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Abstract

This paper presents a summary of recent progresses towards the development and upscaling of an
emerging class of electrostatic power take-off systems for wave energy converters (WECs), called di-
electric elastomer generators (DEGs). DEGs are electromechanical devices able to convert mechan-
ical energy into electrical energy by exploiting the deformation of rubber-like dielectric materials.
The high power density (in the order of hundreds of Watts per kilogram), good efficiency and ease
of assembling combined with the low-cost of the employed materials (a few euros per kilogram) and
their intrinsic resilient/reliable response to mechanical shocks make DEGs a very promising option
for the deployment of a future generation of WECs.

In the last decade, some specific concepts of WECs based on DEGs have been devised and
a remarkable interest in the topic has been aroused in the wave energy community. Among the
candidate DEG topologies for wave energy harvesting, recent studies have suggested that a specific
layout, namely the axial-symmetric inflating DEG diaphragm, could be a very promising candidate
for future upscaling.

This paper first describes the operating principle of DEG PTOs and the effect of electro-
mechanical material parameters on the energetic performance. With reference to the above-mentioned
inflating DEG diaphragm topology, an overview of concepts for integration on WECs is then pro-
vided, with a special focus on advanced concepts enabling the achievement of dynamical tuning with
the incoming waves. A general lumped-parameter modelling approach for the design of DEG-based
WECs is proposed. Experimental activity carried out to date, i.e. dry-run laboratory tests, wave-
tank tests and preliminary sea trials, is reviewed, with the aim of showing the progression in the
devices scale and performance. Finally, economical and technological considerations are outlined,
in order to point out challenges, future research opportunities and to draft a roadmap for future
research and technological transfer.

1 Introduction

Sea waves are an extraordinarily abundant source of renewable energy, virtually capable of covering
a large share of the current worldwide electrical energy demand [1]. Over the last forty years, a
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very large number of wave energy converter (WEC) concepts have been proposed, many of which
have been built and sea tested, hitting, in a few cases, the target of full-scale deployment and grid-
connection [2]. Despite the huge interest in the topic, to date, wave energy has not yet passed the
stage of pre-commercial demonstration. Up until now, the high capital cost of marine structures and
the difficulty of building devices able to survive in the harsh and aggressive marine environment
have prevented WEC technology from becoming economically feasible. In this context, recent
actions have been undertaken in order to support research toward “disruptive” solutions, capable
of promoting a breakthrough in the wave energy market [3].

Among the proposed game changing solutions, it has been suggested that the technology of
dielectric elastomers (DEs), which has its roots in the field of robotics [4], might be successfully
transferred to the wave energy sector. DEs are rubber-like dielectrics which can be used to build
electrostatic generators, namely DE generators (DEGs), exploiting cyclical deformation-driven ca-
pacitance variations to convert mechanical energy into electrical energy [5]. DEs could be employed
to implement one of the most critical components of a WEC, i.e., the power take-off (PTO) system.
Compared to traditional PTOs, DEGs are potentially cheaper (raw polymeric materials cost a few
euros per kilogram), have no moving parts except for the deforming polymeric unit, are corrosion
resistant, and potentially feature large conversion efficiency over a wide range of operating frequen-
cies. It has been experimentally proven that, at the operating frequencies of sea waves (' 10−1 Hz),
DEGs can convert power densities in the order of tens/hundreds of Watts per kilogram of dielectric
material, with measured peaks over 200 W/kg [6, 7]. In [7] it is suggested that, assuming an oper-
ating power density of just 2 W/kg, the cost of energy of a DEG-based WEC could be reduced to
one third of that of conventional WECs.

Figure 1: Relevant architectures of WECs with DEG PTOs. (a) Heaving buoy with DEG stack;
(b) Pitching flap with framed DEG; (c) Oscillating water column with inflating circular DEG; (d)
Bulge wave WEC with cylindrical DEG.

The promising potential performance and the flexibility in terms of layout make DEGs par-
ticularly attractive for application on several wave energy converters. New WEC concepts based
on DEG PTOs have been devised and investigated by companies and research groups [7–9]. An
overview of possible DEG-based WEC concepts proposed in the past is shown in Fig. 1.
Most concepts have been devised by replacing the traditional PTO systems in existing WECs. The
modified WECs typically have a primary interface consisting of a floating body, coupled with a DEG
PTO. Fig. 1a shows a concept of a floating point absorber connected, through its mooring line, to
a pre-compressed stack of DE layers. The cyclical deformation of the stacked DEG is induced by
the heaving motion of the floater. This concept has been proposed by Bosch GmbH in the context
of the German project EPoSil [10]. A similar concept has been patented by SBM offshore, using a
buoyant pitching flap as the primary mover [11]. Such a system, shown in Fig. 1b, can be combined
with different DEG architectures, e.g., DEG membranes clamped to the links of a mechanism, as
studied in [12]. The primary hydrodynamic interface can be alternatively composed of a fluid vol-
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ume oscillating within a collector. This principle is embodied by the device in Fig. 1c, which is
an oscillating water column (OWC) [13] with a set of circular inflating DEGs on top of a closed
air chamber. This concept, first proposed by Bosch [14], has been recently the object of several
studies [15–17], as discussed later in this paper. Finally, it has been suggested that DEGs might
be particularly suitable for implementing bulge wave WECs, in which a fluid bulge, originated by
local wave pressure, propagates along a rubber-like tubular structure, causing its deformation (see
Fig. 1d). SBM Offshore has developed a bulge wave WEC, called the S3, made of a set of inflating
tubular DEG segments, functioning both as the structural interface and the PTO [9].

