fidelity of the irregular wave field
will increase as the number of wave components is increased.
According to [10], a minimum of 20 wave components are
required for modeling a unidirectional irregular seaway.

The amplitude for componenti is based on a specified wave
spectrum according to,

ai =
Hi

2
=

√

2SI(ωi)∆ωi, (11)

whereSI is the spectral density and∆ωi is the wave frequency
interval for componenti.

For the current study the the incident wave field is modeled
using the Bretschneider wave spectrum, which is a commonly
used two parameter model for wave spectra in the open ocean.
The 15th International Towing Tank Conference [11] defines
the Bretschneider spectrum as,

SI(ω) =
486.0H2

s

T 4
pω

5
exp

−1948.2

T 4
pω

4
, (12)

whereHs is the significant wave height andTp is the wave
period associated with the peak energy. The Bretschneider
wave spectrum forHs = 3.25 m andTp = 9.7 s (i.e. sea-
state 5) is shown in Fig. 2(a). Also shown are the resulting
wave components when the spectrum is divided into 21 wave
components withωmin = 0.4 rad/s, ωmax = 2.0 rad/s,



and ∆ωi = 0.08 rad/s. Each wave component is identified
numerically in Fig. 2(a) and are identified asWI1 − WI21

throughout the remainder of the paper. The amplitude of each
wave is determined from Equation 11.

With the period and amplitude of each component wave de-
fined, the associated wave length and power can be determined
from Airy wave theory. The wave length is determined from
the dispersion relationship as follows,

λi =
T 2
i g

2π
, (13)

whereλi andTi are the wavelength and period of component
i. The wave power per unit length,Pi, associated with each
component is related to the wave height and period by,

Pi =
1

32π
ρg2H2

i Ti, (14)

where ρ is the density of water (assumed to beρ = 1000
kg/m3 for this study). Since the wave power scales linearly
with the wave period, higher harmonic waves of the same wave
height will contain less energy in proportion to their period.
Also note the quadratic relationship between wave energy and
wave height. The power associated with each component wave
in Fig. 2(a) is shown in Fig. 2(b). The total power of all 21
components is 41.79 kW/m andWI4 has the peak power of
all individual components with 8.75 kW/m.

C. Feedback Flow Control Model

For the successful cancellation of an unknown, incoming
airy wave, feedback control and wave state estimation are
necessary. Algorithms to interpret and estimate the wave state
in real time fashion are needed to adequately control and
efficiently extract energy. The wave state for a single Airy
wave is defined as phaseφ, frequencyω, and wave height
H . A sensor which measures the wave height over time is
placed upstream of the CycWEC. This measurement is defined
as η(t) and displays purely a periodic signal with unknown
frequency and amplitude and is also corrupted by a small
amount of high frequency noise. The implemented feedback
control scheme is shown in Figure 3. The sensor relays a signal
to the estimator which estimates the wave height, phase and
period. The controller then computes the rotational position
and blade angle to generate an opposing wave that effectively
cancel the incident wave field.

Given a time history of the upstream measurement
a relation is sought such that[ω̂(t)φ̂(t)Ĥ(t)]T =
fcn ([η(t), η(t− 1), . . . , η(t− n)]) + e(t) with minimal es-
timation error, e(t). A typical Fourier analysis falls short
because instantaneous phase information is lost in the decom-
position. Therefore, other digital signal processing methods
need to be implemented. Because the up-wave wave height
measurement contains no negative frequency components, the
signal can be expressed as an analytic signal such that,

η(t) =
1

2π

∫

∞

0

η(ω)ejωtdω. (15)
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Fig. 2. Incident wave field modeled using the Bretschneider wave spectrum
and 21 discrete wave components based on Airy wave theory.

A complex representation of a periodic signal isejωt =
η(t) + iη̂(t). The complex component of the analytic signal,
which is unknown at this point, is analogous to the Hilbert
transformation,H[•], of the real component; that iŝη(t) =
H[η(t)]. The Hilbert transformation is a linear filter which
produces a phase shift of±π

2 over all frequencies present in
the signal,η(t). In the time domain the transformation for
this linear filter is identically the convolution with1

πt
which

is shown as,

H[η(t)] =
1

πt
∗ η(t) = 1

π

∫

∞

−∞

η(t− τ)

τ
dτ. (16)

In the frequency domain the transform of the signalf = 1
πt

is

−jsgn(f) =







−jf > 0
0f = 0
jf < 0

(17)
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Fig. 3. Block diagram of the implemented feedback flow control scheme for
the cycloidal wave energy converter.

