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Abstract—The perfi f a lift based T T
ract—The performance of a lift based wave energy con- . AN Wi
verter in unidirectional irregular deep ocean waves is invsti- VY AN
gated. The energy converter consists of two hydrofoils attzhed
parallel to a horizontal main shaft at a radius. The main NNSW ‘ n(x,t)

shaft is aligned parallel to the wave crests and submerged at E—; A Water Surface
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 ad D(x,y,t)
incident wave field are modeled using potential flow theory. e
wave field is assumed to be long-crested and the hydrofoil spa
infinitely long, thereby the resulting flow field is two-dimersional.
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 rad
bound circulation are controlled using a sensor located uwave
of the device and wave state estimator. The results demonste The geometry of this wave energy converter is similar to

the converter's ability to effectively extract energy from multiple  the well established Cycloidal or Voith-Schneider progell
wave components simultaneously. Device efficiencies fordident 544 is referred to as a Cycloidal Wave Energy Converter

wave fields consisting of 7 and 10 regular wave components wer . . . .
85% and 77%, respectively. (CycWEC). A schematic of the CycWEC, as considered in this

Index Terms—Ocean Wave Energy Conversion, Iregular Deep P2Per, is shown in Fig. 1. It features two hydrofoils wits)
Ocean Wave, Cycloidal Wave Energy Converter, Feedback flow- degrees of phase attached parallel to a horizontally @dent
control main shaft at a radiu®, rotating clockwise at angular speed

w, and submerged a depth, which is measured relative to a
l. INTRODUCTION Cartesian coordinate system wigh= 0 being the undisturbed
free surface. The hydrofoils are assumed to have infinita spa

The majority of existing ocean wave energy converteis the third dimension, which is reasonable for hydrofoils
transform the wave energy into reciprocating mechanical mbaving a large aspect ratio. They are also assumed to be
tion, which then drives an intermediate power-take-ofteys aligned parallel with the incident wave crests. The origote
that converters the energy to a useful form. However, it (pitch) of each hydrofoil may be adjusted to produce the
possible to convert wave energy directly to rotational melesired level of circulatio. At any point on the free surface
chanical energy using a lift based energy converter cangistthe vertical elevation ig and peak-to-peak amplitude of the
of one or more rotating hydrofoils aligned parallel with theesulting wave field isH. The incoming ocean wav#/; is
incident wave crest [1]-[6]. The local flow field induced byassumed to travel left to right, and waves generated by the
the incident wave will cause the hydrofoils to rotate abbet t CycWEC traveling in the direction of the incoming wave
main shaft at the incident wave frequency [5]. The turbinare considered traveling in the down-wave direction and are
efficiency is strongly dependent on the relative phase mtwddentified asiWg_ 40.,; While waves traveling in the opposite
the incident wave and hydrofoils and the bound circulatibn direction are considered traveling up-wave and are idedtifi
each hydrofoil. Physically, circulation strength is refto the asWg_,,,.
pitch angle of the hydrofoils and the local induced flow field. The CycWEC concept was first investigated in the late

Ocean Floor

Fig. 1. Cycloidal wave energy converter geometry.



1980s by researchers at TU Delft University [4]-[6]. Experiwas synchronized according. In general, the results from
ments conducted at MARIN using a single hydrofoil attachettie experiments agree well with the computational results
to a submerged horizontal shaft verified that the deviceccouh [1] and [2]. More recently, small scale experiments with
operate as a winch in regular long crested waves. The conceggiular wave cancellation employing both state estimeasdiwh
was further investigated both experimentally in [4] and etm feedback control have been completed.
ically in [6]. This initial work demonstrated the feasilyliof Real ocean waves are random in nature with wave patterns
the approach, as well as the ability of the CycWEC to selfhat are ever changing in both time and space. This will mequi
synchronize with the incoming wave frequency and rotafionsignificantly more complex feedback flow-control algorithm
phase. However, the conversion efficiencies found bothen tfor the CycWEC to operate efficiently as an ocean wave
theoretical work and the wave tunnel experiments were vespergy converter. The hydrofoil bound circulation, device
small, on the order of few percent in experiments, with phase and rotational frequency must continuously vary. As
theoretical maximum of 15%. such, the objective of this paper is to numerically investig
Recent research at the United States Air Force Acadenme performance of a CycWEC in unidirectional long crested
(USAFA) has focused on extending the original work corirregular ocean waves.
ducted at TU Delft [1]. The primary objective is to increase
the device efficiency by operating at significantly higher [I. COMPUTATIONAL MODEL