Recently, some research groups, active in the topics of WECs and DEs, joined their efforts to-
wards the creation of a structured scientific investigation into the topic of DEGs for wave energy
application. The group explored the numerical and physical modelling, and possible routes towards
upscaling and market development of WECs with DEGs [12, 15–17]. This research was initiated
under the framework of the EU project PolyWEC [18] and advanced in the context of successive
projects, i.e., the WETFEET project [19] and the Wave Energy Scotland initiative [20]. Compared
to previous research, which aimed at the development of specific devices and DEG-WEC architec-
tures, the above projects applied a more structured approach to study DEG-based WECs. Starting
from the evaluation of several of the concepts discussed above (Fig. 1), attention was progressively
focused onto concepts using a particular topology of the DEG PTO, i.e., the circular inflating
DEG [15]. Such a topology offers potential integration in WEC devices (see, e.g., Fig. 1c) that are
free from rigid moving parts (in contrast to the concepts in Fig. 1a-b) while still relying on existing
WEC architectures for which operational experience is available (in contrast with the concept in
Fig. 1d).
The research carried out in the context of these initiatives drove, for the first time, the interest of a
wide portion of the wave energy community towards the topic of DEGs [3]. Following that, DEGs
are now recognised as a potentially disruptive technology for the future of wave energy, with interna-
tional research and funding agencies, such as Wave Energy Scotland and the European Community,
citing them as a strategic topic for future research on WECs [21,22].

This article presents a review of the tools, findings and goals achieved in the context of recent
research on DEG PTO systems for wave energy conversion. A broad view on the problems of
selecting suitable materials for DEG PTOs, modelling, and designing DEG-based WEC concepts
is provided, and a reflection on the current technological status and future challenges for DEGs is
drawn.

The paper is structured as follows. Sect. 2 introduces the operating principle of DEGs and
the material requirements for PTO systems design. Sect. 3 describes the topology of the circular
diaphragm DEG PTO and its applications on different WEC architectures. Sect. 4 proposes a new
general approach for design-oriented physical modelling of DEG-WEC systems. Sect. 5 reviews ex-
perimental deployments of scaled DEG prototypes and coupled DEG-WEC systems. Sect. 6 draws
a discussion on the current technological state of DEGs, including the effect of technological and
operational parameters on the economical competitiveness, and the challenges involved in DEGs fu-
ture developments. Finally, Sect. 7 presents the conclusions. The paper includes an Appendix which
illustrates the application of the proposed modelling approach to two DEG-WEC architectures.

2 DEG operating principle and relevant material properties

This section briefly illustrates the operating principle of DEGs, including a discussion of their
operating limits and their high potential as mechanical-to-electrical energy converters in terms of
energy/power density. Additionally, the material choice and the relevant physical parameters that
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affect the performance of DEGs are addressed.

2.1 Operating principle of a DEG

DEGs are deformable capacitors built by stacking compliant thin DE layers coated with deformable
conductive electrodes. The resulting structure is a multilayer membrane made of alternating layers
of conductive and non-conductive elastomeric materials. The operating principle of DEGs can be
described with reference to a single-layer patch of DE material that is homogeneously stretched
along its perimeter and coated with conductive electrodes. The cyclical operation of a DEG [23,24]
is schematically represented in Fig. 2a. Specifically, the following four-phases (P1-P4 ) can be
identified during operation:
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Figure 2: (a) Example of the operating cycle of a DEG. (b) Q− V diagram showing the phases of
the DEG operating cycle and the constraints delimiting the feasible working space.

P1 First, as the external load does mechanical work on the DEG, the DEG stretches from
configuration (A) (where its capacitance is minimum) to configuration (B) (with increased
capacitance), while no charge is present on its electrodes.

P2 Second, as the DEG position (C) is held fixed, a charge Q is deposited on the electrodes.
During this phase, called “priming”, an amount of electrical energy is initially spent to charge
the device.

P3 Third, the external loads take the DEG back to the minimum capacitance configuration (D).
During this phase, the charge on the electrodes is assumed to be constant. In this generation
phase, the external forces do work against the electrostatic forces, thus causing an increase in
the electrostatic energy stored in the DEG.

P4 Finally, in (D), the DEG is fully discharged, and the stored electrostatic energy is recovered.

