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ABSTRACT
While the field of wave energy has been the subject of numer-

ical simulation, scale model testing, and precommercial project
testing for decades, wave energy technologies remain in the early
stages of development and must continue to prove themselves as
a promising modern renewable energy field. A wave energy con-
verter (WEC) concept currently being explored is the variable-
geometry WEC (VGWEC), which aims to add an extra control
option to WEC design. VGWECs attempt to incorporate con-
trollable geometric features to adjust the floating body hydro-
dynamics to favor either power absorption, load shedding, or
other operational goals. These variable geometry components
have been proposed to be controlled on a sea-state-to-sea-state
or wave-to-wave time scale depending on the force (or torque)
and bandwidth limitations of the actuators required to manipu-
late just the controllable geometric hull features. Having control
over both the WEC geometry components and the power take-
off (PTO) offers the potential to improve overall system perfor-
mance and reliability if a cost-effective solution can be found for
a given WEC architecture. This paper will present the recent de-
velopments and results of a VGWEC concept that incorporates
variable-geometry modules into a two-body WEC. In the pro-
posed VGWEC concept, the variable-geometry modules consist
of air-inflatable bags in the surface float and a water inflatable
ring in the subsurface body. The surface float is tethered directly
to the subsurface body through tether lines, each connected to
a separate PTO. Adjusting the geometry of both the surface and

∗Address all correspondence to this author.

subsurface bodies along with the PTO coefficients can maximize
power in design sea states while reducing motion response and
PTO forces when transitioning to sea states where rated power
is reached and load shedding is prioritized. The ability to transi-
tion between operating condition is expected to increase the sea
state operational map and power capacity.

1 INTRODUCTION
The National Renewable Energy Laboratory (NREL) has

continued its investigation into the load shedding capabilities
of variable-geometry wave energy converters (VGWECs) since
its initial publication in 2016 on a variable-geometry oscillating
surge wave energy converter [1]. The emphasis of VGWECs
is to add a hydrodynamic control knob on top of power take-
off (PTO) control to improve performance and reduce structural
loading [2]. NREL considers a VGWEC to be any device that
can actively or passively control WEC hydrodynamics. While
actively controlled actuated surfaces are one approach, hydro-
dynamics can also be controlled by changing the submergence
depth with seawater ballasting (or another method). Regardless
of desired implementation, the ability to control the device hy-
drodynamics allows for greater load shedding capabilities to im-
prove WEC survivability. The expectation is that any WEC will
have a PTO with rated power and force that will limit WEC con-
trol in larger seas. Rather than attempt to overdesign the PTO,
the variable-geometry components can be adjusted to shed loads
and maintain rated power over a wider set of operating condi-
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tions, as proposed in Fig. 1.
VGWECs are relatively new to the wave energy industry,

but there are several examples of developers that are applying
the same concepts within their own technologies. For example,
large-scale geometric changes are included in the WEPTOS de-
sign [3], which is initially deployed in an ”A” frame pointing
into the waves. As the wave climate increases, a controllable
cross beam will move toward the back of the WEC, causing the
frontal area of the device to become narrower, which lets more
wave power pass through. California-based CalWave [4] is ac-
tively developing their xWave technology, which is a single sub-
merged body that is connected directly to the seabed via four
PTO tethers. The xWave technology is able to control hydrody-
namics through a controllable central opening that creates a wave
pressure pass-through. It can also wind up the four tether lines to
increase the submergence depth to avoid storm conditions. An-
other example is the Monterey Bay Aquarium Research Insti-
tute’s WEC, which is a two-body point absorber with a conical
heave plate that is divided into six pieces [5]. Three of the pieces
are connected to a yaw actuator that is activated in larger sea
states to rotate and create openings in the conical heave plate to
reduce hydrodynamic pressure. These three WEC technologies
are a small subset of the larger WEC community but demon-
strate that some developers have decided that incorporating con-
trollable geometry is key to their operation.