blade speeds than the wave-induced velocity and by usingrhe cycWEC and wave-induced flow field are modeled us-
feedback flow-control to intelligently control the turbibtade ing potential flow theory. For an inviscid, incompressidad

orientation and position based on the incident wave fielgyotational flow, the governing continuity equation siifigls
Initially, computational simulations were performed irf fhd {5 the Laplace equation,

[2] with the device operating as a wave generator with a

constant rotational rate and bound circulation. This \exifi

that the CycWEC primarily produces a single-sided wave field

and thus is well suited for operation as a wave terminatiqihere ® is the velocity potential. Unique solutions to Equa-

device. The resulting wave field was composed of thre@n 1 are determined by satisfying the appropriate boundar

components, the fundamental wave and its first two harmoniggnditions based on physical considerations. In seekimg tw

The frequency of the fundamental wave matched the rotdtioggmensional solutions it is often convenient to define the

frequency of the CycWEC and the amplitude was proportiongdmplex stream function in terms of the complex coordinate

to the hydrofoil bound circulation. For a given bound cieeul » = 7 + 4y,

tion, the wave amplitude decreased nonlinearly as the devic

submergence depth increased. F(z,t) = ® + iV )
The study also showed that resulting wave amplitudes

are strongly dependent on the device radius, which, forwehere ¥ is the stream function and the complex velocity is

given rotational frequency, is proportional to blade sp@dwe defined bydF/dz = u — iv.

fundamental wave amplitude was maximized wiRy/ A =

1/, where X is the fundamental wave length. It was alsé Cycloidal Wave Energy Converter Model

determined that by using a configuration with two hydrofoils The simplest representation of a two-dimensional hydtofoi
of opposite circulation and80 degrees of phase the firstthat correctly represents the flow induced in the far field is
harmonic from each wave canceled. This was a significagtpoint vortex of strengti’ equal to the hydrofoil bound
finding because, as noted in [5], the potential of the deviegculation. When the hydrofoil is in the presence of a free
was limited by the fact that the amplitude of the generateirface it is imperative that the appropriate kinematic and
harmonic waves became increasingly significant as the eevifnamic boundary conditions be satisfied on that surface.
was situated closer to the free surface, which is the sameregDerivations of the linearized free surface boundary coonlit
where the device becomes an efficient wave generator.  can be found in [8]. Neglecting higher order terms, the
Wave cancellation of both deep and intermediate longnematic boundary condition ensuring the vertical vetpci
crested regular ocean waves was successfully demonstnategf the free surface and the fluid are equal is,
[1] and [2]. To operate as an effective wave termination cevi
the motion of the CycWEC was synchronized in frequency and on _ 09 3)

phase locked to the incoming wave. The circulation of the ot dy’

hydtLOfO.”S was adjustedl to_ pr_(()jdu_ce tlh,? same ch':vg ?md";"t_‘“ﬁ'ﬁe dynamic boundary condition ensuring the pressure on the
as the incoming wave. ‘nviscid simulations resufted In GéVi g oo gyrface is atmospheric is determined from Bernoulli’'s

o o
efficiencies in excess of 99%. eauation. Substituting the free surface elevation forand

V20 =0 (1)

Preliminary wave generation and cancellation experimenis _. . . .
again neglecting higher order terms results in,
at a 1/300 scale have been conducted at USAFA and the resufts 9 g g
can be found in [7]. For the wave cancellation experiments d

0
the regular incident wave field is known and the CycWEC n=-1/94-, (4)



where ¢ = 9.81 m/s is the gravity constant. Due to theo the change in bound circulation. Thin hydrofoil simubais
linearization, Equation 4 can be imposed st = 0. A presented in [1] showed that this effect is negligible far fa
non-reflective boundary condition is applied at the domafield estimates of surface elevation when the hydrofoil dhor
boundaries to avoid wave reflections. is small relative to the wave length (i.e/)\ << 1).