The described sequence of electro-mechanical transformations can be conveniently represented
on a plane whose axes are the DEG chargeQ and voltage V [24], as shown in Fig. 2b. The sequence of
the phases of the operating cycle is represented by the closed-loop A-B-C-D-A. Straight lines through
the axes origin (e.g., B-C, D-A) are iso-capacitance lines, identifying specific DEG geometrical
configurations. The amount of energy spent during priming numerically equals the dashed area
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subtended below segment B-C, while the energy recovered during DEG discharging equals the dotted
area subtended below D-A. The area of the cycle (green area in Fig. 2b) numerically corresponds
to the net generated electrical energy.

Although, in the example of Fig. 2a, reference is made to a constant-charge control cycle, the
DEG electrical state during phase P3 can be controlled using different strategies (constant voltage,
constant electric field, etc.) [25]. Generic control patterns leading to positive electrical energy
generation can be represented as closed counter-clockwise oriented loops on the Q−V diagram. The
maximum electrical energy that can be converted in a cycle depends on the admissible stretch range
for the DEG and on the following additional limits [24]: 1) the electrical break-down condition, which
sets an upper bound to the admissible electric field across the DE (namely, the break-down electric
field, EBD) ; 2) electro-mechanical instabilities, which initiate when positive-feedback deformation-
voltage variation patterns arise [26]. Such constraints are represented by appropriate curves on the
Q − V diagram (see Fig. 2b). The envelope of such limit curves encloses a set of physical states
where the DEG can safely operate and it bounds a particular cycle, namely A-B-C’-D’-D”-A in
Fig. 2b. It can be demonstrated that the area of such a cycle (yellow area in Fig. 2a) represents the
maximum convertible energy and it is proportional to the DE material volume and to the product
εE2

BD [7, 27], where ε is the elastomer dielectric constant.

2.2 Materials

The performance of a DEG, in terms of the convertible energy per cycle, is strongly dependant
upon the employed DE material. Specifically, the relevant material properties that affect this figure
of merit are:

– Stretchability, which sets the maximum deformation range of the DEG and consequently the
obtainable variation in capacitance (represented by the angular range between lines AC’ and
AD” in Fig. 2b).

– Dielectric constant and break-down electric field, which should be as large as possible to
maximise the convertible energy density (see Sect. 2.1).

– Viscoelastic losses (due to material hysteresis) and electric losses (due to non-zero DE con-
ductivity, σd).

– Mechanical stiffness: large stiffness leads to large required mechanical loads to deform the
DEG, whereas low elastic modulus increases the tendency towards electro-mechanical insta-
bilities [24,26].

To date, materials employed for DEGs are natural [7] and synthetic [28] rubber, acrylics [6] and
silicones [29]. Ranges of the relevant physical properties of the materials are reported in Table 1. In
particular, the table shows: shear modulus µ (accounting for the DE elasticity [7]); uniaxial stretch
limit, λu; hysteresis loss (in uniaxial tensile cycles); dielectric constant ε (normalised by vacuum
dielectric constant ε0); break-down electric field EBD; product εE2

BD; and DE conductivity σe.
Acrylic materials (e.g., commercial VHB by 3M) are widely used in laboratory tests [6,16], due

to their low modulus and large dielectric constant, nonetheless, they are unsuitable for industrial
use due to their large viscous losses and high conductivity. Natural and synthetic rubber have
similar properties (though synthetic rubber seems to perform better in terms of losses), they have
large electrical break-down fields, relatively low dielectric constants, and large mechanical stiff-
nesses. However, silicones seem to be the most promising solution for near-future DEGs. The great
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Table 1: Material parameters for some classes of DE.

Natural Synthetic Acrylic Silicone
rubber [7, 27] rubber [28] [7, 30] [31,32]

Shear modulus, µ (kPa) 500-1000 500-1000 20-50 250-800
Max stretch, λu 5-6 5-6 7-9 4-8
Viscous losses (%) 7-20 10-12 15-20 5-10
Relat. dielec. const., ε/ε0 2.5-2.8 2.4-2.7 4-4.5 2.5-5
Break-down field, EBD (kV/mm) 100-120 100 70-120 80-150
εE2

BD (MJ/m3) 0.22-0.35 0.21-0.24 0.17-0.57 0.14-0.64
Conductivity, σd (pS/m) 0.1-1.2 0.1-0.7 1-15 0.1-1.4

advantage of silicone DE sheets relates to their easy-manufacturing and the large potential for the
improvement of their relevant material properties through the addition of compounds [29].

Besides DE materials, DEG performance is constrained by the availability of reliable stretchable
electrodes. Compliant electrodes can be manufactured using different techniques and materials [33].
Small-scale laboratory prototypes are often made of painted carbon grease [16, 23] or carbon pow-
der [34] electrodes, or hydrogel electrodes [35]. Despite being convenient for experimental tests
due to manufacturing simplicity, those solutions do not provide reliable and durable electrodes for
real-scale applications. Candidate materials for full-scale electrodes are conductive elastomer layers
(doped with conductive carbon particles) or sputtered micrometer-scale thin metallic films [36,37].