This study is a continuation of previous research performed
on a variable-geometry two-body wave energy converter [6]. The
proposed variable-geometry two-body WEC incorporates con-
trollable geometric features using inflatables in both the surface
and subsurface bodies that allow the WEC to transition from an
inflated (power maximization) to deflated (load shedding) state.
The use of inflatables integrated into the WEC structure has been
previously explored in attenuator WECs [7,8], and the Wave En-
ergy Scotland Net Buoy project hopes to reduce material costs
by designing inflatable structures as the prime movers. Fur-
thermore, other prior investigations have considered coupling
the breathing-like action of air-filled bags to harness wave en-
ergy [9]. The use of inflatable features is attractive because flex-
ible fabrics are anticipated to be less expensive than steel, and
deflation upon deployment and recovery should decrease costs
associated with operation and maintenance.

This paper extends the numerical model development first
introduced in [6] by focusing on the performance differences be-
tween the inflated and deflated states. Ogden et al. [6] focused
on exploring the initial design space and estimating the prelimi-
nary costs by calculating the ACE metric, derived as part of the
U.S. Department of Energy Wave Energy Prize [10], which is
a simplified ratio of power produced over the cost of structural
materials to build the wave activated bodies to be a proxy for lev-
elized cost of energy. This paper begins with an introduction to
the details of the two-body VGWEC concept and the proposed
method of operation. Then, greater detail is focused on the ge-

ometric and mass properties modeling, which assists in describ-
ing how much influence controllable geometries have relative to
static geometries. Next, an analysis is presented of the efforts
required to maintain hydrostatic equilibrium for a two-body sys-
tem with asymmetric mass properties and tether connections, il-
lustrating how the tether pretensions also need to be controllable
to allow for the shape change. Finally, results from dynamic sim-
ulations of a scaled-down version of the two-body VGWEC are
presented to compare performance between the inflated and de-
flated configurations.

FIGURE 1. PROPOSED WEC POWER CURVE INDICATING
TRANSITION FROM MAXIMIZING POWER CAPTURE TO MAIN-
TAINING RATED POWER.

2 DESCRIPTION OF THE TWO-BODY VGWEC
One promising design that has emerged from a recent ex-

ploratory study into different VGWECs [6,8,11] is the two-body
WEC that incorporates controllable geometric features using in-
flatables that allow the WEC to transition from an inflated to a
deflated state, as shown in Fig. 2. The VGWEC transitions from
the inflated to deflated state in larger wave environments to em-
phasize power maximization over load shedding. In the proposed
variable-geometry design, the surface-piercing body comprises a
steel structural core (the green portion in Fig. 2) with side airbags
that are filled with air (the blue portions in Fig. 2). The surface
body is connected to the subsurface body through three tether
lines—two fore and one aft—which is similar to Oscilla Power’s
Triton WEC [12]. The subsurface body comprises a central con-
crete disk, which provides the structural strength to withstand
the tether tension (the gray portion in Fig. 2), and the disk is
surrounded by a water-filled inflatable torus (the red portion in
Fig. 2). The inflatables were chosen, as a simplified analysis of
the levelized cost of energy showed that using solely steel for the
entire geometry would quickly drive up costs, whereas the de-
sired shape could be augmented with flexible coated fabrics that
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could be inflated with the air and water found at the deployment
location. A key assumption is that the cost of coated fabrics and
pumps would be less than the cost of steel. The following sec-
tions will describe the modeling approach used to simulate the
response of this two-body VGWEC; however, a significant as-
sumption is that a feasible inflatable structure could be designed
to maintain the idealized shapes.