Subject to the above boundary conditions, the compl
potential for a vortex moving under a free surface with posit %( Irregular Wave Model
c(t) = z(t) + y(t) in the complex plane is developed in [9] The irregular incident wave field is modeled using a lin-

to be, ear superposition of a finite number of linear Airy wave
components. The velocity potential for a unidirectionagéjple
(t) 2 —c(t) ocean wave propagating in thedirectio.n. and_sat.isfyin_g the
F(zt) = ——In - linearized free surface boundary conditions is given int{8]
271 z—¢(t) be
- /t /OO L) —inz—ar)) ’
- Hg ., .
mi Jo Jo gk D pjry(z,y,t) = 5, € Ysin (kx — wt 4 0) (8)
w

o {\/‘%(t T)} dhdr ®) where H is the peak-to-peak wave amplitude,is the wave
whereT'(t) is the circulation of the vortex, and the wave frequencyfk is the wave number anllis a random phase an-
number. The first term is the complex potential due to thgde. Thus, the velocity potential for the unidirectionakgular
vortex and its mirror image above the surface, which is necescident wave field is given by,

sary to satisfy the kinematic free surface condition. Tre®ed Ni
term descnb_e_s the r_adlate(_JI waves related to the_ dynamac fre Or(z,y,t) = Z 9 kv gin (kix —wit +6;)  (9)
surface condition. It is also important to note that in Eqprab = 2wi

the fluid is assumed to be infinitely deep. h i f I .
Each CycWEC hydrofoil is modeled by numerically in-andt e resulting surface elevation Is,

tegrating Equation 5 using a second order time and wave ;
number marching technique. To ensure that the numerical () =) — cos (kix —wit +6;), (10)
solution sufficiently converges, numerical integratiottiegs =1
for At, Ak, andk,,.. Were chosen based on the results of thehere Ny is the number of regular wave components used to
convergence study presented in [1]. Equation 4 is then ug&present the irregular wave field, afig, k;, w; andg; are the
to determine the resulting surface elevation and wave rpattevave height, number, frequency and phase for component
The theory of superposition is used to extend this approachrespectively. The wave phase componéhtare obtained using
a CycWEC with two hydrofoils, where the total potential i@ random number generator based on a uniform distribution
determined from®; ;4 = Zle ®; and @, is the potential of between( and 27. The fidelity of the irregular wave field
each hydrofoil. will increase as the number of wave components is increased.
The position of each hydrofoil is a function of the in-According to [10], a minimum of 20 wave components are
stantaneous incident wave field and is determined from trequired for modeling a unidirectional irregular seaway.
implemented feedback flow-control scheme. The coordinates he amplitude for componenis based on a specified wave
for the first hydrofoil moving about the center of rotatiorspectrum according to,

Ny

0,y.) with radiusR is, H,
( ) a; = 71 = \/QSj(wi)Awi, (11)
z1(t) = Recos[¢(t)] whereS; is the spectral density anlv; is the wave frequency
yi(t) = ye— Rsin[o(t)], (6) interval for component.
o For the current study the the incident wave field is modeled
and for the second hydrofoil is, using the Bretschneider wave spectrum, which is a commonly
used two parameter model for wave spectra in the open ocean.
zo(t) = Recos[p(t) + 7] The 15th International Towing Tank Conference [11] defines
. the Bretschneider spectrum as,
() = ye— Rsinlo(t) + 7, (7) g