The transfer function of this ideal filter will have a magnitude
of one and phase of±π

2 for ±ω, respectively. Because the
Fourier transform is a non-causal transformation (dependent
on previous, current and future measurements), an approx-
imation to this transformation is necessary. Typical filters
such as finite impulse response (FIR) and infinite impulse
response (IIR) filters can be designed to simulate the response
of 1

πt
. As for the purposes of this paper a 3 stage cascading

IIR filter is used to estimate the complex component of the
Hilbert transformation with minimal phase (although non-
linear) delays at the designed frequency.

Now that the real and complex components of the analytic
signal are known to some degree of error, the instantaneous
amplitude is estimated from theL2 norm of the signals, (i.e.,
Ĥ(t) = ‖η(t) + ˆη(t)‖2). The instantaneous phase is then
computed as the angle between the real and complex estimate
as, φ̂(t) = arctan( η̂(t)

η(t) ). The instantaneous frequency is the
time derivative of the phase estimate.

As seen in Fig. 3, the wave state is now fully estimated.
The control scheme is very basic for the purposes of this
paper. Proportional control is used for the blade pitch (i.e.,
bound circulation), such thatαi(t) = Pgain

ˆH(t). This is a
reasonable assumption as open loop wave generation results
shown in [1] display a very linear relationship between the
bound circulation and resulting wave height. As for rotary
control of the propeller the group velocity is estimated and
compensated for as a phase delay. The time delays are then
superimposed to control the rotational velocity of the main
shaft in a stepwise fashion, such thatθ(t) = φ(t) + ηλ

Cg
+ θf ,

whereCg is the group velocity of the wave, andθf is the
phase compensation of the Hilbert transformation filter.

III. R ESULTS AND DISCUSSION

The majority of the energy in the Bretschneider spectrum
(and other theoretical and measured ocean wave energy spec-
tra) is contained in the low frequency, large wave length com-
ponents; therefore, it is imperative that the CycWEC perform
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well in this region. As such, wave componentsWI1−WI10 in
Fig. 2, which contain 95% of the total energy in all 21 wave
components, are considered in the current study. If deemed
necessary, future investigations may consider the effectsof all
21 wave components. SinceWI4 contains the peak power of
all discrete waves considered, it is refered to as the standard
wave and identified asWstd. The standard period, wave length
and amplitude are defined asTstd = 9.817 s, λstd = 150.48
m, and astd = 0.48 m . The CycWEC design parameters
are optimized for extracing energy from the standard wave
based on the result presented in [1]. In particular, the device
radius was chosen such thatR/λstd = 1/2π and the device
submergence depth is fixed atyc/λstd = −0.1632.

A. Wave Generation

To achieve wave cancellation, the wave generated by the
CycWEC in the down-wave direction must match the incident
wave amplitude and period, while being exactly out of phase.
To ensure that a CycWEC optimized forWstd can extract
energy from wave componentsWI1 − WI10, an initial in-
vestigation of the wave generation properties as a function
of the device rotational period was conducted. The hydrofoil
bound circulation was held constant for all simulations at
ΓTstd/λ

2
std = 0.0043 and the CycWEC period was varied to

match each of the 10 wave components in the Bretschneider
spectrum considered, (i.e.,T = Ti for i = 1−10). The result-
ing transient and steady state surface elevations atx = ±λstd

were determined for each case.
The generated wave pattern as a function of time atx = λstd

is shown in Fig. 4 for the design case ofT/Tstd = 1.0.
Also shown is the resulting fundamental wave height of the
generated wave as a function of time,H(t). After several
rotations of the CycWEC the free surface becomes periodic
in time, and is referred to as a steady state wave pattern. As
indicated in the figure,H(t) was used to determine the time
necessary to achieve a steady state wave pattern,∆ts. Both
∆ts andH(t) varied with the CycWEC period.
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The time to achieve a steady state wave pattern atx = λstd

was determined for each simulation and is plotted in Fig. 5. As
the device period is decreased the total number of revolutions
necessary to reach steady state increases nonlinearly. When
T/Tstd = 0.57 (i.e., WI10) 9 complete revolutions are neces-
sary to reach steady state. This result will introduce additional
complexity in the feedback control scheme when canceling a
dynamic irregular wave field.