3 The circular diaphragm DEG PTO and its application on WECs

In this section, a particular layout of DEG is presented, which is particularly promising as a PTO
for ocean wave energy harvesting, as it can be coupled with different WECs. Such a layout consists
of an axial-symmetrical inflating DEG stack, called a circular diaphragm DEG (CD-DEG), and it
integrates readily with OWC and pressure differential (PD) devices. A description of the system
architecture is presented first; WEC architectures mounting the CD-DEG as the PTO are then
introduced, including a mention of relevant design issues.

3.1 Circular diaphragm DEG PTO

The CD-DEG consists of a stack of planar circular DE layers coated by electrodes, clamped along
their perimeter to a fixed frame (Fig. 3a). As with rubber-like materials, the CD-DEG stack
is incompressible (its volume does not change upon deformation). The stack is mounted on the
holding frame with a certain pre-stretch, aimed at preventing loss-of-tension in the presence of
electrostatic stresses induced by activation [26]. In particular, indicating with e0 and t0 the CD-
DEG unstretched radius and thickness respectively, application of an equi-biaxial pre-stretch λp
takes the DEG stack radius to e = λpe0 and its thickness to tp = t0/λ

2
p.

CD-DEG operation relies on bubble-like out-of-plane deformations (see Fig. 3b) [15]. When a
pressure difference is applied across opposite faces of the CD-DEG, the device inflates (outward or
inward, depending on the sign of the pressure difference) and undergoes an increase in the electrodes’
surface area, a reduction in thickness and, thus, an increase in capacitance (Fig. 3b).
Consecutive CD-DEG electrodes hold alternating polarity and the different layers of the stack are
electrically connected in parallel (Fig. 3a). The partition of the DE material into thin layers allows
the limitation of the voltage required to achieve target electric fields. In practice, in order to
achieve electric fields in the order of hundreds of kV/mm (see Table 1), output voltages in the
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Figure 3: Schematic of the CD-DEG layout and operation. (a) Pre-stretching operation; (b) Oper-
ating cycle.

order of tens of kilovolts are required, assuming the use of DE layers with thickness in the order of
∼ 10−1 mm. Such a value represents a compromise between very large voltages (which would make
the power electronics more expensive) and extremely small layer thicknesses (which would make
system manufacturing more complicated).

The simplest control cycle for CD-DEGs follows the four-phase logics described in Sect. 2.1.
With reference to Fig. 3b, starting from the minimum capacitance (flat) configuration (A), the
CD-DEG inflates as a result of the applied pressure difference. The CD-DEG is charged when it
reaches the maximally inflated configuration (B-C) (that depends on the external excitation), and
it is discharged as it reaches the flat configuration again (C). Such a control cycle only relies on the
knowledge of the actual membrane configuration.

3.2 Wave Energy Converters with CD-DEG PTO

Air

CD-DEG

Air

CD-DEGs

 
Chamber

Air

Inlet
 

Sea bed
 

Moorings

OWC
 

Floating
collector

 
Floating
collector

CD-DEG

 
Moorings

(a) (b) (c)

Figure 4: Examples of WECs with CD-DEGs as the PTO system. (a) Floating OWCs; (b) bottom-
fixed and (d) floating PD WECs.

The CD-DEG can be employed as the PTO system in different WEC types belonging to two
main categories: 1) oscillating water columns (OWCs) mounting the CD-DEG on top of the air
chamber (Fig. 1c, 4a), and 2) pressure differential (PD) WECs, in which the CD-DEG is in direct
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contact with the sea water (Fig. 4b,c).
OWCs are semi-submerged hollow collectors, open at the bottom towards the sea, and housing a
water column which is put into oscillation by the wave induced pressure [13]. Water column oscilla-
tions cause the compression/expansion of an air pocket located on top of the OWC. Though OWCs
are traditionally equipped with bidirectional air turbines [38], it is possible to employ CD-DEGs as
alternative PTO systems. This will potentially overcome the technical issues related to the limited
adaptability of the turbines to the harsh sea environment, and their poor efficiency in the presence
of bidirectional flows. In OWCs, the air prevents direct contact between the sea water and the
DEGs and can be exploited to guarantee DEG safety in rough sea states (e.g., by inducing a quick
depressurization through relief valves). OWCs with CD-DEGs have been largely investigated both
theoretically [15,39] and experimentally [16,17,40].
PD WECs exploit a submerged interface moved by wave-induced pressure variations. A special
PD implementation consists of a hollow chamber filled with a fluid (usually, air) and holding a
submerged deformable element (e.g., a polymeric diaphragm) as the hydrodynamic interface [41].
The deformation of that interface induces a pressure variation in the above-mentioned fluid. As in
OWCs, such pressure variations can be converted into electricity through turbines or DEGs. How-
ever, in PD WECs with CD-DEGs, the DEGs function both as the PTO and the hydrodynamic
interface, as their deformation is directly driven by the wave induced pressures. In contrast to
OWCs, in which the air chamber compressibility potentially limits the achievable DEG deforma-
tion, CD-DEGs combined with PD devices potentially take advantage of larger operating pressure
variations and deformations. At the same time, they require greater engineering effort in terms of
adaptation of the DEGs to underwater operation.