(a) SIDE VIEW

(b) TOP-DOWN VIEW

FIGURE 2. SOLIDWORKS RENDERING OF THE TWO-BODY
POINT ABSORBER WITH VARIABLE GEOMETRY. (LEFT) IN-
FLATED WEC STATE FOR POWER MAXIMIZATION AND
(RIGHT) DEFLATED WEC STATE FOR LOAD SHEDDING. THE
BLUE SIDE PIECES IN THE SURFACE FLOAT ARE AIR INFLAT-
ABLES, AND THE RED TOROIDAL PIECE IN THE SUBSURFACE
FLOAT IS A WATER INFLATABLE. IN THE DEFLATED STATE
THE LOSS OF BUOYANCY CAUSES THE WEC TO SIT DEEPER
IN THE WATER COLUMN. IN THIS IMAGE THE WAVES WILL
COME FROM LEFT TO RIGHT; THUS, THE FORE OF THE WEC
IS PROTRUDING OUT OF THE WATER.

FIGURE 3. (LEFT) SOLIDWORKS CAD MODEL OF A HEMI-
SPHERE WITH A RADIUS OF 10 M AS DESCRIBED BY EQN. (1)
AND (RIGHT) CAD MODEL OF THE 10 M RADIUS HEMISPHERE
WITH XSHEAR OF 1.5 AND ZSCALE OF 0.5 APPLIED AS DE-
SCRIBED BY EQNS. (3) AND (4)

2.1 Design of the Surface Body
The initial concept for the two-body floating point absorber

initially featured a sphere floating at the water surface connected
to a submerged reaction body via four tethers. But [13] demon-
strated how the performance of a floating hemisphere can be im-
proved by applying a combination of shear mapping (in the x-
direction) and scaling (in the z-direction) to generate an ellipsoid
geometry similar to the Edinburgh Duck [14]. To understand the
generation of the ellipsoid geometry, we begin with the implicit
equation of a sphere, which is given by:

x2
h + y2

h + z2
h = R2

h (1)

where R is the radius of the sphere. Since any horizontal cuts
through the x-y plane will generate circles, one can determine
the radius of these circular cuts from the following simplified
expression:

x2
h + z2

h = R2
h (2)

where, here, x is equivalent to the circular cross-section radius.
These surface expressions for the hemisphere were calculated be-
fore applying the x-shear mapping and the z-scaling. These map-
ping and scaling transformations were completed as follows:

xsh = xh + xshearzh (3)
zsh = zscalezh (4)

2.2 Design of the Subsurface Body
The core of the subsurface body is a solid disk (assumed to

be concrete) with a torus connected to the outside edge of the
disc (Fig. 4), which is made from a coated fabric and filled with
water. To achieve hydrostatic equilibrium with the surface body,
the requirements are that (1) the subsurface body has a net weight
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FIGURE 4. (TOP) SIDE AND (BOTTOM) TOP-DOWN
SCHEMATIC DEFINING THE MAJOR AND MINOR RADIAL
DIMENSIONS NEEDED TO DEFINE THE MASS PROPERTIES OF
THE CENTRAL DISK AND OUTER TOROID. THE DARK GRAY
SECTION DENOTES THE INNER CONCRETE DISK, THE LIGHT
GRAY SECTION DENOTES THE FLEXIBLE COATED FABRIC,
AND THE LIGHT BLUE SECTIONS DENOTE ENTRAPPED SEA
WATER.

equivalent to the net buoyancy of the surface body and (2) the
size of the solid disk has to be sufficient to allow the tether at-
tachment points to align with the surface body, resulting in the
moments on the reaction body canceling out. These require-
ments restrict the number of geometric parameters that could be
explored for optimizing the subsurface body. More information
can be found in [6].

2.2.1 Modeling Inertial Properties of the Sub-
surface Body Starting with the central solid disk reaction
body, shown as dark gray in Fig. 4, the mass properties can be
calculated from the following expression:

∀d = πr2t (5)
md = ρdπr2t (6)

Id,44 = Id,55 =
mdr2

4

[
1+

1
3

( t
r

)2
]

=
ρdπr4t

4

[
1+

1
3

( t
r

)2
]

(7)

≈︸︷︷︸
t
r�1

ρdπr4t
4

(8)

where Vd is the disk displaced volume, r is the radius of the disk,
t is the thickness of the disk, md is the mass of the disk, ρd is
the material density of the disk, Id,44 is the disk mass moment
of inertia in roll, and Id,55 is the disk mass moment of inertia in
pitch. Under the assumption that the material density is uniform,
it is not unexpected that the radius of the solid disk will be the
dominant parameter when estimating mass and moment of iner-
tia.