A Fast Fourier Transform (FFT) analysis was performed
on the generated steady state wave fields atx = ±λstd to
decompose the resulting wave field into its components. For
all simulations the FFT analysis showed that the CycWEC
generates a fundamental wave having a period equal to the
CycWEC and the2nd harmonic having a period ofT/3. This is
in agreement with the results of [1], which showed that for the
current configuration the1st harmonic wave from each hydro-

foil cancels in both the up- and down-wave directions and no
higher harmonic waves are generated. The relative amplitudes
of the fundamental and harmonic waves atx = ±λstd is shown
in Fig. 6, where the fundamental and first two harmonic waves
are identified asH1, H2, andH3, respectively. Note that for
all cases the dominant wave amplitude isH1−down, indicating
that a single CycWEC can potentially efficiently extract energy
from incident waves ranging in frequency fromω = 0.4− 1.2
rad/s.

B. Wave Cancellation

The interaction between the CycWEC and the incident wave
field is modeled by linearly combining the velocity potentials
given in Equations 5 and 9. The surface elevation is sub-
sequently determined using Equation 4. To achieve effective
energy extraction the position of the CycWEC hydrofoils and
bound circulation are controlled using the feedback control
scheme described in Section II.C. The sensor for the wave state
estimator is located up-wave atx = −λstd. The objective is to
optimally control the hydrofoil circulation and angular position
such that the CycWEC extracts energy from the various wave
components simultaneously.

The primary variable of merit for the CycWEC design is
the percentage of the wave energy extracted from the incident
wave field, defined as the device hydrodynamic efficiency,ǫ.
The efficiency is determined from a control volume analysis
based on energy conservation which is implicit in the unsteady
Bernoulli equation. The analysis assumes that all energy
leaving or entering at the up–wave and down–wave boundaries
is contained in traveling Airy type waves. Thus, the power
difference at both boundaries is to be provided or absorbed by
the CycWEC hydrofoils. The domain boundaries are located
at ±λstd. The hydrodynamic efficiency is defined as,

ε = 1− |PI − PR−up|+ PR−down

PI

, (18)

wherePI is the power contained in the incident wave field
at the up-wave boundary without the turbine,PR−up and
PR−down are the power contained in the resulting wave fields
at the up-wave and down-wave boundaries, respectively, with
the CycWEC operating. The hydrodynamic efficiency will
reach a value of one when the incident wave field at the up-
wave boundary is undisturbed by the CycWEC and the wave
field at the down-wave boundary approaches zero.

The resulting wave fields at the up- and down-wave bound-
aries (i.e.,x = ±λstd) are reconstructed using a FFT. To
ensure that initial transients did not affect the analysis,data
prior to t/Tstd = 10 was discarded. To determine the total
power in the wave fieldsPR−up and PR−down, each wave
component identified in the FFT was assumed to be an
Airy type and its associated power was determined from
Equation 14. The resulting hydrodynamic efficiency was then
determined using Equation 18.

1) Two-Component Incident Wave: An initial assessment
of the CycWEC controller was performed by investigating the
performance with an incident wave field consisting of two
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regular wave components whereWI = WIi +Wstd with i =
1−3 and5−10. For each incident wave field combination the
phase between the component waves was varied as follows,
θstd = 0 degrees andθi = 0, 45, 90, and13 degrees.

Typical resulting wave patterns as a function of time atx =
±λstd are shown in Fig. 7. The case shown is for the incident
wave fieldWI = WI5 +Wstd andθ5 = 90 degrees. Note that
the resulting and incident wave fields at the up-wave boundary
are nearly identical and the resulting wave field at the down-
wave boundary has been significantly reduced, indicating that
a significant portion of the energy in the incident wave field
has been absorbed by the blades of the CycWEC. For this
particular case the hydrodynamic efficiency was determined
using Equation 18 to beǫ = 0.92.

It was shown in [1] that for effective energy extraction from
a given regular deep ocean wave both the CycWEC hydrofoil
bound circulation and angular speed are constant. However,
as previously outlined, for an irregular incident wave fieldthe
hydrofoil bound circulation must be directly controlled and
the blade angular speed must be indirectly controlled (through
angular positionφ) in real time using up-wave measurements
of the surface elevation. The resulting bound circulation and
blade angular speed as functions of time for the case presented
in Fig. 7 are shown in Fig. 8. This highlights the additional
complexity of effective energy extraction from an incident
wave field consisting of just two Airy waves with similar
frequency and random phase.

