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Submerged Pressure Differential Plate Wave
Energy Converter with Variable Geometry

Nathan Tom, Yi-Hsiang Yu, and Alan Wright

Abstract—This work presents a novel wave energy con-
verter device concept that combines a submerged pressure
differential plate with variable geometry modules. The
two variable geometry sections, placed at the fore and aft
locations on the plate, consist of five identical flaps that are
opened in ascending order starting with the flaps closest
to the edges of the plate and moving inward. The variable
geometry modules act as control surfaces that allow for
the hull geometry to be adjusted, leading to changes in
the hydrodynamics. The device geometry is controlled in a
quasi-static fashion while the power take-off (PTO) unit
would be controlled on a wave-to-wave timescale. The
submerged plate is tethered directly to the seabed by
integrated mooring and PTO lines, eliminating the need
for a second reaction body. A linear frequency domain
analysis is used to evaluate device performance in terms
of absorbed power, PTO force, and absorber body motion.
The frequency domain analysis required the linearization
of the PTO dynamics to couple the fore and aft PTOs
to the motion of the absorber body. The inclusion of the
variable geometry modules was shown to be effective at
altering the device geometry to provide changes in the
absorber hydrodynamics to produce measurable reductions
in structural and PTO loading.

Index Terms—Hydrodynamics, Load Reduction, Sub-
merged Wave Energy Converter, Variable Geometry

I. INTRODUCTION

T the 11th and 12th European Wave and Tidal

Energy Conference (EWTEC), a fixed-bottom os-
cillating surge wave energy converter (OSWEC) [1]
was introduced that replaced the main body with
control surfaces [2], [3]. The intent of the control
surfaces was to allow for the wave energy converter
(WEC) to change the hull geometry such that the
hydrodynamic characteristics will favor either power
absorption or load shedding. This variable geometry
concept arose from a structued innovation approach
to the development of WECs in hopes of achieving a
step reduction in the high cost of energy for marine
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energy devices [4]. While, the application of large-scale
geometric variability in WECs has been considered in
the design of the WEPTOS [5], a surface floating and
slack-moored structure, composed of two symmetrical
legs, each supporting a large number of identical ro-
tors, connected by a crossbeam to form an A-frame.
The crossbeam can be moved forward and backward,
allowing for shape adaptability, which will increase its
width relative to the incoming wave power in regular
operating conditions and reduce its width and interac-
tion with excessive wave power in larger and extreme
wave conditions. Another WEC under development
that considers controlling power absorption by varying
the converter position in the water column is Marine
Power Systems’s (MPS’) WaveSub [6]. The WaveSub
consists of a small power-capturing float and a bottom
high-inertia reaction barge with the float connected
to the power take-off (PTO) system contained on the
reaction barge. The relative positioning of the float and
reaction barge is made possible by operating winches
that change the mooring line length and the tether line
length between the float and barge. However, like the
WEPTOS, the hydraulic winches have been designed
to adjust the tether lines and mooring length on a sea-
state-by-sea-state basis, while the variable geometry
modules proposed in [7] would be controlled on a
wave-to-wave timescale.

The variable geometry OSWEC concept was shown
in papers and wave tank studies to be successful at
mitigating loads in moderate-to-large sea states [8],
[9]. It combines manipulation of the variable geometry
components with PTO control in an attempt to control
peak loads rather than focus on power maximization
[10], [11]. However, the bottom-fixed OSWEC is limited
in the number of deployment sites and the response
is restricted to one degree of freedom. We wanted to
explore the influence of variable geometry modules
on the hydrodynamics of a WEC oscillating in three
degrees of freedom and that could also be deployed
in deeper water. In response, a submerged pressure
differential plate WEC that was tethered at each of
its four corners to the seabed was chosen for this
work. This WEC design allows for surge, heave, and
pitch motion, which, depending on the orientation of
the PTO to the tethers, can all contribute to power
absorption.