. . ) . 486.0H? —1948.2
where¢ is the angular position of the first hydrofoil measured Sr(w) = 15 exp 1,1 )

clockwise from they-axis.
The hydrofoil bound circulatio'(¢) is a function of the where H, is the significant wave height arifi, is the wave
instantaneous wave height and is also determined from theriod associated with the peak energy. The Bretschneider
implemented feedback flow-control scheme. It should bechoteave spectrum fotH; = 3.25 m and7, = 9.7 s (i.e. sea-
that no wake model is implemented to ensure that Kelvingate 5) is shown in Fig. 2(a). Also shown are the resulting
conditions is satisfied at each time step. In actuality eaeh hwave components when the spectrum is divided into 21 wave
drofoil would shed vorticity into its wake of an amount equatomponents withw,,,;, = 0.4 rad/s, wme. = 2.0 rad/s,

(12)



and Aw; = 0.08 rad/s. Each wave component is identifie(
numerically in Fig. 2(a) and are identified &8;; — Wi
throughout the remainder of the paper. The amplitude of ea
wave is determined from Equation 11.

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

15

s/rad

Sl(w), m

_ Ty

T ?a
where \; andT; are the wavelength and period of componet
i. The wave power per unit lengtlfy;, associated with each
component is related to the wave height and period by, 0

(13) 0.5¢
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1
w (rad/s)

P, = ——pg*HT,, (14)
327 ¢ (a) Bretschneider energy spectrum i, = 3.25 m andT, = 9.7 s (i.e.

. . sea-state 5).
where p is the density of water (assumed to pe= 1000

kg/m? for this study). Since the wave power scales linear!
with the wave period, higher harmonic waves of the same wa 9 N
height will contain less energy in proportion to their perio

Also note the quadratic relationship between wave energy &
wave height. The power associated with each component wi

o]
%)
=
[=%
L

~
T
I

in Fig. 2(a) is shown in Fig. 2(b). The total power of all 21 = 6f ]
components is 41.79 kW/m arid;4 has the peak power of = | i
all individual components with 8.75 kW/m. f;’
At i
2
C. Feedback Flow Control Model < 3l ]

For the successful cancellation of an unknown, incomir
airy wave, feedback control and wave state estimation ¢
necessary. Algorithms to interpret and estimate the weate st
in _rgal time fashion are needed to adequately qontrol a > 3 456 78 91011121314151617 18109051
efficiently extract energy. The wave state for a single Air Wave Component, W,
wave is defined as phasg frequencyw, and wave height
H. A sensor which measures the wave height over time is
placed upstream of the CycWEC. This measurement is defirféal 2. Incident wave field modeled using the Bretschneidaveaspectrum
asn(t) and displays purely a periodic signal with unknowﬁnd 21 discrete wave components based on Airy wave theory.
frequency and amplitude and is also corrupted by a small
amount of high frequency noise. The implemented feedbagck . S ot
control scheme is shown in Figure 3. The sensor relays alsigé comRIex representation of a periodic signal d@’.u "
to the estimator which estimates the wave height, phase ﬂ{@ + W)- The complgx component of the analytic S|gnal,
period. The controller then computes the rotational pxmsitiw ich is unknown at this point, is analogous to the Hilbert

. - fransformatior#{[e], of the real component; that i§(t) =
gggczllaiee?:gfet:t ?Near\]Ieerz;teeldan Opposing wave that eﬁqptlvgﬁn(t)]. The Hilbert transformation is a linear filter which

. : : {oduces a phase shift @fZ over all frequencies present in
Given a time history of the upstream measuremeﬁ] . o2 . .
e signal,n(t). In the time domain the transformation for

a relation is sought such thafw(t)é(t)H ()" o L . . . :
Fen(n®),n(t—=1),...,n(t —n)]) + e(t) with minimal es- this linear filter is identically the convolution WItEIrl—t which

N
T
I

1 b B N B B B B 4

(b) Associated power of each of the 21 discrete wave compgsnen

timation error, e(t). A typical Fourier analysis falls short is shown as,
because instantaneous phase information is lost in thameco 1 L [t —T)
position. Therefore, other digital signal processing rodth Hn(®)] = it #n(t) = ;[m T dr. (16)

need to be implemented. Because the up-wave wave heiPht _ _ .
measurement contains no negative frequency componeats, ththe frequency domain the transform of the sigiiak =
signal can be expressed as an analytic signal such that, 'S >0

—J

n(t) = %/0 n(w)ejwtdw' (15) _359n(f) = 2; zg (17)
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Fig. 4. Surface Elevation at = \4;4 for a wave generation simulation with

Fig. 3. Block diagram of the implemented feedback flow cdréaheme for T/Tsa = 1.0 and TTsyq/Asra — 0.0043.

the cycloidal wave energy converter.