To determine the wave components in the resulting wave
field at the up- and down- wave boundary an FFT analysis was
performed on each two-component incident wave simulation.
The results for each simulation withθi = 90 degrees are
shown in Fig.9. Figures 9(a) and 9(b) highlight that when the
incident wave field consists of the standard wave and a low fre-
quency, low energy, wave component the controller generates
a resulting wave field that primarily cancels the standard wave
and the low frequency wave passes relatively undisturbed.

0 5 10 15 20 25 30
0

1

2

3

4

5

t/T
std

ω
 (

ra
d/

s)
; 1

00
0 

x 
ΓT

st
d/λ

st
d

 

 

ω(t)
Γ(t)

Fig. 8. Circulation and angular rotation rate of the hydrofoils for a two-
component incident wave withWI = WI5 +Wstd andθ5 = 90 degrees.

Figure 9(c) - 9(f) highlight that when the incident wave field
consists of two wave components with similar frequency,
both carrying a significant portion of the total energy, the
controller generates a wave field that effectively cancels both
components in the incident wave field simultaneously. Figures
9(g)-9(i) highlight that when the incident wave field consists
of the standard wave and a high frequency, low energy, wave
component the controller generates a resulting wave field that
primarily cancels the standard wave and the high frequency
wave passes relatively undisturbed. This behavior is expected
because the controller is optimized for extracting energy from
the high energy waves near the peak of the Bretschneider
spectrum. Importantly, the low and high frequency waves that
carry less energy do not ”confuse” the controller, and the
CycWEC is still able to effectively cancel the high energy
carrying wave.

The hydrodynamic efficiency for each of the two-component
wave simulations was determined using Equation 18 and the
results are shown in Fig. 10. The results have been plotted sep-
arately for each of the relative phase angles,θi, investigated.
With the exception of the results forWI = WI6 +Wstd and
θ6 = 0 and45 degrees, for all simulations withTi/Tstd > 0.72
the hydrodynamic efficiencies are in excess ofǫ = 0.8 and the
maximum efficiency achieved wasǫ = 0.97. For simulations
with Ti/Tstd < 0.72 the hydrodynamic efficiency is reduced
because, as previously noted, the CycWEC does not cancel
the high frequency wave. The hydrodynamic efficiency was
dependent on the relative phase between the two component
waves and the cause of this result is still unknown and requires
further investigation. Overall, these results demonstrate the
CycWEC’s ability to effectively extract energy from multiple
wave components simultaneously through intelligent control
of the hydrofoil pitch and position. Thus the CycWEC has the
potential to operate effectively in irregular deep ocean waves.

2) Multi-Component Incident Wave: To determine if the
CycWEC is effective as extracting wave energy from a more
realistic irregular unidirectional deep ocean wave field, sim-
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(a) FFT analysis of incident and resulting wave
fields for WI = WI1 + Wstd and θ1 = 90

degrees.
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(b) FFT analysis of incident and resulting wave
fields for WI = WI2 + Wstd and θ2 = 90

degrees.
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(c) FFT analysis of incident and resulting wave
fields for WI = WI3 + Wstd and θ3 = 90

degrees.
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(d) FFT analysis of incident and resulting wave
fields for WI = WI5 + Wstd and θ5 = 90

degrees.
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(e) FFT analysis of incident and resulting wave
fields for WI = WI6 + Wstd and θ6 = 90

degrees.
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(f) FFT analysis of incident and resulting wave
fields for WI = WI7 + Wstd and θ7 = 90

degrees.

0 0.5 1 1.5 2 2.5 3
0

0.2

0.4

0.6

0.8

1

T/T
std

H
//H

st
d

 

 

W
I

W
R−up

W
R−down

(g) FFT analysis of incident and resulting wave
fields for WI = WI8 + Wstd and θ8 = 90

degrees.
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(h) FFT analysis of incident and resulting wave
fields for WI = WI9 + Wstd and θ9 = 90

degrees.
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(i) FFT analysis of incident and resulting wave
fields for WI = WI10 + Wstd and θ10 = 90

degrees.

Fig. 9. FFT analysis of incident and resulting wave fields fortwo-component simulations withθi = 90 degrees andθstd = 0 degrees.

ulations were completed with incident wave fields consisting
of 7- and 10-components waves. The 7-component incident
wave was defined asWI =

∑7
i=1 Wi and the 10-component

incident wave was defined asWI =
∑10

i=1 Wi, where each
componentWi was defined in Fig. 2. The phase,θi, for each
component was determined using a random number generator
based on a uniform distribution between0 and 2π. Results
for the 7-component incident wave simulation are shown in
Fig. 11 and for the 10-component incident wave simulation
are shown in Fig. 12.