Previous investigations into submerged WEC de-
vices date back to the first publications on the Bris-
tol Cylinder [13], which comprises a submerged long
circular cylinder in motion beneath the waves and
is constrained by a system of vertical and horizontal
springs and dampers. The advantages of the Bristol
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Cylinder are that operation is just below the ocean sur-
face, shedding excessive power levels and oscillating
in such a way as to reduce excessive wave loading
and avoid end stop problems [14]. These operating
principles are present in CalWave Power Technologies’
WEC design, which was inspired by a flexible under-
water carpet [15]. A revised deep water WEC design
helped CalWave Power Technologies take second place
in the U.S. Department of Energy Wave Energy Prize
[16] in 2016. In addition to [13], a submerged sphere
with a single and a three-cable integrated mooring and
PTO system was investigated in [17] that demonstrated
similar power absorption characteristics to a floating
sphere. These results appear to have helped guide
Carnegie Clean Energy’s decision to move from a
single moored configuration in the CETO 6 generation
technology to a multimoored configuration that can
theoretically absorb up to three times more power than
heave motion alone [18].

This paper begins with a physical description of the
base design and operation of the proposed pressure
differential plate WEC, device mass properties, and the
additional hydrostatic force required to keep the main
absorber body submerged. The paper then linearizes
the dynamics of the combined PTO and mooring teth-
ers to construct a linear system dynamics model that
includes the three degree-of-freedom absorber body.
The analysis will be completed in the frequency do-
main under regular wave excitation with a constraint
set on the PTO displacement to prevent any part of
the device from breaching the sea surface. After setting
up the linear system dynamic model, the paper intro-
duces the location, size, and proposed operation of the
variable geometry modules. The change in the surge,
heave, and pitch hydrodynamics with manipulation of
the variable geometry modules is first discussed to
provide insight into the effect on power absorption,
PTO forces, and absorber body motion.

II. DEVICE DESCRIPTION

The base device considered in this study can be
modeled as a submerged rectangular plate with length
(along the x-axis), [; width (along the y-axis), w; and
thickness (along the z-axis), t, that has a center of grav-
ity submerged at a depth, d, beneath the calm water
surface; refer to Fig. 1. The plate will be connected
directly to the seabed with four vertical tethers in a
water depth, h. The tethers will be attached at the four
corners of the rectangular plate where a ball and socket
joint acts as the connection between the plate-tether
and the seabed-tether intersections. Each tether will not
be allowed to bend, but can rotate as well as extend and
compress in the axial direction to satisfy the kinematic
constraints. The kinetic and potential energy of the
rectangular plate, driven by the incident waves, will be
absorbed by the tethers that act as PTO systems and
will be modeled as separate spring-damper systems.

2

Fig. 1. Coordinate system for the device under investigation.

A. Mass Properties

A submerged rectangular plate, with a uniform mass

distribution, will have the following inertial properties:
m PmlIUt (1)
mg = plwt ()
foo= (1= ) patur = 1= ) patut

ml? t\?
Iss = T <1+ (l) ) 4)

where m is the mass of the plate, mqy is the fluid
displaced mass, f is the hydrostatic force arising from
the difference between the WEC weight and buoyancy
forces, and I55 is the pitch mass moment of inertia
around the plate center of gravity. The variable p,,
is the material mass density; p is the fluid density;
my is the mass fraction, which is equal to the ratio
of the material-to-fluid mass densities, and ¢ is the
gravitational acceleration.