The geometric shape of the toroidal ring, shown as light gray
in Fig. 4, can be defined by the major radius, Rt , and minor ra-
dius, rt , which allow for toroidal mass properties to be calculated
as follows:

∀t = 2π
2Rtr2

t (9)
mt = ρt2π

2Rtr2
t (10)

It,44 = It,55 =
mt

8
(
4R2

t +5r2
t
)

= ρtπ
2r2

t R3
t

[
1+

5
4
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]

(11)
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rt
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�1

ρtπ
2r2

t R3
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2r3r2
t

(
1+

rt

r

)3
(12)

where Vt is the toroidal displaced volume, mt is the mass of the
disk, ρt is the material density of the toroid, It,44 is the toroid
mass moment of inertia in roll, and It,55 is the toroid mass
moment of inertia in pitch. In the presented design, the mass of
the coated fabric is assumed negligible compared to the mass
of the entrapped water. As a result, the toroidal density can
be replaced with the density of water. One can observe from
Eqn. (10) that the mass of entrapped water is proportional to the
square of the toroid radius while the radius of the internal disk is
fixed. The moment of inertia is also proportional to the square
of the toroid radius, but a larger contribution is to the cube of
the internal disk radius. From these expressions we can expect
that the entrapped water is going to increase the total moment of
inertia of the reaction body more than it increases the total mass.

2.2.2 Toroidal Surface Area As previously discussed
in [6], the cost of the reaction body is related to the surface area
of the toroid (assuming the cost of the fabric is reported in $/m2).
Therefore, expressing the surface area of the toroid as a function
of the same geometric parameters used to estimate the mass prop-
erties would shed light on how much more the design might cost
if it is desired to use a larger toroid to capture more of the sur-
rounding water. The expression for the surface area of a toroid
using the same variables described in the previous sections is

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

4



given by the following:

SAt = 2πtr [2π (r+ tr)] = 4π
2trr
(

1+
tr
r

)
≈︸︷︷︸

tr
r �1

4π
2trr (13)

Thus, for small tr
t , the surface area of the toroid increases linearly

with the toroid radius. Therefore, as the toroid radius is increased
in an attempt to entrap a greater amount of water, the resulting
increase in power capture also needs to be linear to have a near
constant cost of energy estimate.

3 HYDROSTATIC EQUILIBRIUM CALCULATIONS
The surface and subsurface floats are connected via nonsym-

metric tethers, and the tension in each tether will need to be cal-
culated to ensure hydrostatic equilibrium. In order to calculate
the required tensions, the following system of equations was es-
tablished that allows the tensions to be adapted as different WEC
properties are iterated:

fW,1 = m1g , fB,1 = ρ∀1g (14)
fh,1 = fB,1− fW,1 = (ρ∀1−m1)g

∑Fz,1 = 0 = 2Tf +Ta + fh,1 (15)
→ 2Tf +Ta =− fh,1 (16)

∑Mcg,1 = 0 = 2Tf x f ,1 +Taxa,1 + fB,1xcb,1

→ 2Tf x f ,1 +Taxa,1 =− fB,1xcb,1 (17)

where fW,1 is the material weight of the surface float, m1 is the
material mass of the surface float, g is gravitational acceleration,
fB,1 is the buoyancy force of the surface float, ρ is the fluid den-
sity, ∀1 is the displaced volume of the surface float, fh,1 is the net
hydrostatic force of the surface float (which needs to be greater
than 0), Fz,1 is the summation of forces in the vertical direction
for the surface float, Tf is the fore tether tension, Ta is the aft
tether tension, Mcg,1 is the summation of moments about the cen-
ter of gravity of the surface float, x f ,1 is the horizontal distance
from the center of gravity to the fore tether connection point, xa,1
is the horizontal distance from the center of gravity to the aft
tether connection point, and xcb,1 is the horizontal distance from
the center of gravity to the center of buoyancy of the surface float.