The transfer function of this ideal filter will have a magnies Well in this region. As such, wave componeiits, — Wi in

of one and phase ofZ for +w, respectively. Because theFig. 2, which contain 95% of t.he total energy in all 21 wave
Fourier transform is a non-causal transformation (depend€°omponents, are considered in the current study. If deemed
on previous, current and future measurements), an apprggeessary, future investigations may consider the eftefcas
imation to this transformation is necessary. Typical fiter?l wave components. Sind&;, contains the peak power of
such as finite impulse response (FIR) and infinite impul@l dlscretg waves considered, it is refered _to as the stdnda
response (IIR) filters can be designed to simulate the respoiave and identified a#’s.. The standard period, wave length
of L. As for the purposes of this paper a 3 stage cascadipgd amplitude are defined d5;q = 9.817 S, Asta = 150.48

IR filter is used to estimate the complex component of tH8: andas.a = 0.48 m . The CycWEC design parameters
Hilbert transformation with minimal phase (although non@re optimized for extracing energy from the standard wave

linear) delays at the designed frequency. based on the result presented in [1]. In particular, the adevi
Now that the real and complex components of the analyfigdius was chosen such thay/ A.;q = 1/27 and the device

signal are known to some degree of error, the instantanedy®mergence depth is fixed @t/ Asa = —0.1632.

amplitude is estimated from the, norm of the signals, (i.e.,

H(t) = |[n(t) + n(t)|2). The instantaneous phase is thef- \ave Generation
computed as the angle between the real and complex estimatéo achieve wave cancellation, the wave generated by the
as, ¢(t) = arctan(%). The instantaneous frequency is th&€ycWEC in the down-wave direction must match the incident
time derivative of t71e phase estimate. wave amplitude and period, while being exactly out of phase.
As seen in Fig. 3, the wave state is now fully estimatedo ensure that a CycWEC optimized féV,,; can extract
The control scheme is very basic for the purposes of thémergy from wave componentd’;; — Wiy, an initial in-
paper. Proportional control is used for the blade pitch.,(i.evestigation of the wave generation properties as a function
bound circulation), such that;(t) = P,.nH(t). This is a of the device rotational period was conducted. The hydfofoi
reasonable assumption as open loop wave generation reduttgnd circulation was held constant for all simulations at
shown in [1] display a very linear relationship between thETy;4/)\2,; = 0.0043 and the CycWEC period was varied to
bound circulation and resulting wave height. As for rotargnatch each of the 10 wave components in the Bretschneider
control of the propeller the group velocity is estimated angpectrum considered, (i.&,= T; for i = 1 —10). The result-
compensated for as a phase delay. The time delays are thgntransient and steady state surface elevations=att A4
superimposed to control the rotational velocity of the maiwere determined for each case.
shaft in a stepwise fashion, such ti#ét) = ¢(t) + 2*_2 + 6y, The generated wave pattern as a function of timeat\;4
where C, is the group velocity of the wave, ant} is the is shown in Fig. 4 for the design case ®¥/7sq = 1.0.
phase compensation of the Hilbert transformation filter. ~ Also shown is the resulting fundamental wave height of the
generated wave as a function of tim&,(¢). After several
rotations of the CycWEC the free surface becomes periodic
The majority of the energy in the Bretschneider spectrum time, and is referred to as a steady state wave pattern. As
(and other theoretical and measured ocean wave energy sprdicated in the figuref (¢) was used to determine the time
tra) is contained in the low frequency, large wave length -comecessary to achieve a steady state wave pattern, Both
ponents; therefore, it is imperative that the CycWEC penforAt, and H (t) varied with the CycWEC period.