The plate will be designed to have positive buoy-
ancy, which requires the material mass density to be
less than the fluid density (p,, < p). The hydrostatic
force of the plate must be matched to prevent the
body from rising to the surface. This is possible by
selecting the correct spring stiffness used in the tether
PTO model. The spring coefficient for each PTO, at-
tached at each corner of the plate, will be constant
and calculated from the hydrostatic force and the initial
spring extension length:

_ fh

nlg

_ (L—my) pglwt
o nlg

©)

where n is the number of PTO units and [, is the
spring extension length in calm water; we assumed
that the spring has no initial pretension. The total heave
restoring coefficient is then given by Cs3 = f3,/ls. The
linearized pitch restoring torque for the PTO located
at (x = —1/2, y = —w/2) is given by the following

formula:
l l AN
—3 Cg§smc5 =—-Cy 3 sin (5

l 2
-Cy <2) G, (5 <<1

g

7'91

%

(6)
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where the small angle approximation has been made
to obtain the final form of the equation.

In this work, only plane progressive waves will
be considered, which prevents sway, roll, and yaw
motion. The analysis can then be simplified to only
two tether PTO units located at either end of the plate.
The total linearized pitch restoring coefficient is given
by the following equation:

1\ 2
(5

III. POWER TAKE-OFF DYNAMIC MODELING

The connection points between the fore and aft PTO
units with the plate are denoted by the coordinates
x1,71 and xg, 29, respectively, and are shown in Fig. 1.
The position time history of the fore and aft connection
points are given by the following equations:

Cs5 = ()

1y

B = Q) g eosts () ®
alt) = G +mGHh-d) O
() = G+ oG () (10
2() = G- +(h-d) (D

where (; is the time-varying surge motion of the plate,
(3 is the time-varying heave motion of the plate, and
(5 is the time-varying pitch motion of the plate. The
angle at which the tether PTO rotates from vertical, 6,
can be calculated from the following;:

l l
L _|_7 1_ -
tan01 _ T + 2 _ Cl l2.( COb§5) (12)
z1 (3+gsin¢s+h—d
l l
_ 1L _ L=
t31102 _ €2 2 _ gl l2 F C(ﬁ;<5) (13)
29 (—551ng5—|—h—d

As seen from the above expressions, the tether PTO
dynamics consist of coupled nonlinear equations that
can be solved as an initial value problem. However,
it is of interest to construct a linear model to describe
the tether PTO dynamics for initial design iterations.
It is possible to start linearizing the PTO dynamics by
making the small angle approximation, (5 << 1. The
small angle approximation will allow the PTO rotation
angles to be simplifed to the following equations:

S
tanf; = h—d (14)
i+ 2(hl—d) G+1
hCld
tan 6y = — (15)
; I
= Ch

The tether PTO stroke length will then be simplified to
the following equations:

AL [ a N (G 1 G ’
hd”“%(hd) +<hd+2hd+£>_4
(16)
ALQ N Cl 2 C3 l <5 2
h—d”v«h—§>+<h—d2h—d+o -1
17)
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where AL; and AL, are the PTO displacements, from
static equilibirum, of the fore and aft PTO units. The
PTO stroke velocity can now be simplified to:

ALl =~
(él + éés(s) ¢+ (C3 + é@%) (Gs+ LG+ (h—d))
\/(C1)2 +(G+iG+ (- d))2

(18)
ALQ ~

(¢1 - é¢5C5> G+ (C - éC5) (G — LG+ (h—d))
VP + (G- L6+ (- )’

(19)

To further simplify the expressions, the following ap-
proximation will be made:

G G 1L G

h—d ““h-d2h-d
which states that the surge displacement is much
smaller than the vertical position of the PTO connection
point to the absorber body. This claim is strengthened
as the quantity, h — d, becomes larger because the
surge displacement must be even larger before it has
a significant effect on the PTO elongation. However,
a condition that bounds the accuracy of this approx-
imation should be derived and it will be assumed
that up to a 5% error is allowable for the small angle
approximations. With this accuracy requirement,the
maximum rotational angles to stay within the small
angle approximation can be calculated from the Taylor
series expansion of the cosine and sine functions as
follows:

+1

< (20)