Both DEG-based OWCs and PD WECs can be implemented as bottom fixed devices (Fig. 1c,
4b), e.g. integrated in break-waters, or as floating moored WECs (Fig. 4a,c). Based on design and
manufacturing constraints, the DEG PTO can be potentially implemented as a set of several DEG
units installed on a single WEC machine (Fig. 1c, 4b).

3.3 Design of coupled DEG-WEC systems

The design of a WEC with a DEG PTO requires specific consideration of the coupled response
of the WEC interface and the DEG. In contrast with other PTO systems, the effect of a DEG
is not just that of damping the WEC dynamics. Indeed, its elasticity also plays a relevant role
in the system response. The design of an effective DEG-WEC device thus requires an integrated
approach, in which the design of the hydrodynamic interface and the DEG is carried out based on
their reciprocal influence.

As a matter of fact, the implementation of a DEG PTO involves rather large volumes of DE
material. The order of magnitude of the required amount of material for a target application can be
calculated based on available estimates of the DEGs’ convertible energy density. Theoretical and
experimental assessments indicate energy densities in the order of 0.1-1 kJ/kg per cycle [6, 7, 24].
At cyclic operating frequencies equal to typical sea wave frequencies (0.05-0.5 Hz), the mass of DE
required to achieve a power output in the order of hundreds of kilowatts (i.e., the typical power
target of most full-scale WECs [2]) is thus in the order of tens of tons per WEC unit. Such large
DE volumes have an inherent stiffness which supplements the hydrostatic stiffness of the WEC
interface, hence influencing the WEC dynamics. In particular, since DEs have strongly non-linear
electro-elastic response [26], the DEG PTO introduces a significant non-linearity into the WEC
dynamics.

WECs considered in Sect. 3.2 typically feature small dimensions compared to the wavelengths
of ocean waves, i.e., they behave as point absorbers [42]. For point absorbing WECs with linear
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dynamical response, the maximum power transfer from the waves to the PTO takes place in reso-
nance conditions, i.e., when the natural frequency of the system matches the frequency content of
the incoming waves [42]. DEG-based WECs have non-linear response, therefore the conditions to
maximise their energy transfer are non-trivial [43]. Nonetheless, it has been demonstrated [16, 17]
that a resonant-like behaviour should still be pursued in order to enhance the power capture per-
formance of the system.

Air
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collector
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mass duct
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collector

Inlet
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Collector
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Inlet
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Figure 5: Advanced DEG-based WEC layouts with optimised dynamical response: L and U-shaped
OWC collectors (a, b), DT-PD WEC with CD-DEG on top.

The design of resonant WECs with DEG PTOs requires tailored solutions aimed at counter-
balancing the DEG stiffness either through a large hydrodynamic inertia or negative hydrostatic
stiffness. In this regard, advanced OWC and PD solutions have been conceived.
As regards OWCs, it has been suggested that efficient coupling with the CD-DEG can be obtained
using collectors in which the water column is connected to the open sea through a narrow channel
(namely, an added-mass duct) that provides the system with increased added mass. OWC collectors
featuring an L shape (Fig. 5a) [16] or a U shape (Fig. 5b) [17, 44] have been studied and tested
experimentally in combination with CD-DEGs. L-shaped OWCs have a horizontal channel (parallel
to the sea bed) as the added mass duct. U-shaped OWCs have a vertical added mass duct which can
be implemented both as an axial-symmetric coaxial-duct [17,45] or as a square-plan device [44,46].
As regards PD WECs, a recently-patented [47] solution that enables the achievement of dynamical
tuning with the waves is shown in Fig. 5c. The device, hereafter called the dynamically-tuned PD
WEC (DT-PD WEC), has one (or several) CD-DEG(s) mounted horizontally on top of a submerged
air chamber (either bottom-fixed or moored). The device optionally includes a vertical collector
that channels the water flow towards the DEG. This layout realises a compensation of the CD-DEG
elasticity through a negative hydrostatic stiffness contribution. In effect, a downward deformation
of the CD-DEG corresponds to an increase of both the elastic restoring force of the DEG and the
downward-pushing hydrostatic pressure from the surrounding water. The vertical duct acts as an
added mass duct, thus increasing the hydrodynamic inertia of the WEC. Implementation of CD-
DEG elasticity compensation allows the design of resonant DT-PD WECs over a wide range of
device dimensions and predominant sea states.

3.4 Power electronics

In order for DEG PTOs to deliver the harvested energy to the electrical grid or to utilities, suitable
power electronics is required. According to the operating cycle described in Sects. 2.1 and 3.1, such
electronics should deal with the following requirements:
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– Direct current (DC) high-voltage (HV) operation, required to implement electric fields in the
order of 101 − 102 kV/mm on DEGs.