IIl. RESULTS AND DISCUSSION



foil cancels in both the up- and down-wave directions and no
higher harmonic waves are generated. The relative ampktud
of the fundamental and harmonic waves:at +\,;4 is shown

in Fig. 6, where the fundamental and first two harmonic waves
are identified adi,, H-, and H3, respectively. Note that for
all cases the dominant wave amplitudeds_ 4,.,,, indicating
that a single CycWEC can potentially efficiently extractreyye
from incident waves ranging in frequency fram= 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 potetgia
0.6 0.8 1 1.2 1.4 1.6 given in Equations 5 and 9. The surface elevation is sub-
T g sequently determined using Equation 4. To achieve effectiv
, , o . § ol f energy extraction the position of the CycWEC hydrofoils and
S, Qrme e o achiee & ey state e b e e, bound circulation are controlled using the feedback cniro
With ye/Aera = —0.1632, R/Aqq = 1/27 and ['Tayq/A2,, = 0.0043. scheme described in Section I1.C. The sensor for the wate sta
estimator is located up-wave at= —\,;4. The objective is to
optimally control the hydrofoil circulation and angulargibon

e=1-—

0.015 ‘ ‘ ‘ ‘ ‘ such that the CycWEC extracts energy from the various wave
=1 goun components simultaneously.
= -doun The primary variable of merit for the CycWEC design is
"5 doun the percentage of the wave energy extracted from the intiden
0.01} BakeT wave field, defined as the device hydrodynamic efficieicy,
- :EZ-“P The efficiency is determined from a control volume analysis
< S-up based on energy conservation which is implicit in the urdstea
- Bernoulli equation. The analysis assumes that all energy
0.005¢ 1 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 absorlyed b
the CycWEC hydrofoils. The domain boundaries are located
85 - * — T T at +)44. The hydrodynamic efficiency is defined as,
T/Tstd |PI - PR—up| + PR—down

(18)

Fig. 6. Wave height of the fundamentaf?, and2™¢ harmonic waves based . . Fr . L .

on an FFT analysis of the resulting wave fieldaat= +\;4 for all wave Where Pr is the power contained in the incident wave field

generation simulations. at the up-wave boundary without the turbinBr_,, and
Pr_40wn are the power contained in the resulting wave fields
at the up-wave and down-wave boundaries, respectivelis, wit

The time to achieve a steady state wave pattetn-ath,,q; the CycWEC operating. The hydrodynamic efficiency will

was determined for each simulation and is plotted in Fig.$. Aeach a value of one when the incident wave field at the up-

the device period is decreased the total number of reveisitiovave boundary is undisturbed by the CycWEC and the wave

necessary to reach steady state increases nonlinearlyn Wiield at the down-wave boundary approaches zero.

T/Tsa = 0.57 (i.e., Wr10) 9 complete revolutions are neces- The resulting wave fields at the up- and down-wave bound-

sary to reach steady state. This result will introduce &oitdl  aries (i.e.,x = +\,q) are reconstructed using a FFT. To

complexity in the feedback control scheme when cancelingeasure that initial transients did not affect the analydasta

dynamic irregular wave field. prior to ¢t/Ts:q = 10 was discarded. To determine the total

A Fast Fourier Transform (FFT) analysis was performegower in the wave fields?z_., and Pr_q4own, €ach wave

on the generated steady state wave fields at +);q to component identified in the FFT was assumed to be an

decompose the resulting wave field into its components. F&iry type and its associated power was determined from

all simulations the FFT analysis showed that the CycWEEqguation 14. The resulting hydrodynamic efficiency was then

generates a fundamental wave having a period equal to tledermined using Equation 18.

