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Wave energy conversion using coupled
balloons: A numerical investigation

Bo-Lin Chen, Adi Kurniawan, Hugh Wolgamot, and James R. Whelan

Abstract—Most wave energy converters (WECs) feature
rigid structures, while flexible WECs have received less
attention. This study investigates a novel WEC comprising
two balloons coupled through an air duct, designed as a
simple and low-cost solution for harnessing wave energy.
The performance of the coupled balloon wave energy
converter (CBWEC) is assessed through simplified linear
numerical modelling, using the radiation/diffraction soft-
ware HydroStar. The balloons are idealised as spheres with
uniform deformation. A comprehensive parametric study
evaluates the device’s performance with varying spacing,
submergence, power take-off damping, and additional
stiffness. Although the CBWEC was initially conceived as
fully submerged, results indicate that without additional
negative stiffness, its natural period is too low to resonate
with ocean waves. Hence, in the absence of negative stiff-
ness, a floating configuration offers the highest potential
power, defined as the area under the power function.
Hypothetically introducing negative stiffness significantly
improves performance, producing five times more power
than the best configuration without it. With appropriate
negative stiffness, the submergence of the balloons be-
comes less critical. These findings will guide upcoming
physical experiments to validate the proposed device.
While achieving negative stiffness may be challenging in
practice, the CBWEC demonstrates reasonable performance
even without it, highlighting its potential as a promising
WEC.

Index Terms—Flexible wave energy converter, pressure
differential, negative stiffness, numerical modelling

I. INTRODUCTION

HIS paper considers a wave energy device in
the form of two air-filled balloons connected by
a pipe, hereafter referred to as the coupled balloon
wave energy converter (CBWEC). A concept sketch is
presented in Fig. 1. The balloons are tethered to the
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seabed and spaced approximately half a wavelength
apart along the direction of wave propagation. When
subjected to wave action, the balloons alternately con-
tract and expand, pumping air back and forth between
them. This airflow can be used to drive a turbine. In
storm conditions, the balloons may be deflated and
stored on the seabed.

The concept is potentially attractive due to its very
low capital cost, resulting from low material and in-
stallation requirements.

Fig. 1. Concept sketch of the coupled balloon wave energy converter.

It is of interest to evaluate how the CBWEC would
perform in typical ocean wave conditions. To this
end, this paper presents an analysis using a simplified
model that considers the balloons to be ideal spheres
pulsating uniformly in water. This approach is ex-
pected to give a conservative estimate of the device’s
performance.

Before proceeding with the analysis, we first present
a brief review of similar pressure differential devices.
Following [1], we define pressure differential devices
as those that use wave-induced pressure differences to
drive fluid flow, typically involving variable volumes
that change with the flow.

II. LITERATURE REVIEW
A. Pressure differential chambers

Pressure differential wave energy devices may trace
their origin to Budal and Falnes [2], who presented
a conceptual model of the coupled balloon resonator
in 1974 (Fig. 2). The model consisted of two rigid air-
filled tanks, enclosed at the top by flexible membranes
(shown as dashed lines in the figure), designed to
operate in pairs spaced at half a wavelength. Due to
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Fig. 2. Coupled balloon resonator proposed by Budal and Falnes,
from [2].

wave forcing, the membranes alternately bulge in and
out, resulting in a pumping action. A turbine converts
the resulting pressure differential into useful energy.
No theoretical analysis was presented.

A world patent for this idea was issued in 2013
under the name M3, and a scaled prototype was
tested off the coast of Oregon in 2014 by M3 Wave
LLC. A preliminary numerical analysis was conducted
by McNatt et al. [1], who investigated the optimal
length (or spacing between chambers) of such a device.
Babarit et al. [3] analysed two versions of M3: one
with the moving surface at the bottom (version 1), and
the other with the moving surface at the top (version
2). They concluded that version 2 is more favourable
for the ease of tuning its natural period (due to its
negative hydrostatic stiffness) and its superior energy
performance compared to a selection of other wave
energy converters with various working principles. In
both versions, the moving surface was a rigid horizon-
tal plate, and this was accordingly assumed in their
analysis. The analysis was extended in [4] to include
surge, heave, and pitch of the system on a floating
platform. It was found that the relative phase between
pitch and the pumping mode is a key factor influencing
the device’s power performance. Coupling between
pitch and the pumping mode can have positive effects
on power production within certain wave frequency
ranges.