Plotted in Fig. 11(a) and 12(a) are the incident and resulting

wave patterns atx = ±λstd. Note that for both simulations
the resulting and incident wave fields at the up-wave boundary
are very similar and the resulting wave field at the down-
wave boundary has been reduced, indicating that a significant
portion of the energy in the incident wave field has been
extracted by the CycWEC.

Time histories of bound circulation and blade angular speed
are plotted in Fig. 11(b) and 12(b) for each respective simu-
lation. For both simulations the bound circulation and angular
speed are significantly more complex and random than the
distributions shown previously in Fig. 8 for the 2-component



0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
0.5

0.6

0.7

0.8

0.9

1

T
i
 / T

std

ε

 

 

θ
i
= 0 deg

θ
i
 = 45 deg

θ
i
 =90 deg

θ
i
 =135 deg

Fig. 10. Hydrodynamic efficiency for each two-component incident wave
simulation.

simulation. This highlights the additional complexity associ-
ated with effective energy extraction from a realistic irregular
incident wave field.

To determine the wave components in the resulting wave
field at the up- and down- wave boundary an FFT analy-
sis was performed on both multi-component incident wave
simulations. The results for each simulation are shown in
Figs.11(c) and 12(c), respectively. The FFT results in Fig.
11(c) indicate that the CycWEC is effectively canceling all
7-components of the incident wave field simultaneously. As
such, the hydrodynamic efficiency for this simulation was
ǫ = 0.85. The FFT results in Fig. 12(c) indicate that the
CycWEC is effectively canceling the first 7-components of
the incident wave field (i.e.,WI1 −WI7), while components
8-10 (i.e.,WI8 − WI10)are passing the CycWEC relatively
undisturbed. As such, the hydrodynamic efficiency for this
simulation was somewhat lower, atǫ = 0.77, but still very
encouraging given the complexity of the incident wave field.

IV. CONCLUSION

Inviscid numerical simulations were conducted to determine
the cycloidal wave energy converter performance in irregu-
lar unidirectional deep ocean waves. Initial wave generation
simulations demonstrated that a single CycWEC can generate
single sided waves with frequencies ranging from0.4 rad/s
to 1.12 rad/s by varying the device rotational period. This
frequency range spans the wave frequencies that transport
the majority of the wave energy in typical deep ocean wave
spectra. The efficient cancellation of irregular deep ocean
waves was also demonstrated. This was accomplished by
controlling the position of the CycWEC hydrofoils and bound
circulation using the feedback flow-control. Initial simulations
with an irregular incident wave field consisting of two regular
wave components superimposed demonstrated the ability to
effectively extract energy from multiple wave components
simultaneously. The hydrodynamic efficiency for these sim-
ulations ranged from 0.57 to 0.98, but for most simulations
was greater than 0.80. To determine the CycWEC performance

in more realistic irregular unidirectional deep ocean wave
fields, simulations were completed with incident wave fields
consisting of 7- and 10-regular wave components. Hydrody-
namic efficiencies for these simulations were 0.85 and 0.77,
respectively. Thus the CycWEC has the potential to operate
effectively in irregular unidirectional deep ocean waves.All
of the results presented here will be validated against 1/10
scale experiments that will begin in 2011 at the Texas A&M
Offshore Technology Research Center .
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(a) Resulting surface elevation atx = ±λstd.
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(b) Hydrofoil circulation and angular rotation rate.
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(c) FFT analysis of incident and resulting wave fields atx = ±λstd.

Fig. 11. Simulation results for the 7-component incident wave field,WI =∑
7

i=1
Wi, each with a random phase,θi, based on a uniform distribution

between0 and2π. The calculated hydrodynamic efficiency wasǫ = 0.85.
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(a) Resulting surface elevation atx = ±λstd.
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(b) Hydrofoil circulation and angular rotation rate.
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(c) FFT analysis of incident and resulting wave fields atx = ±λstd.

Fig. 12. Simulation results for a 10-component incident wave field,WI =∑
10

i=1
Wi, each with a random phase,θi, based on a uniform distribution

between0 and2π. The calculated hydrodynamic efficiency wasǫ = 0.77.