– Bidirectional intermittent electrical power fluxes: electrical energy should be supplied to the
DEG for priming (phase P2 of the cycle in Sect. 2.1) and positively extracted during the
following phases (P3, P4 ).

– Handling of larger currents (and powers) for short time intervals during priming and discharg-
ing phases (P2, P4 ), as opposed to lower currents during the rest of the cycle (P3 ).

The first point, which is often regarded as a limit in other DE applications, matches well with the
electrical grid requirement. The second point requires the design of dedicated bidirectional DC-DC
power converters. Finally, the third issue potentially leads to inefficiencies in the power electronics
operation, unless a suitable balance is realised between the duration of the priming/discharging
phase and the range of the operating currents. In [43], it has been shown that theoretical ener-
getic performance is practically unaltered if the current absorbed/supplied by a CD-DEG PTO
is limited and the duration of priming/discharging phases is ∼ 1/7 of the whole cycle (instead of
instantaneous).

Grid
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DC/DC kC

DC/DC nC

...

...

Vi
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V/n

V/n
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DEG
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WEC interface

Vi

DC-DC converter DAB converter

Vi V/n

Transformer MOSFETs

Figure 6: Example of the layout for grid connection and power electronics for a CD-DEG PTO. In
this example, the DC-DC converter is realised by a cascade of modules in input-parallel output-series
configuration. The inset shows the circuit schematic of a DAB module.

A schematic of a possible layout for grid connection of a WEC with a DEG PTO is shown in
Fig. 6. The system includes: a bidirectional DC-DC converter, that is the DEG driver; a DC link
that smooths the current absorbed/provided by the DC-DC converter; and an AC-DC converter
(inverter) to feed the generated power to the grid.
The core element of the power electronics is the DC-DC converter. In the context of SBM Offshore’s
research on the S3 device, different DC-DC topologies have been proposed, namely dual-active
bridge (DAB) [48] (see inset in Fig. 6) and flyback [25] converters. Both the configurations include
a transformer to galvanically isolate the two sides of the DC-DC converter, and parallel-connected
capacitors, on both sides of the bridge, to prevent overloads on the switching semiconductors. A fine
tuning of the voltage profile on a DEG during each active phase of the operating cycle (P2-P4 ) can
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be achieved by taking advantage of high-frequency switching of the semiconductors (tens/hundreds
of kHz) and appropriate modulation strategies for the different phases.

Although the second solution features simpler architecture with less components, the DAB ar-
chitecture is usually considered more suitable for high-power architectures [25].
To date, commercially available semiconductors compatible with the discussed specifications are
practically unavailable. For this reason, it has been proposed [25, 48] that a possible implementa-
tion for the DC-DC electronics might comprise a cascade of modules (see Fig. 6). Such modular
architecture is most often referred to as input-parallel output-series, and it consists of n DC-DC
converters whose inputs are parallel-connected to the same bus voltage Vi (significantly lower than
the total output voltage). The outputs of the converters are in series, so that each converter takes
the n-th fraction of the total DEG output voltage V . DAB modules rated at 4 kW have already
been built based on available components [48] and experimental tests showed efficiencies over 90 %
during the characteristic charging/discharging transients of the DEG operating cycle.

4 Mathematical modelling

Numerical models are instrumental to carry out design-analysis, performance assessment, and eval-
uation of any WEC system. With reference to DEG-based WECs, owing to the complexity of non-
linear hydro-electro-elastic interactions, advanced numerical techniques are required to accurately
model the physics of the problem, based, e.g., on the finite element method (FEM) or computational
fluid dynamics. Unfortunately, those approaches are highly computationally expensive.
In this article, a general lumped-parameter modelling approach is proposed, valid for OWC and PD
devices, which relies on some simplifications and enables faster-than-real-time simulations. Instead
of providing an accurate and sophisticated description of DEG-based WEC response (which is not a
priority at the present technological stage), this approach is intended as a tool for the design of new
concepts. The model, which has been validated in [17], provides essential insight into the dynamics
of DEG-WEC systems, allowing for the design of dynamically tuned devices.

4.1 Modelling approach

The proposed simplified modelling approach makes use of a global energy balance to derive the
equations of motion of a DEG-WEC coupled system. It enables straightforward integration of WEC
hydrodynamics and CD-DEG sub-models and makes it possible to consistently account for non-
linear contributions. This type of approach is widely employed in DE transducers modelling [26,49].
Energy-based approaches have also been employed in hydrodynamic WEC modelling, leading to
formulations consistent with the well-known Cummin’s linear formulation [46,50].
The study is restricted to consider OWC and PD WECs consisting of a fixed collector housing an
oscillating fluid volume and mounting a set of identical CD-DEGs as the PTO.

For each WEC type, the model relies on the following assumptions:

– The system hydrodynamics are described by potential flow and linear wave theory.

– The CD-DEG is treated as a stretchable elastic ideal dielectric [26].

– The CD-DEG kinetic and gravitational potential energies are negligible compared to the elastic
and electrostatic contributions, and to the water volume potential/kinetic energies (i.e., the
DEG is assumed to operate in quasi-static conditions), as discussed in [43].