3
sin@z@—e——&—

3 (0°) +...=0.950 — 6,5 = 0.548

(21)
02
cosf 1 — o+ (0%) +... = 0.95 = 0 = 0.316 (22)

where 6;; and 6. are the maximum rotation angles
allowed before exceeding the 5% error in the small
angle approximations for sine and cosine. The smallest
allowable rotation is obtained when meeting the small
angle approximation for the cosine function. This lim-
iting rotation can be used to estimate the maximum
horizontal displacement allowed before the small angle
assumption may need to be readdressed:
tmﬁmg%gﬁgm%M—ﬁ 23)
where the time-averaged vertical position has been
used for the height. Therefore, if the surge displace-
ment does not exceed one-third of the mean vertical
position of the plate, then the sine and cosine small
angle approximations should remain valid.
The approximation given by (20) allows for further
simplification of the PTO stroke length:

l
(3 + 5(5
l

G3— 5(5

ALy

~
~

(24)

AL,

~
~

(25)
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For the PTO stroke velocity, further simplification is
needed before a linearized model can be obtained.
This can be achieved by neglecting any second or
higher order terms resulting in the following linearized
equations:

(él + éé5§5) G+ (Cs + %C5> (G + LG+ (h—d))

AZl =~ l
3+ 5G¢ + (h—d)

AL, ~ (Cl - %Cs%) G+ (C:‘al - %Cs) (G — L¢s + (h—d))
(3—5G + (h—d)

~ .3 - é<5 (27)

The linearized axial force generated along the fore and
aft PTO tethers will take the form of:

fm1 = —CyAL; — A\,AL
fm2 = _CgALQ — /\gALQ

(28)
(29)

where )\, is the PTO linear-damping coefficient and it
has been assumed each PTO unit has the same damp-
ing value. Future work will consider optimizing power
absorption using different PTO damping coefficients
for each PTO unit. The force from each PTO has been
developed in radial coordinates; however, because of
the PTO rotation around the vertical axis, the PTO
force must be converted into Cartesian coordinates.
The derivation of the linearized horizontal and vertical
components of the PTO force was completed during
this work; however, the length of the derivation is
prohibitive to stay within the page limit for this con-
ference. The full derivation and supporting approxima-
tions will be published in a follow-on article.

IV. REGULAR WAVE ANALYSIS

Under regular wave excitation, the surface profile of
a right propagating incident wave can be described by
the following equation:

n(z,t) =R {Aei(“’t_]”)} = Acos (wt — kx) (30)

where 7 is the wave elevation, A is the wave amplitude,
w is the wave angular frequency, k is the wave number,
i = /=1 is the imaginary unit, and R is the real
component of the argument. The plate will oscillate
in the surge, heave, and pitch modes which can be
described by the following linear coupled system of
equations:

AX1 iwfl
AX3| =M |iwés (31)
AX5 iw§5
M(l 1) = A1+ LAJ(T?’L‘F,U,H)*L (32)
! w(h—d)
M(l, 3) = A15 + iu}/L15
M(2, 2) = A33+ 2)\9 + 4 [w (m + /1,33) - 033/(,«}}
M(3,1) = As1+iwpsy = A5 + iwps
A
M(3,3) = /\55+2/\g (2> +l[w (155 Jr,u55) *055/&)]
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where ¢; is the complex displacement amplitude for
oscillation mode j; X; is the complex wave exciting
force or torque, per unit wave amplitude, for oscil-
lation mode j; pj is the radiation added mass (or
added moment of inertia) in oscillation mode j due
to oscillation mode k; and ) is the radiation wave
damping in oscillation mode j due to oscillation mode
k. Equation (31) shows that for the three modes of
motion used to absorb the incident wave power, only
the surge-pitch equations of motion are coupled. The
decoupled motion between heave and surge-pitch is a
consequence of the linear hydrodynamics and the small
amplitude assumptions made to linearize the equations
of motion.