Equations (16) and (17) have two unknowns, Tf and Ta, as-
suming that the tether connection locations have already been
selected and the mass properties of the body are known. This
system of equations can be constructed in the traditional Ax = B
format as follows:

[
2 1

2x f ,1 xa,1

][
Tf
Ta

]
=

[
− fh,1
− fB,1xcb,1

]
(18)

which can be solved by any linear solver. The subsurface float
will require the same force and moment balance about its own
center of gravity, which can be described by the following ex-
pressions:

fW,2 = m2g , fB,2 = ρ∀2g (19)
fh,2 = fB,2− fW,2 = (ρ∀2−m2)g

∑Fz,2 = 0 = 2Tf +Ta + fh,2 (20)
→ 2Tf +Ta =− fh,2 (21)

∑Mcg,2 = 0 = 2Tf x f ,2 +Taxa,2 + fB,2xcb,2

→ 2Tf x f ,2 +Taxa,2 =− fB,2xcb,2 (22)

where ∑Fz,1+∑Fz,2 = 0, which can be simplified to fh,1+ fh,2 =
0. The subscript 2 denotes the subsurface body while all other
variables are as defined in the expressions derived for the surface
float. Unlike Eqn. (18), where the unknowns are the force and
aft tether tensions, the unknowns needed to maintain static equi-
librium for the subsurface body are the tether connections. The
additional equality constraint required to maintain a zero net mo-
ment on the surface body is that the separation distance between
the fore and aft connection points on the subsurface body must
be equal to the separation distance on the surface body, as shown
by the following:

x f ,1− xa,1 = x f ,2− xa,2 (23)

Now, Eqns. (22) and (23) can be used to set up a system of equa-
tions to solve for the two unknowns, x f ,2 and xa,2, as follows:

[
1 −1

2Tf Ta

][
x f ,2
xa,2

]
=

[
x f ,1− xa,1
− fB,2xcb,2

]
(24)

If the quantity− fB,1xcb,1 =− fB,2xcb,2, then the tether connection
points will be the same distance from the center of gravity for
the surface and subsurface bodies, which implies the two bodies
will have a center of gravity x-coordinate that will be the same;
however, if the equality does not hold, then the x-coordinate of
the center of gravity between the surface and subsurface bodies
will be offset.

4 MASS PROPERTIES OF THE VGWEC CONFIGURA-
TIONS
The surface and subsurface bodies were built in SolidWorks

to estimate the mass and mass moment of inertia for the inflated
and deflated VGWEC configurations using the material densi-
ties listed in Table 1. Comparisons of the mass properties be-
tween the VGWEC configurations are shown in Tables 2 and 3.

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

5



One can observe that between the two configurations, the total
volume of the surface body is reduced by nearly 350 m3, cor-
responding to the loss of the sides of the surface body (refer to
Fig. 2b), whereas the displaced volume stays nearly constant as a
result of the unchanging net weight in the subsurface body. In the
tables, the material masses of the toroid and entrapped water are
included for the subsurface body; however, these contributions
are neutrally buoyant. As a consequence of the lost volume on
the sides of the surface body, the draft is increased and the sur-
face body sits lower in the water (refer to Fig. 2a). In addition,
this change in displaced volume also causes the center of buoy-
ancy to move forward as more of the displaced volume moves
forward as a result of the inclined geometry. Therefore, for each
configuration, the pretension forces in the fore and aft PTOs need
to be updated to maintain the desired trim. Yet if the shift in the
center of buoyancy is too great while assuming a static center of
gravity, there may not be a feasible solution to Eqn. (24), as a
greater distance between the PTO connection points and the cen-
ter of gravity of the subsurface body is needed while the distance
of the PTO connection points on the surface body are assumed
fixed. There is the potential to slightly angle the tethers as they
move from the surface to the subsurface body; a slight angle of
1–2 degrees will have minimal effect on the net tension and, with
a separation distance of 44 m, can lead to sufficient distance in
the x-direction to achieve the needed moment balance.