CycWEC and the@™¢ harmonic having a period af/3. This is 1) Two-Component Incident Wave: An initial assessment

in agreement with the results of [1], which showed that fer thof the CycWEC controller was performed by investigating the

current configuration th@*¢ harmonic wave from each hydro-performance with an incident wave field consisting of two
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Fig. 7. Resulting surface elevation for a two-componenidierct wave with Fig. 8.  Circulation and angular rotation rate of the hydilsfdor a two-
Wi = Wis+Wq andfs = 90 degrees. Resulting wave patterns are showoomponent incident wave withl’; = W5 + Wgq and 5 = 90 degrees.
at the up- and down-wave domain boundaries where + ;4.

Figure 9(c) - 9(f) highlight that when the incident wave field
regular wave components whevg; = Wr; + Wgq With i = consists of two wave components with similar frequency,
1—3 and5—10. For each incident wave field combination theyoth carrying a significant portion of the total energy, the
phase between the component waves was varied as followéntroller generates a wave field that effectively canceth b
0sta = 0 degrees and; = 0,45,90, and 13 degrees. components in the incident wave field simultaneously. Fégur

Typical resulting wave patterns as a function of timecat  9(g)-9(i) highlight that when the incident wave field cotsis
+Xstq are shown in Fig. 7. The case shown is for the incidenf the standard wave and a high frequency, low energy, wave
wave fieldW; = Wrs + Weq andfs = 90 degrees. Note that component the controller generates a resulting wave fied th
the resulting and incident wave fields at the up-wave boyndarimarily cancels the standard wave and the high frequency
are nearly identical and the resulting wave field at the downrave passes relatively undisturbed. This behavior is grgec
wave boundary has been significantly reduced, indicatiag ttbecause the controller is optimized for extracting energynf
a significant portion of the energy in the incident wave fielthe high energy waves near the peak of the Bretschneider
has been absorbed by the blades of the CycWEC. For tkgectrum. Importantly, the low and high frequency waves tha
particular case the hydrodynamic efficiency was determinedrry less energy do not "confuse” the controller, and the
using Equation 18 to be= 0.92. CycWEC is still able to effectively cancel the high energy

It was shown in [1] that for effective energy extraction fron¢arrying wave.

a given regular deep ocean wave both the CycWEC hydrofoil The hydrodynamic efficiency for each of the two-component
bound circulation and angular speed are constant. Howewggve simulations was determined using Equation 18 and the
as previously outlined, for an irregular incident wave fild results are shown in Fig. 10. The results have been plotfed se
hydrofoil bound circulation must be directly controlleddan arately for each of the relative phase anglgs,nvestigated.

the blade angular speed must be indirectly controlled @hino With the exception of the results fo¥’; = Wi + Waq and
angular positiony) in real time using up-wave measurementés = 0 and45 degrees, for all simulations withi; /T4 > 0.72

of the surface elevation. The resulting bound circulatiod a the hydrodynamic efficiencies are in excess ef 0.8 and the
blade angular speed as functions of time for the case pesenhaximum efficiency achieved was= 0.97. For simulations

in Fig. 7 are shown in Fig. 8. This highlights the additionakith T;/Ts:q < 0.72 the hydrodynamic efficiency is reduced
complexity of effective energy extraction from an incidenbecause, as previously noted, the CycWEC does not cancel
wave field consisting of just two Airy waves with similarthe high frequency wave. The hydrodynamic efficiency was
frequency and random phase. dependent on the relative phase between the two component

To determine the wave components in the resulting waWaves and the cause of this result is still unknown and requir
field at the up- and down- wave boundary an FFT analysis wikther investigation. Overall, these results demonstithe
performed on each two-component incident wave simulaticRYCWEC's ability to effectively extract energy from mulep
The results for each simulation with, = 90 degrees are wave components simultaneously through inteIIigent aontr
shown in Fig.9. Figures 9(a) and 9(b) highlight that when tH@f the hydrofoil pitch and position. Thus the CycWEC has the
incident wave field consists of the standard wave and a low fieotential to operate effectively in irregular deep oceanesa
guency, low energy, wave component the controller gengrate 2) Multi-Component Incident Wave: To determine if the
a resulting wave field that primarily cancels the standardewaCycWEC is effective as extracting wave energy from a more
and the low frequency wave passes relatively undisturbedalistic irregular unidirectional deep ocean wave fieith-s
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Fig. 9. FFT analysis of incident and resulting wave fieldstfeo-component simulations with; = 90 degrees and,;, = 0 degrees.