The mechanical force from each PTO unit is de-
scribed by the following equations:

§3 + éfs

X = [Ag —iCy/w] iw I (33)
= [Ag —iCy/uw] iw%

Qm2 . . 63 - é&’)

7 = [)\g — 'LOg/(.L)] 'LWT (34)

A

= [\ —iCy/u] iwf

where o,,1 and a2 represent the complex PTO force
amplitudes for PTO 1 and PTO 2, respectively, while
Ay and A; represent the complex PTO displacement
amplitudes for PTO 1 and PTO 2. The time-averaged
power absorbed by each PTO unit can be modeled by
the following equations:

2

Pri  Agw? &+ 58

2 | A (35)
2

Ppy  Agw? &3 — L&

A2 2 A (36)

where Pr; and Pr; represent the time-averaged power
for PTO 1 and PTO 2, respectively. In this case, the
spring constant represents a mechanical spring and
thus the spring energy is assumed to be conservative
with no bidirectional energy flow.

The power absorbed by each PTO unit will be near
equal when the pitch motion is minimized, which can
be expected for longer wave lengths. However, as wave
length decreases, the contribution to the total power
capture from each PTO unit becomes less uniform and
will be dependent on the phase difference between
absorber body heave and pitch motion.

To provide a measure of efficiency, the time-averaged
power contained within a propagating wave must
be known. The time-averaged wave-power-per-unit
width, P,, can be calculated as follows:

1 9 |9 2kh
P, = 4pgA \/ ’ tanh kh [1 + sinh2/<;h] (37)

where h is the water depth. The nondimensional cap-
ture width, C,,, will be defined as:

Pr _ Pri+ Pro
We Py We Py

Cuw (38)
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TABLE I
GEOMETRIC PARAMETERS FOR VARIABLE GEOMETRY SUBMERGED
PLATE HYDRODYNAMIC MODELING.

Dimension Variable Unit
Water Depth h 10.00 m
Submerged Depth d 140 m
Thickness t 0.80 m
Width w 10.00 m
Length l 20 m
Volume N 137.5 m3
Flap Section Width fw 9.00 m
Flap Section Length bi 250 m
Flap Separation Width Is 14.00 m
Flap Side Width ws 0.50 m
Flap Width fa 0.50 m
Flap Thickness ty 0.30 m
Displaced Mass m 4525 t
Moment of Inertia Iss 2.46 kt-m?

(39)

1\ 2
We wi 1+ <>
w

where Pr is the sum of the absorbed power by both
PTO units and w, is the equivalent width of the plate.
One might chose to nondimensionalize using the width
of the plate perpendicular to the wave front; however,
this will not take into account the length of the plate,
which could be several times greater than the width
[19]. In this case, the capture width may be overinflated
and the equivalent width may do a better job of repre-
senting the capital costs associated with constructing a
longer absorber body.

V. VARIABLE GEOMETRY SUBMERGED PLATE

The variable geometry absorber body is shown in
Fig. 2. The length of the plate, [, was set at 20 m; the
plate width, w, was set at 10 m; the plate thickness, ¢,
was set at 0.8 m; the submergence depth, d, was set
at 1.4 m; and the water depth, i, was fixed at 10 m.
The primary dimensions were chosen so results could
be compared against the load and power performance
of a bottom-fixed oscillating surge WEC with the same
primary dimensions as described in [7]. The variable
geometry modules have been placed along the x-axis at
the front and back of the absorber body. The geometric
dimensions of the variable geometry modules have
been listed in Table I.