TABLE 1. Density of Materials Found in the VGWEC Structure

Material Density Units

Steel 7850 kg m−3

Concrete 2450 kg m−3

Water 1000 kg m−3

Air 1.22 kg m−3

5 HYDRODYNAMIC MODELING AND SIMULATION
Both configurations of the VGWEC were built in Solid-

Works, providing the mass, volume, and mass moments of in-
ertia at full scale. In preparation for wave tank tests that were
completed earlier in 2023 at the Stevens Institute of Technology
in Hoboken, New Jersey, the CAD models and mass properties
were then scaled by a 1:35 ratio to match the dimensions of the
wave tank. The three-dimensional models were then meshed in
Rhinoceros [15], a separate modeling software, for use in the hy-
drodynamic modeling tool WAMIT [16].

Both the inflated and deflated configurations were simulated
using WEC-Sim [17], an open-source tool developed by NREL

TABLE 2. Mass Properties for the Inflated VGWEC

Variable Surface
Body

Subsurface
Body Units

Material Mass 269,549 1,735,782 kg

Center of Grav-
ity

[6.0, 0.0 ,−2.0] [5.5,0.0,−44.0] m

Center of
Buoyancy

[5.6,0.0,−1.9] [5.4,0.0,−44.0] m

Roll Moment
of Inertia

3,375,447 130,616,894 kg m2

Pitch Moment
of Inertia

14,281,342 130,616,894 kg m2

Yaw Moment
of Inertia

16,025,636 260,812,965 kg m2

Displaced Vol-
ume

1047 967 m3

Total Volume 1396 967 m3

TABLE 3. Mass Properties for the Deflated VGWEC

Variable Surface
Body

Subsurface
Body Units

Material Mass 269,121 1,298,852 kg

Center of Grav-
ity

[6.0,0.0, −3.4] [3.4,0.00,−45.4] m

Center of
Buoyancy

[4.1,0.0,−2.8] [3.4,0.0,−45.4] m

Roll Moment
of Inertia

3,352,237 73,121,320 kg m2

Pitch Moment
of Inertia

14,265,566 73,121,320 kg m2

Yaw Moment
of Inertia

15,987,756 146,120,873 kg m2

Displaced Vol-
ume

1037 530 m3

Total Volume 1047 530 m3

and Sandia National Laboratories. Using hydrodynamic coeffi-
cients obtained from WAMIT, WEC-Sim is able to simulate the
response of a variety of wave energy converters in various sea
states. WEC-Sim was used to measure the VGWEC power pro-
duction, PTO extension, and displacements of both bodies. In
order to compare the variable performance of the VGWEC, a
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regular wave sweep was conducted where the wave period was
varied while the wave height was held constant, with all waves
coming head-on (0 degree wave heading) and simulations run
for 4 minutes (a detailed list of wave conditions can be found in
Table 4).

TABLE 4. WAVE CONDITIONS FOR REGULAR WAVE SWEEP.

Case Period, T [s] Height, H [m] Heading, θ [deg]

A 0.75 0.01 0

B 1.00 0.01 0

C 1.25 0.01 0

D 1.50 0.01 0

E 1.75 0.01 0

F 2.00 0.01 0

G 2.25 0.01 0

H 2.50 0.01 0

I 2.75 0.01 0

J 3.00 0.01 0

6 RESULTS OF REGULAR WAVE SWEEP
The performance metrics measured from WEC-Sim simu-

lations are presented in the following sections to illustrate the
difference in response between the inflated and deflated configu-
rations.