ulations were completed with incident wave fields consistirwave patterns at = +\,;4. Note that for both simulations

of 7- and 10-components waves. The 7-component incideéhe resulting and incident wave fields at the up-wave boundar
wave was defined a#/; = 3.7_, W; and the 10-componentare very similar and the resulting wave field at the down-
incident wave was defined d&; = >,°, W;, where each wave boundary has been reduced, indicating that a sigriifican
component¥; was defined in Fig. 2. The phasg, for each portion of the energy in the incident wave field has been
component was determined using a random number genera&xiracted by the CycWEC.

based on a uniform distribution betweénand 27. Results  Tjme histories of bound circulation and blade angular speed
fqr the 7-component incident Wave_smulatlon are §hown_ Ure plotted in Fig. 11(b) and 12(b) for each respective simu-
Fig. 11 and for the 10-component incident wave simulatiQgion. For both simulations the bound circulation and dagu
are shown in Fig. 12. speed are significantly more complex and random than the
Plotted in Fig. 11(a) and 12(a) are the incident and resultidistributions shown previously in Fig. 8 for the 2-componen



in more realistic irregular unidirectional deep ocean wave
fields, simulations were completed with incident wave fields
y consisting of 7- and 10-regular wave components. Hydrody-

0.9r namic efficiencies for these simulations were 0.85 and 0.77,
respectively. Thus the CycWEC has the potential to operate
0.8f effectively in irregular unidirectional deep ocean wavAs.

—e—ei= 0 deg
—a—ei =45 deg

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 .

0.7f
—— Gi =90 deg

—o—ei =135 deg
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Fig. 10. Hydrodynamic efficiency for each two-componentideot wave This report was prepar_ed as an account of work sponsored
simulation. by an agency of the United States Government. Neither the

United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the acay;

completeness, or usefulness of any information, apparatus

) . . roduct, or process disclosed, or represents that its usé&dwo
To determine the wave components in the resulting wa

) t infringe privately owned rights. Reference herein ty an
field at the up- and down- wave boundary an FFT anal\%;;)ecific commercial product, process, or service by trade

2:rsnmztsiorﬁzrf?rrr:ge?egglt:of?r ng;gﬁcgir:qz?anﬂeon; :gd;r:gv\\l,\:]a ame, trademark, manufacturer, or otherwise does not nec-
) &sarily constitute or imply its endorsement, recommeaodat

Figs.11(c) and 12(c), respectively. The FFT results in Fi : .
A 4 . : r favoring by the United States Government or any agenc
11(c) indicate that the CycWEC is effectively canceling al g by y agency

- ts of the incident field simult | ereof. The views and opinions of authors expressed herein
-components ot the incident wave Tield simuftaneously. Adso not necessarily state or reflect those of the United States
such, the hydrodynamic efficiency for this simulation wa

S t thereof.
e = 0.85. The FFT results in Fig. 12(c) indicate that the overnment or any agency thereo

CycWEC is effectively canceling the first 7-components of
the incident wave field (i.e\V;1 — Wr7), while components
8-10 (i.e., W3 — Wyig)are passing the CycWEC relatively
undisturbed. As such, the hydrodynamic efficiency for thiﬁz]
simulation was somewhat lower, at= 0.77, but still very
encouraging given the complexity of the incident wave field.

simulation. This highlights the additional complexity asis
ated with effective energy extraction from a realistic guéar
incident wave field.
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Fig. 11. Simulation results for the 7-component incidenvevield, W; =  Fig. 12.  Simulation results for a 10-component incident evéield, W, =

S 7_, Wi, each with a random phasé;, based on a uniform distribution >_;; Wi, each with a random phase;, based on a uniform distribution
between0 and 2x. The calculated hydrodynamic efficiency was= 0.85. between0 and2w. The calculated hydrodynamic efficiency was= 0.77.