The fore and aft variable geometry modules consist
of five identical flaps. The flaps were allowed to rotate
around their central axis, which corresponds to the
geometric center, and will be measured by the angle
; see Fig. 3. The flaps have a thickness, tf, of 0.3 m; a
length, fg4, of 0.5 m; and rounded edges with a radius
of 0.15 m. The variable geometry enabling flaps are
controlled in a binary fashion, in which the actuators
inside the WEC allow for only fully closed, ¢ = 0 deg,
or fully open, ¢ = 90 deg, configurations. In the closed
configuration, a flap will lie parallel to the length of the
main absorber body. When all flaps are in the closed
configuration, there will be no openings in the WEC
geometry and the wave pressure will be maximized
on the top surface of the absorber body. In the open
configuration, a flap will be oriented perpendicular to
the length of the main absorber body. When all flaps

5
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Fig. 2. Top and side view of the variable geometry heave plate wave
energy converter. In the side view, all variable geometry module flaps
have been rotated to the open configuration (¢ = 90°).

p=m/2

iy

Fig. 3. (Left) Side view of a single variable geometry flap in the
closed configuration, ¢ = 0 deg, and (Right) Side view of a single
variable geometry flap in the open configuration, ¢ = 90 deg.

are in the open configuration, there will be openings
in the WEC geometry and the wave pressure will be
minimized on the top surface of the absorber body.
The flaps may be opened independently, but will only
be allowed to open in ascending order starting with
the flap located closest to the sides of the absorber
body and moving inward. Therefore, no geometry is
modeled that consists of a closed flap between two
open flaps.

A. Variable Geometry Submerged Plate Hydrodynamics

The surge, heave, and pitch hydrodynamic coeffi-
cients were calculated using WAMIT version 7.2 [20]
and must be obtained before the power and load
performance of the WEC can be estimated. The hydro-
dynamic radiation and excitation coefficients, obtained
from WAMIT, are nondimensionalized and plotted in
Fig. 4 while varying the number of flaps that were
opened. The surge, heave, and pitch hydrodynamic
coefficients were obtained with a submergence depth
of 1.4 m to provide 1 m of water above the plate.
Because the mass density has been assumed uniform,
the center of gravity sits 0.4 m below the top of the
plate and the depth of submergence has been defined
as the vertical distance from the still water line to the
plate center of gravity. The device has been designed to
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remain immersed, and a shallower submergence depth
will limit the heave and pitch motion amplitudes,
leading to a reduction in maximum power capture
[21]. For nondimensionalization, a mass fraction of one-
third has been chosen for calculating the plate mass
and moment of inertia.

Beginning with the surge hydrodynamics, the added
mass and wave damping radiation coefficients, Fig. 4a,
are indeed influenced by the opening of the variable
geometry flaps. The surge added mass is the only
radiation coefficient that increases as each additional
flap is opened. This phenomena is likely attributed
to the additional fluid sitting between adjacent open
flaps that must now be accelerated when the absorber
body surges. The surge radiation wave damping peak
value decreases and shifts to higher wave angular
frequencies as each additional flap is opened. The
reduction between 0 and 5 open flaps is slightly less
than 40%, which exceeds the ratio of the absorber body
plane form, which is only reduced by approximately
10%. In Fig. 4b, the peak surge-wave excitation force
has also been observed to move to higher frequencies
with a decreasing peak magnitude as each additional
flap is opened.

The heave hydrodynamic coefficients are the least
sensitive when actuating the variable geometry flaps
but are still reduced in magnitude. However, an inter-
esting result for the heave added mass occurs in the
nondimensional wave angular frequency range of 0.9
to 1.3, where negative added mass values are present;
see Fig. 4c. This phenomenon has been observed for
submerged bodies when the depth of submergence
is sufficiently small compared to the thickness of the
oscillating body [22]. The negative added mass values
are generally associated with standing waves that are
generated around the floating body or antisymmetric
sloshing modes for water trapped between multiple
hulls with close spacing [23]. Although the calculation
of the added mass can be negative for specific fre-
quency ranges, the diagonal radiation wave damping
coefficients must be nonnegative, as they are measures
of the energy flux in the waves radiating away from
the oscillating body [24]. The heave-wave excitation
force decreases at approximately the same rate as the
reduction in the plane form area of the absorber body;
see Fig. 4d. Unlike a surface piercing body, where the
heave wave-excitation force converges to the heave
restoring coefficient in long waves, for a submerged
device, the heave wave-excitation force will tend to 0 in
long waves. The authors believe that the heave hydro-
dynamic coefficients are less sensitive to the openings
controlled by the variable geometry flaps because the
hydrodynamic pressure generated by the diffracted
wave and device motion are concentrated at the center
of the plate rather than on the sides [7].