6.1 Surface and Subsurface Body Displacement
As shown in Fig. 5, the surface body had significantly larger

translational motion compared to the subsurface body while hav-
ing similar rotational displacement. This is not unexpected, as
the design of the two-body system emphasizes excitation of the
surface float while designing the subsurface body to provide a
large reaction force to maximize relative motion for improved
power capture. A slightly unexpected result was how surge ex-
ceeded heave displacement by a significant factor, especially be-
tween 0.5 and 0.8 Hz. Upon reflection, this is likely a result of
tether lines oriented completely vertical, as the pretension forces
lead to minimal restoring stiffness and damping, and with per-
haps lower surge wave damping leading to larger amplitudes of
motion. A more interesting result is the observation of the dif-
ference between the inflated and deflated cases for pitch motion
at lower frequencies. The inflated configuration has the largest
pitch motion at the longest waves simulated, whereas the deflated

configuration has nearly no rotational motion as well as minimal
surge and heave motion. Such a response was desired because it
allows the WEC to become invisible to the waves, especially at
longer waves expected with storm conditions. The reason for the
increased pitch response at the longer wave periods is likely from
the heave-pitch coupling that results from the asymmetric profile
of the surface body. As shown in Fig. 2b, a larger portion of the
geometry sits in front of the center of gravity, which results in
pitch motion when the surface float moves up and down. When
transitioning to the deflated configuration, the bulk of the geome-
try remains more central, reducing the impact of any heave-pitch
coupling. For the subsurface body a similar reduction in general
motion is observed between the inflated and deflated cases, with
pitch motion showing the greatest differences.

6.2 PTO Tether Length
As shown in [11], the amplitude and phase of the 3 degrees

of freedom motion of the surface float can have a large influence
on the extension of the fore (PTO 1 and PTO 2) and aft (PTO 3)
tether lines. From Fig. 6, one can observe that for the inflated
configuration there is a transition near 0.45 Hz where the PTO
tether extension is nearly the same for both fore and aft PTOs,
but at lower and higher frequencies the fore and aft PTOs begin
to dominate, respectively, eventually leading to greater contri-
butions in power production. For the deflated configuration this
transition is not present, and the aft PTO tether extension is much
larger than that of the fore PTOs across the majority of the wave
frequencies. Similar to the discussion on surface and subsur-
face float motion, we are encouraged to see, for longer waves,
that there is minimal PTO displacement, as this should allow the
WEC to be detuned at longer waves in hopes of reducing the
forcing on the PTOs.

6.3 Time-Averaged Power Absorbed by PTOs
For all simulations, the same linear spring and damping co-

efficients were used as the PTO feedback loop to generate the
power capture of the two-body system. One can thus expect that
the individual and total power production follow a similar trend
to the PTO extension, which is confirmed in Fig. 7. For both
inflated and deflated cases, PTO 1 and PTO 2 are shown to gen-
erate the same amount of power, which is consistent with the
simulation approach, as all waves came from 0 heading and no
oblique wave cases were considered. From Fig. 7a it can be ob-
served that PTO 3 has a power capacity requirement that is nearly
three times that of PTO 1 and PTO 3, although this is for a very
narrow banded period. This is a consequence of both the WEC
design and having a fairly simple PTO feedback loop, as a more
advanced PTO controller could be utilized to limit such an ex-
ceptionally large peak. When comparing the total mechanical
time-averaged power absorbed by both configurations (Fig. 8)
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(a) SURFACE BODY

(b) SUBSURFACE BODY

FIGURE 5. COMPARISON OF MAX SURGE, HEAVE, AND
PITCH DISPLACEMENT FOR THE DEFLATED AND INFLATED
CONFIGURATIONS

over the entire frequency range, the inflated configuration does
have a greater average absorbed power. The peak power cap-
ture for both the inflated and deflated configurations is nearly
the same, although there is a shift of 0.1 Hz between peaks. A
slightly unexpected result was to see the deflated case produc-
ing more power than the inflated case; granted, the overperform-
ing range is rather small, but the designers would still have ex-
pected that with a larger geometry present, more wave forcing
would have been transferred to the tethers. However, given that
this peak seems to be associated with a corresponding peak in
surge motion (refer to Fig. 5a), perhaps there is a surge reso-
nance being excited that is minimally impacted by the loss of the