In 2023, Milani et al. [5] investigated a coupled
flexible membrane system using a setup comparable to
Budal and Falnes’ original concept—that is, with flex-
ible membranes (rather than rigid surfaces) enclosing
the chambers (see Fig. 3). Numerical predictions of the
device’s performance were partially validated through
physical model tests in a wave flume. The findings
reaffirmed the conclusions of Babarit et al. [3], high-
lighting the negative hydrostatic stiffness of the device
and demonstrating that high power performance is
achievable, provided additional (positive) stiffness is
introduced to the system such that the membrane
pumping motion resonates with the incident waves.

B. Seabed-fixed balloons

In 2016, Kurniawan and Greaves [6] investigated the
performance of a single balloon attached to the seabed
and connected to a fixed-volume chamber (Fig. 4). The
balloon was constructed with tendons encasing the
membrane, such that the balloon could deform but
not stretch. The findings suggested that the single-
balloon device might achieve more favourable power
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Fig. 3. Flexible-membrane wave energy device investigated in [5]:
schematic (top) and photograph of the setup during model testing
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Fig. 4. Sketch of a seabed-fixed balloon (top) and possible configura-
tions of the seabed-fixed balloon device (bottom). The single balloon
connected to a fixed-volume chamber was considered in [6].

conversion if floating and heaving, or if coupled with
another balloon, or operated in an array configuration
(see Fig. 4). However, no analyses of these alternative
configurations were presented.

C. Floating air bags

Following the study in [6], the authors further in-
vestigated the hydrodynamics of a floating, single air
bag (Fig. 5). In this configuration, the fixed-volume
chamber is housed within the device itself. The study
concluded that the air bag exhibited a much longer
heave resonance period than a rigid device, with only
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Fig. 5. Floating air bag WEC considered in [7]: sketch (top) and
underwater view of a physical model (bottom).

a minor reduction in resonance bandwidth [7], [8].
This lengthening of the period (and corresponding
reduction in bandwidth) arises from the compression
of the bag during downward motion, which results
in a lower restoring force (and correspondingly lower
radiation capacity) compared to an equally sized rigid
body. The increased natural period means that the air
bag, as a wave energy device, can be significantly
smaller than a rigid body with the same natural period.

D. Other devices

A number of other similar devices have been pro-
posed in the literature.

One of the early devices to utilise pressure differ-
ential to generate air flow is the flexible bag device
proposed by French [9]. The device comprises multiple
air-filled flexible bags mounted on a long floating plat-
form oriented along the wave direction. The passage
of waves along the platform drives the bags to expand
and contract, creating air flow which is utilised for
power generation via an air turbine. Bombora [10] is
a relatively recent concept utilising the same principle,
but is bottom-fixed and completely submerged.

Righi et al. [11] considered a single chamber with
a direct-drive dielectric elastomer generator (DEG) as
the power take-off (PTO), removing the need for a tur-
bine. Capitalising on the negative hydrostatic stiffness
property of an upward-facing moving surface [12], the
device consists of a submerged air chamber with a
deformable DEG enclosing the top. Thus, the DEG acts
both as a deformable interface between air and water,
and as a PTO.

Other pressure-differential devices include the
Archimedes Wave Swing (AWS) [13], which consists

of an air-filled chamber fixed to the seabed and a
cylindrical lid that moves vertically. Further develop-
ment of this concept led to Symphony, a variable-
volume submerged point absorber [14], [15]. An array
of similar devices has also been considered in hybrid
configuration with a floating wind turbine [16].

III. SIMPLIFIED MODEL

An interesting feature of pressure-differential devices
of the type considered here is that their natural periods
are non-trivial, as demonstrated by Milani et al. [5]. The
stiffness of the pumping mode comprises hydrostatic,
pneumatic, and any additional contributions, such as
membrane stiffness. Moreover, the pneumatic stiffness
is frequency-dependent and influenced by the flow
resistance between the two chambers.