The pitch hydrodynamic coefficients are the most
sensitive to the opening of the variable geometry flaps.
For the radiation coefficients, this means the fluid
surrounding the pitching plate has an easier time
wrapping around the plate edges, reducing the vertical
added mass near the plate ends. The vertical added
mass can be related to the pitch added moment of
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inertia by the square of the distance from the center
of gravity to the point of application. It is expected
that the frequency for resonant pitch motion will shift
across a wider frequency range compared to the surge
and heave motions. Thus, the pitch radiation coefficient
peaks are reduced by approximately 65% (see Fig. 4e)
while the peak pitch wave-exciting torque is reduced
by approximately 50% ( see Fig. 4f). Furthermore, the
surge-pitch radiation coefficients appear to have almost
a binary response between the 0 and 1 flap open
configurations. As seen from Fig. 5, unlike the gradual
reduction in the surge, heave, and pitch radiation
coefficients when opening the flaps, the surge-pitch
radiation coefficients have a large reduction when the
first flap is opened with little variation as additional
flaps are opened.

B. Variable Geometry Submerged Plate Reqular Wave Re-
sults

With the hydrodynamic coefficients obtained from
WAMIT, the surge, heave, and pitch motion of the
plate can be calculated from (31) after selecting the
PTO spring and damping coefficients. The plate motion
and PTO coefficients are used to calculate the absorbed
power and axial force for PTO 1 and PTO 2 from
(33)-(36). In an effort to maximize the total power
capture, the spring extension length, I;, was selected
to be 1 m (which determines the heave and pitch
restoring coefficients), and the mass fraction, my, was
selected to be one-third, while varying the linear PTO
damping coefficient until a maximum in power capture
was found. For this analysis, the linear PTO damping
coefficient is constant for each PTO; however, it may
be possible to further optimize power production with
different damping coefficients for each PTO unit. The
analysis also placed a constraint on the system to
ensure the motion of the plate did not pass above
the still water line. Therefore, when calculating the
maximum power capture, the following motion limit
was not to be exceeded:

AL | |&+ 56
ALy|  |&— L&

These expressions limit the response amplitude opera-
tor of the axial stroke to less than or equal to d—t/2 up
to a wave amplitude of 1 m. Once the wave amplitude
increases past 1 m, it is expected that nonlinear wave
effects will have greater importance and the linear
model proposed in this work may not provide suffi-
cient accuracy to evaluate the WEC performance.

The maximum absorbed power for the fore and aft
PTO units for each variable geometry flap configura-
tion has been plotted in Fig. 6a. In Fig. 6a, the PTO
units have different power outputs, with the aft PTO
providing more than 90% of the energy capture for a
range of wave frequencies; see Fig. 7. For each flap
configuration, there are wave frequencies at which PTO
1 produces almost no power, which can be attributed
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Fig. 4. The nondimensional surge, heave, and pitch hydrodynamic radiation and wave excitation coefficients versus number of open flaps
for a submergence depth of 1.4 m and plate length of 20 m. The nondimensional values are given by: pj; = p11/m, A\j; = Ai1/wm,
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w* = w+y/h/g.
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to the phase difference between the heave and pitch
motion of the plate; see Fig. 6d and 6e. Referring back
to (24) and (25), the pitch motion of the plate will
have opposite effects on the axial extension of PTO
1 and PTO 2. At the wave frequencies where PTO 1
produces negligible power, the heave and pitch motion
of the plate are out of phase by approximately 7 rads,
which results in the maximum heave motion occuring
at the moment of minimum pitch rotation. For PTO
1, the contribution from the plate heave motion to
the axial extension will then be offset by the axial
compression that occurs because of the negative pitch
rotation. In this situation, the axial extension of PTO 1
is minimized, almost motionless, while the axial exten-
sion of PTO 2 is amplified as a result of the positive
phase coupling between the heave and pitch motion.
For all wave frequencies, the 0 open flap configuration
absorbs the greatest amount of power; however, over
the frequency ranges of 0.6 to 0.7 and 1.1 to 1.2 there
is little difference in the power produced by the other
open flap configurations.