– For simplicity, hydrodynamic and elastic viscous energy losses and electrical DEG losses are
neglected.
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Figure 7: Control volume definition (shaded area) for (a) OWC and (b) PD WECs.

– A lumped-parameter approach is used and the system configuration is assumed to be uniquely
described by a single degree of freedom, which identifies both the water volume and the DEG
configuration. The system configuration is uniquely described by a generalised coordinate q.

A control volume is considered comprising: an oscillating water volume delimited by the collector
walls and an inlet section (open to the sea); the DEG PTO; and closed air chambers possibly
embedded within the WEC (see Fig. 7). For such a control volume, the following power balance
holds:

Ėk + Ėg + Ėa + Ėm + Ėe = Ẇi + Ẇe + Ẇatm. (1)

where dotted quantities are differentiated with respect to time and the different terms have the
meaning described in the following. Ek and Eg are the kinetic and gravitational potential energies
associated with the water volume oscillation. Ea is the potential energy of the embedded air chamber.
Em and Ee are the elastic and electrostatic potential energies of the DEGs. Ẇi accounts for the
power supplied to the control volume by water flowing through the inlet section. Ẇe is the electrical
power supplied to the CD-DEGs by the power electronics. Ẇatm is a term accounting for the work
done by the atmospheric pressure on the CD-DEGs, in the case where they have a face in contact
with the atmosphere.

The water volume kinetic energy has the following general form [51]:

Ek =
1

2
Mq(q)q̇

2, (2)

where Mq(q) is the generalised inertia of the water volume (generally depending on q).
The gravitational energy Eg of the water volume is also a function of the system geometrical

configuration, namely Eg = Eg(q).
Air pockets within the control volume are treated as ideal gas volumes undergoing adiabatic

transformations, for which the following relation between the instantaneous air volume Ωa and the
absolute air pressure pa holds:

paΩ
γ
a = p0Ω

γ
0 , (3)

where p0 and Ω0 are the pressure and volume in a reference configuration, and γ is the adiabatic
index of air.
The internal energy Ea of the air volume reads as follows:

Ea = paΩa/(γ − 1). (4)
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Since Ωa is solely a function of q, Ėa can be written as:

Ėa = −p0
(

Ω0

Ωa

)γ dΩa

dq
q̇. (5)

Indicating with hi the average depth of the inlet section of the collector, the power flowing
through that section becomes:

Ẇi = Sivi (patm + ρghi + pw + eg + ek) , (6)

where Si is the cross-sectional area of the inlet section, vi is the flow velocity at that section, patm
is the atmospheric pressure, ρ is the sea water density, g is the gravitational acceleration, pw is a
wave induced pressure (including the contribution from the incident, diffracted and radiated waves,
as detailed in Sect. 4.2 and in [50]), and eg and ek are the mass gravitational energy density and
kinetic energy density of the flow.
Choosing the still water level (SWL) as the zero-potential-energy set-point, eg = −ρghi and it
cancels out with the hydrostatic pressure contribution.
The velocity vi can be expressed in the general form vi = κi(q)q̇, where κi results from a mass
balance over the water volume (see the Appendix). The kinetic energy density ek then reads as

ek =
1

2
ρv2i =

1

2
ρκ2i (q)q̇

2. (7)

With regards to the CD-DEGs, the elastic energy can be expressed solely as a function of the
configuration, as clarified later in Sect. 4.3: Em = NDEm,s(q), where ND is the number of identical
CD-DEGs per WEC and Em,s(q) is the elastic energy of a single CD-DEG. The electrostatic energy
of the CD-DEGs is given by:

Ee =
ND

2
CV 2, (8)

where C = C(q) = Q/V is the capacitance of a single CD-DEG.
The power supplied to the DEG by the electronics is the product of the applied voltage and the
supplied current, namely:

Ẇe = NDV Q̇. (9)

The term Ẇatm reads as follows:

Ẇatm = −νpatm
dΩc

dq
q̇, (10)

where Ωc is the volume subtended by a single deformed CD-DEG cap (solely depending on q), and ν
is the number of CD-DEGs having a face in contact with the atmosphere. In the OWC application,
ν = ND, while in the PD application, ν = 0.

Combining Eqs. (1-10) leads to the following general equation of motion for the system:

Mq q̈ +
1

2

(
dMq

dq
− ρSiκ3i

)
q̇2 +

dEg
dq
− p0

(
Ω0

Ωa

)γ dΩa

dq
+ND

dEm,s
dq

+

−ND
V 2

2

dC

dq
+

(
ν

dΩc

dq
− Siκi

)
patm = Siκipw

(11)

Besides non-linear air and CD-DEG contributions, it is worth noticing that the presented equation
allows for the consideration of non-linear contributions in the hydrostatic and excitation forces, pos-
sibly due to the expressions of Eg and κi as functions of q. A further non-linear term, proportional
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to q̇2, is also present and this is usually neglected in linear hydrodynamic WEC models [52].
Eq. (11) has to be combined with a set of complimentary equations to provide a closed-form formu-
lation. Those include equations that relate Mq, Eg, Em,s, C, Ωa, Ωc and κi to q. The calculation
of those terms is detailed in the following subsections, whereas explicit application of Eq. (11) to
the OWC and PD cases is discussed in the Appendix.
As regards the choice of coordinate q, in OWCs it is convenient to set q equal to the water column
displacement. In PD WECs, q is conveniently taken equal to the CD-DEGs subtended volume,
q = Ωc.