A. Assumptions

In this preliminary study, we consider two identical
pulsating spheres as shown in Fig. 6 as an idealised
model of the proposed CBWEC (in fact, a submerged
balloon in a hydrostatic pressure field does not adopt a
spherical shape). Each sphere is of mean radius a and
is assumed to expand/contract uniformly. The centres
of the spheres are fixed in place, that is, we assume
that there are no motions other than the pulsation of
the spheres.

We define a global coordinate system with the origin
at the mean free surface, midway between the two
spheres. The z-axis points along the incident wave
direction and the z-axis points upward. For sphere m,
we also define a local coordinate system with origin at
the centre of the sphere and axes parallel to the global
axes. The unit normal vector n is defined as pointing
out of the body.

We assume that all oscillations are small and time-
harmonic so that any oscillating quantity z(¢) can be
written as z(t) = Re{ze !}, where z is the complex
amplitude (the minus sign in the —iwt time dependence
is chosen in agreement with the convention used in
HydroStar [17], which is used to compute the hydro-
dynamic coefficients).

B. Mode definition

We define two modes to describe the motion of the
spheres. Mode [ is in-phase expansion/contraction of
both spheres. Mode /! is anti-phase (sphere 1 contracts,
sphere 2 expands). No other motions are allowed.
Following Newman [18], we define the shape function
S, of mode i as the displacement of a point on the body
for a unit modal displacement &;. Thus, for sphere m,

S;r = (Zmi+ ymi + zmk)/a, 1)
Srr = (=)™ (i + ymj + zmk)/a. 2)

Alternatively, we could use the expansion of one in-
dividual sphere (while holding the other one fixed) as
one mode, such as used in [5], but the advantage of
using symmetric and antisymmetric modes is that they
lead to uncoupled equations of motion.
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sphere 2

Fig. 6. The coupled balloon device as two pulsating spheres, with notation.

The local and global coordinates (see Fig. 6) are
related as

X1 :IE+L/2, (3)
xo=x—L/2, (4)
Y1 ="Y2 =1y, )
21 =29 =2z +d. (6)

Using relations (3)-(6), we may rewrite the shape
functions (1) and (2) in terms of the global coordinates:

S, - 2 { [x+ (—1)m-1§] iy (z+d)k}, @)
S = (_Cll)m {[x—i— (—1)m1ﬂ i+yj+ (z+d)k}.

(®)

C. Hydrostatics

The elements of the hydrostatic stiffness matrix K
can be obtained from the shape functions follow-
ing [18]:

Sy

where w; is the z-component of the shape function,
n; = S; - n is the normal component, and D; =V - §;
is the divergence. The integral is taken over the wetted
body surface Sp.

Knowing the shape functions and the geometry of
the body, we can evaluate w;, n;, and D;. The z-
component of the shape functions are

wr = (z +d)/a, (10)
wrr = (—=1)"™(2+d)/a for sphere m, (11)

the normal components are

nr= 17 (12)
nrr = (—1)™ for sphere m, (13)
and the divergences are
Dy = 2/(17 (14)
Dy =2(—1)"/a for sphere m. (15)

To evaluate the integral (9), it is convenient to use
spherical coordinates. Denoting the azimuthal angle as

6 and the polar angle as ¢, on the sphere surface we
have

x=asingcosd F L/2, (16)
y = asin¢sinf, (17)
z=acos¢p—d, (18)
dS = a®sin ¢ depdh. (19)

With these, we obtain

Ki 1 = 16pgmad, (20)
Krrr=Kr g, (21)
Krr =K =0. (22)

We note that this is simply the linearised rate of change
in buoyancy force, 2 x 4n[(a + &)? — a®|pgd, with
displacement ¢&;.

D. Pneumatic forces

The relationship between pressure, volume, and
mass increases in sphere m is obtained by linearising
the isentropic equation. The result is

Vi _ M _ P (23)
Voo mo  po
where V; is the mean volume of each sphere, my is the
mean air mass in each sphere, assumed to be equal to
PairVo (Where p,ir is the mean air density), pg is the
mean air pressure including the atmospheric pressure
Datm, and 7y is the heat capacity ratio.