Fig. 4c plots the surge response amplitude operator
where the peak in surge amplitude increases with each
additional variable geometry flap opened. The first
local peak in the surge response amplitude operator
occurs near the pitch resonance frequency while a
second peak occurs at more than 1.3 rad/s coincid-
ing with the surge resonance. However, as additional
flaps are opened, the surge displacement will further
exceed the response amplitude operator limit of 3
that maintains the small angle approximation; refer
to (23). The small angle approximation will be valid
for all flap configurations at low wave amplitudes,
but will be affected by the nonlinear PTO dynamics
with increasing wave amplitude. The PTO axial force
follows a profile similar to the absorbed power with the
0 open flap configuration generating the largest forces;
see Fig. 6f. The force generated by PTO 2 dominates
PTO 1 except in the low frequency range, where the
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two are nearly equal. In this range, the PTO axial
extension is solely due to heave motion, and equivalent
forces are generated in the PTO units. There is also
a local minimum in the axial force of PTO 2 around
the pitch resonance frequency; however, the drop is
minimal compared to the reduction in the axial force
of PTO 1.

VI. CONCLUSION

This paper has investigated a novel WEC device
concept that has combined a submerged pressure
differential plate with variable geometry modules.
The two variable geometry modules consisted of five
identical flaps that act as control surfaces. The variable
geometry flaps were allowed to rotate around their
central axis but were controlled in a binary fashion
allowing for fully closed, ¢ = 0 deg, or fully open,
¢ = 90 deg configurations. If the variable geometry
flaps were allowed to operate at intermediate angles,
perhaps larger and fewer flaps could used as greater
control over the hydrodynamics are afforded; however,
based on the authors’ previous research [2] there can
be large changes in the hydrodynamics when adjusting
the angle of rotation by small increments, which may
be difficult to accurately model given uncertainties
in measurements from rotary sensors. Therefore,
additional research is required to understand the
dynamic effects of controlling one or more variable
geometry flaps on a wave-to-wave timescale.

Controlling the variable geometry modules quasi-
statically was shown to be effective at altering the
device geometry to reduce wave and PTO loading.
The authors expect that improved control of the
operational design loads, provided by the variable
geometry modules, can improve the capacity factor
of the device in larger sea states. Furthermore, the
variable geometry design was shown to be capable
of tuning the radiation coefficients to control the
power output of each PTO and shift the wave
frequency that maximizes the surge, heave, and pitch
response of the absorber body. The current analysis
has investigated device performance in regular waves,
while assuming the PTOs are modeled using identical
spring and damping coefficient; however, we expect
that the power output could be further optimized
using separate damping coefficients or using a more
advanced control strategy.

The device performance was evaluated using linear
hydrodynamic theory in the frequency domain. This
linearization of the PTO dynamics is required to
couple the fore and aft PTOs to the motion of the
absorber body. In the linearization process, limits
were derived for the absorber body motion that
would have allowed the linear response to remain
valid; however, there were wave frequency and flap
configuration combinations that may exceed these
limits in larger waves. An immediate improvement
would be to angle the mooring tether lines, rather
than place them in a vertical orientation, as the surge
motion is minimally controlled by the PTOs. Future
work remains to evaluate the structural and actuator

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.
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