FIGURE 6. COMPARISON OF MAX PTO TETHER LENGTH EX-
TENSIONS BETWEEN THE INFLATED AND DEFLATED CON-
FIGURATIONS

inflatable side bags. In addition to the local peak in power ab-
sorption near 0.60 Hz, for the inflated case there is a local peak
near 0.38 Hz that, although not as large, is still close to 60%–
70% of the largest peak and would likely play a substantial role
in annual energy production. The dip in performance near 0.45
Hz is somewhat undesirable, as the design team had hoped to
maintain higher energy capture over a wider range of frequen-
cies. Still, as no optimization was completed with regards to the
linear spring and damping PTO coefficients, the dip may not be
as pronounced with further work. Lastly, to better relate power
generation to the size of the modeled WEC, the nondimensional
capture width is plotted in Fig. 8b. Since the associated wave
power decreases with increasing wave frequency, one can expect
to see lower capture efficiencies at longer waves with efficiency
peaks at higher frequencies. Although theoretically possible for
a multi-degree-of-freedom resonator to capture more power than
is hitting the frontal area, this comes with caveats on unmodeled
dissipation mechanisms and assumptions in modeling approach.
The first assumption is that the side inflatable bags retain their
shape despite the more likely scenario that the bags would begin
to deform at larger velocities and accelerations, resulting in ad-
ditional load shedding, which should lower peak power capture.
Second, with any large displacement there are going to be non-
linear viscous losses that will also reduce peak motion, which
also decreases power capture [18]. As a result, the peak cap-
ture width near 0.60 Hz is likely an overestimation, but a peak
efficiency closer to 50% might be achievable.
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(a) INFLATED CONFIGURATION

(b) DEFLATED CONFIGURATION

FIGURE 7. COMPARISON OF THE TIME-AVERAGED POWER
ABSORBED BY EACH PTO AND BETWEEN THE INFLATED
AND DEFLATED CONFIGURATIONS

7 CONCLUSIONS
The original design of the two-body VGWEC [6] has gone

through additional updates and analysis, which have been high-
lighted in this work. The results from WEC-Sim are promis-
ing and support many of the original design objectives; however,
there were unexpected responses in the deflated case that warrant
further investigation to understand why equivalent max power
absorption to the inflated case is being achieved. Still, the near
elimination of displacement and power at long waves is expected
to help the WEC ride out the largest storms and potentially ex-
tract greater power with longer waves at moderate wave heights.
However, the authors must acknowledge that one of the largest

(a) TOTAL TIME AVERAGED POWER

(b) NONDIMENSIONAL CAPTURE WIDTH

FIGURE 8. COMPARISON OF THE TOTAL TIME-AVERAGED
POWER AND CAPTURE WIDTH RATIO BETWEEN THE IN-
FLATED AND DEFLATED CONFIGURATIONS

assumptions made in this analysis is that both the air and wa-
ter inflatables could be filled to a sufficient pressure that their
idealized shapes would remain fixed. Such an assumption al-
lows for the use of rigid-body hydrodynamics calculated from
WAMIT rather than attempting to model the flexibility of the
inflatables [19]. Yet as discussed in the introduction, there are
several research organizations that are exploring inflatable WEC
designs that could lead to novel systems that can maintain unique
shapes under the hydrostatic and dynamic pressures experienced
when working in the wave environment. The next steps in the
development of this two-body VGWEC concept will be to val-
idate the numerical simulations against experimental data gath-
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ered during a wave tank testing campaign in 2023. The results
of the experimental campaign will first validate if the changes in
geometry lead to the anticipated reductions in motion and corre-
sponding loads. If successful, a follow-on series of experimental
tests can be planned while attempting to include small-scale in-
flatables to better represent the true design.
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