The mass flow through the turbine is assumed to
be linearly proportional to the pressure difference be-
tween the two spheres, with ¢ being the linear power
take-off coefficient:

iwmy = —iwma = ¢(p1 — p2). (24)

Larger ¢ means smaller flow resistance.
Substituting (24) into (23), we obtain

|41 _ Ay Ac b1
-G 26 o

where
Ay =y (26)
YPo WPair
A, = ¢ i (27)
WPair
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At this point, it is useful to define &,,,,m = 1,2 as the
displacement of each sphere in the normal direction
(expansion). The modal displacements &; and &;; are
therefore related to the sphere displacements ¢; and &,
as

& — & =&, (28)
&1+ & = &a. (29)

The linearised volume increase of sphere m after dis-
placement &, is

Vi = 4ma?€,,. (30)

The increase in air pressure in the spheres creates
a force on the sphere. In the j-direction, this force is
given as

Fp,j :/ p’l’LJdS (31)
Sy
This gives
Fp I 2 b1
’ = 47a“L 32
(rn) = (). o
where
1 1
L= (_1 1) . (33)

Combining (25)-(32), we obtain

—1
o1 24y (Av A &1
’ =16 L LT
(Fp,ll) T (Ac Ay &rr
1

Ay + A, 0 &1
0 1 fII ’
Ay — A,

= 327%a*

=G
(34)
which relates the pneumatic forces to the modal dis-
placements.

E. Additional stiffness

We assume in general that there is an additional
stiffness that resists the expansion and contraction of
each sphere, such that the additional restoring force is

Fa,m = _ka§m7 (35)

where k, is the additional stiffness coefficient.
Like the pneumatic forces, this can be expressed in
terms of modes [ and II:

(22) v ()
_ 1 0\ (& (36)
() (E)

————
=K,

F. Hydrodynamic forces

The added mass, radiation damping, and exciting
forces associated with the two modes I and II are
evaluated from HydroStar using the generalised mode
option. This is done by specifying the displacement of
every panel according to the shape functions (1)—(2).

G. Equations of motion

Assembling all the forcing terms, we arrive at the
following equations of motion:

[7w2Mr — IWRT =+ K + Ka - G] 5 = Fea (37)

where M,, R,, and F, are the added mass, radi-
ation damping, and excitation force calculated from
HydroStar, K is the hydrostatic stiffness matrix whose
elements are given in (20)-(22), K, is the additional
stiffness matrix given in (36), and G is the complex
matrix given in (34). The mass of the surface of the
sphere is assumed to be negligible.

Equation (37) can be solved for the modal displace-
ments € = (& & I)T, from which the pressure ampli-
tudes in the spheres can be obtained from (25)—(30).
Knowing the pressures, we can in turn calculate the
absorbed power from

c
P = 2 Ip1 — p2f*. (38)
Pair
We note that all terms on the left-hand side of (37)
are diagonal matrices, meaning that the two equations
are uncoupled and can be solved individually.

IV. GENERALISATION TO PARTIAL SUBMERGENCE

It is straightforward to generalise the preceding anal-
ysis to include cases where the spheres are piercing the
free surface. We can show that, for arbitrary submer-
gence,

for —a<d<a
fora<d<h-—a,

(39)
while (21)—(22) remain valid. Here, d < 0 means that
the centre of the sphere is above the mean free surface.
Further, denoting the factor 4ma? in (32) by s, we can
show that

5 2ra(a+d) for —a<d<a (40)
4ma’? fora<d<h-—a,

)

2pgm(a + d)(3a + d)
16pgmad

such that the factor 327%a* in matrix G is valid for a <
d < h — a, but becomes 167%a3(a + d) for —a < d < a.
These are the only changes to the equations.

V. PERFORMANCE

To evaluate the performance of the device, we con-
sider all possible combinations of dimensions listed
in Table I. Performance is assessed by integrating the
absorbed power function over wave periods, assigning
equal weight to all periods. We refer to this quantity
as the potential power. The dimensions in the table are
selected to represent a possible full-scale device, and
Fig. 6 is a sketch to scale, corresponding to & = 30 m,
d=10m, L =50 m, and ¢ = 5 m.

The added mass, radiation damping, and excitation
force coefficients corresponding to the two defined
modes are plotted in Fig. 7 for the case with L = 50
m, d = 10 m, and py — patm = 10 m (of water).
The off-diagonal added mass and radiation damping
coefficients are zeros, as expected, since the two modes
are uncoupled. When L = (n — 1/2)\, n = 1,2, ..., the
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Fig. 7. Added mass, radiation damping, excitation force coefficients, and the phase of the excitation force, for a = 5 m, L = 50 m, d = 10

m, h =30 m, and pg — patm = 10 m (of water).

TABLE I
DEVICE DIMENSIONS AND PARAMETERS ASSUMED IN THE MODEL

Parameter Notation Value
Radius [m] a 5
Centre-to-centre spacing [m] L 30, 40, 50
Centre submergence [m] d 0,25, 6.25,7.5,10,22.5
Water depth [m] h 30
Mean pressure [m of water] pg — patm 0, 2.5, 6.25, 7.5, 10, 22.5
Air density [kg/ m3] Pair 1.2
Heat capacity ratio ¥ 1.4

excitation force for the symmetric (in-phase) mode is
(almost) cancelled, while the excitation force for the
anti-symmetric (anti-phase) mode is maximised. For
n = 1, this corresponds to A = 2L = 100 m, or
T = 8 s for the given water depth, and the period also
aligns with the peak of typical wave energy spectra.
Conversely, when L = nA, n = 1,2,..., the excitation
force for the anti-symmetric mode is (almost) cancelled,
while that for the symmetric mode is maximised. Note,
however, that the peaks of the excitation force for one
mode do not align exactly with the zeros of the other
mode but occur at slightly longer wavelengths, due to
diffraction effects.

While typical floating WECs generally have better
capabilities for absorbing wave power, a focus on
fully submerged devices is emphasised to highlight the
original idea of a fully-submerged device.

As an example, the displacement and pressure am-
plitude of each sphere, as well as the absorbed power,
for L 50 m, d = 6.25 m, and p,;/c = 238.6
kg m~* s7!, are plotted in Fig. 8, left column. This
gives a potential power of 1.81 MJ m~2, which is about
the best achievable for this submergence level, with
no additional stiffness (k, = 0). Although the power
function is broad-banded, it is rather low compared

to the theoretical limits. However, if k, is negative,
significantly more power can be absorbed (Fig. 8, right
column). In this case, the natural period 7;, of the anti-
symmetric mode is tuned to match the wave period by
adjusting both k, and pai./c. By setting the maximum
T, to 8 s, an optimal combination of k, and p,;./c can
be found to maximise the potential power. For a device
with L = 50 m and greater submergence depth (d = 10
m), the optimal parameters are k, = —11.7 MN/m and
pair/c = 25.4 kg m~* s71. The potential power increases
substantially to 15.8 MJ m~?—almost nine times that of
the previous case, which has no additional (negative)
stiffness.

The presence or absence of additional stiffness leads
to different power take-off requirements to achieve
optimal performance, as shown in Table II.

The behaviour of a well-tuned device is generally
similar to that of the submerged membrane device
studied by Milani et al. [5].

Decreasing the spacing between the balloons is
found to reduce the potential power roughly propor-
tionally.

VI. DISCUSSION AND CONCLUSIONS

This section discusses the key findings of the anal-
ysis, their implications for design, and possible direc-
tions for improving the performance and practicality of
the proposed coupled balloon wave energy converter
(CBWEQ). Limitations of the current model and plans
for experimental validation are also outlined.

Our analysis, based on a simplified model in which
the balloons are treated as ideal pulsating spheres,
suggests that good power absorption is achievable
in a fully submerged configuration—provided that
negative stiffness is introduced into the system. The
need for negative stiffness arises because the fully
submerged device is otherwise too stiff in the pumping
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Fig. 8. Displacements, pressure amplitudes, and absorbed power, per unit incident wave amplitude, for k, = 0 N/m, d = 6.25 m, and
pajc = 238.6 kg m—* s7! (left) and kq = —1.174 x 10" N/m, d = 10 m, and pa/c = 25.4 kg m~* s~! (right). For the absorbed power
functions (bottom plots), the ascending solid line shows the maximum theoretical limit for the given geometry, and the ascending dashed

line shows the maximum theoretical limit for a dipole.

mode and does not resonate with typical ocean wave
periods. While the use of negative stiffness enables
resonance and enhances performance, its practical im-
plementation may be challenging. Negative stiffness
has been studied in other contexts, such as shock
absorption [19], and similar ideas—such as embedding
a honeycomb structure within the balloons—may be
worth exploring.

Instead of fully submerging the balloons, allowing
them to pierce the free surface (i.e., be half-submerged)
reduces the hydrostatic stiffness to a level that—while
still insufficient to achieve resonance—enables appre-
ciable power absorption even without the introduction
of negative stiffness. In Table II, this corresponds to
the cases with d = 0 and k, = 0. The highest potential
power in this configuration is 3.09 MJ m~2, achieved
with L = 50 m. This is about one-fifth of the highest
potential power obtained in the fully-submerged case
with negative k,.

The present model is idealised. A natural next step
would be to extend the analysis to account for more
realistic mean shapes and deformations of the balloons.
This is expected to alter both the hydrostatic and
hydrodynamic properties of the system, although—

depending on the construction of the balloons—it is not
immediately clear whether the effect will be beneficial
or detrimental.

Various practical modifications could improve the
CBWEC’s performance. One approach is to apply latch-
ing control [20] to artificially lengthen the device’s
natural period. This could be implemented using a
valve between the balloons that opens only during
certain parts of the wave cycle—e.g., when a wave crest
or trough passes over a balloon—and remains closed
otherwise. Such a strategy would achieve a similar
effect to that of introducing negative stiffness, though
the impact of transient pressure fluctuations on balloon
performance would need to be considered.

Another possibility is to allow the balloons to heave,
for example using a pulley mechanism. This additional
degree of freedom would reduce the effective stiffness
of the pumping mode and thus improve performance.
However, the system may become statically unstable,
with one balloon rising while the other sinks. An end-
stop mechanism could be introduced to limit the rise
and fall of the balloons.

In practical deployment, the balloons may also swing
like inverted pendulums. The natural period of this
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TABLE II
OPTIMAL PARAMETERS FOR SELECTED CONFIGURATIONS
L=50m
d [m] ka =0 ka < 0 .
pair/c [kg m—% s~1] | potential power [M] m—2] | pair/c [kg m~* s™1] | ka [MN m~'] | potential power [M] m~?2]
0 134 3.09 27.2 -1.87 18.3
2.5 163 2.46 33.1 -3.31 14.4
6.25 239 1.81 374 -6.69 13.7
7.5 297 1.32 31.3 -8.43 14.8
10 418 0.809 254 -11.7 15.8
22.5 1080 0.216 26.1 -27.5 11.0
L=40m
d [m] ha=0_ ka < 0 |
pair/c [kg m~% s71] | potential power [M] m™2] | pair/c [kg m™* s71] | ka [MN m~!] | potential power [M] m~2]
0 118 2.56 24.2 -1.84 14.1
2.5 144 2.03 30.4 -3.24 10.9
6.25 213 1.50 38.9 -6.48 9.52
7.5 267 1.07 32.0 -8.26 10.3
10 380 0.628 25.1 -11.6 11.0
22.5 1020 0.153 223 -27.4 7.93
L=30m
ka=0 ka <0
d [m] - -
pair/c [kg m~% s~1] | potential power [M] m~2] | pair/c [kg m™* s71] | ka [MN m~'] | potential power [M] m~2]
0 101 1.96 18.9 -1.84 10.8
2.5 125 1.55 244 -3.24 8.28
6.25 187 1.14 33.8 -6.41 6.86
7.5 235 0.785 27.5 -8.21 7.34
10 341 0.437 20.8 -11.6 7.79
22.5 975 0.0950 17.2 274 5.32
swinging motion is approximately [3] A. Babarit, E. Wendt, Y.-H. Yu, and J. Weber, “Investigation on

hfd’ (41)

where h and d are defined in Fig. 6. For h = 30 m and
d = 10 m, this yields a swing natural period of 6.3 s. To
avoid resonance with this swinging motion, it may be
advisable to limit the operational water depth to less
than 30 m.

Experimental validation of the CBWEC model is
planned in the near future through physical testing in
the wave flume at the Coastal and Offshore Research
Laboratory, The University of Western Australia. These
tests will help confirm the validity of the analysis and
may provide additional insights not captured in the
simplified model.

Finally, the practical suitability of membrane ma-
terials for wave energy applications—relevant to the
construction of the balloons—has been comprehen-
sively reviewed by Collins et al. [21]. Their findings
offer valuable guidance for future development of the
device.
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