4.2 Hydrodynamic model

The contribution due to the wave field in the WEC dynamics is accounted for by the right-hand
side term in Eq. (11). It is assumed that the wave pressure pw can be modelled in accordance with
linear wave theory [53]. As observed in [50], pw is the sum of two terms: pe, owing to the excitation
wave pressure at the inlet section in a diffracted wave field, and pr owing to wave radiation.
Treating real sea waves as a superposition of monochromatic waves with angular frequencies ωi and
crest-to-trough heights Hi (generated according to a spectral distribution), pe can be expressed in
the following general form

pe =
∑
i

Hi

2
γ(ωi) cos(ωit+ ϕi), (12)

where t is time, ϕi are random phases and γ(ω) is a frequency-dependent excitation coefficient.
The radiation contribution can be expressed in the following general form [50,52]:

pr = −m∞q̈ −
∫ t

0
kr(t− τ)q̇(τ)dτ , (13)

where m∞ is a coefficient representing the contribution of the infinite frequency added mass (which
adds on to the control fluid volume inertia, Mq, in Eq. (11)) and kr is called the retardation function.
The calculation of γ(ω), m∞ and the frequency transform of kr(τ) can be performed using well-
established frequency-domain radiation/diffraction codes implementing the boundary element method
(BEM) [54]. Such a method makes it possible to calculate the above-mentioned parameters in a
linear fashion and in correspondence to a reference equilibrium configuration. In particular, some
BEM solvers [55] include a facility to model bodies whose motion is described by generalised kine-
matic coordinates (instead of the standard 6 rigid-body modes of motion), as in the case of PD
WEC modelling.

The other hydrodynamic parameters, Mq, Eg, κi, can be calculated based on geometrical consid-
erations (see the applications in the Appendix). Alternatively, by including the control fluid volume
within the BEM simulation, linearised expressions for Mq and dEg/dq (calculated in a reference
equilibrium position) can be obtained.

4.3 CD-DEG model

In order to compute the CD-DEG elastic energy, Em,s, and capacitance, C, lumped parameter
models are considered. In particular, the CD-DEG deformation kinematics is approximated by a
single degree of freedom (instead of a continuum model), as suggested in [15]. This hypothesis has
the following implications: 1) the set of the possible CD-DEG shapes in the presence of electrical
activation is the same as in the absence of activation (though the CD-DEG configuration is assumed
to change as a result of voltage application); 2) in the case where the CD-DEG directly contacts sea
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water, the set of deformed shapes in dynamical operating conditions is the same as that provided
by the static DEG response.

Lumped-parameter CD-DEG modelling has been discussed in [15,17], introducing the following
assumptions:

– The DE is a lossless hyperelastic material [26].

– The deformed CD-DEG has the shape of a spherical cap, whose geometry is entirely described
either by the tip displacement h (see Fig. 3) or by the subtended volume Ωc.

– The stretch is variable throughout the CD-DEG but it is everywhere equi-biaxial (i.e., meridian
and circumferential stretches are equal).

– Electrically, the CD-DEG is a stack of thin parallel-plate capacitors with non-uniform thick-
ness.

Owing to the first hypothesis, Ωc and h are related as follows:

Ωc =
π

6
h(h2 + 3e2). (14)

Owing to the equi-biaxial stretch assumption, the stretch distribution in a configuration identified
by h is [15]:

λ = ee0
h2 + e2

e2e20 + h2R2
. (15)

where R is the distance of a generic material point from the axis in the unstretched configuration
(see Fig. 3a). Since the DE is a hyperelastic material, the elastic energy is expressed through the
strain-energy function [26], Ψ, as:

Em,s =

∫ e0

0
2πt0RΨ(λ)dR. (16)

The relationship Ψ(λ) is then expressed by means of an appropriate constitutive hyperelastic
model [56]. The simplest hyperelastic model is Neo-Hookean model, according to which Ψ depends
on the stretch λ and shear modulus µ as follows:

Ψ(λ) =
µ

2

(
2λ2 − λ−4 − 3

)
. (17)

Assuming that the thickness of the electrodes is negligible compared to that of the dielectric,
the CD-DEG capacitance is given by the following equation:

C =
πεn2Lλ

2
pe

2

3t0

[(
h2 + e2

e2

)3

+

(
h2 + e2

e2

)2

+
h2 + e2

e2

]
, (18)

where nL is the number of layers in the DEG stack.
In [15], it has been demonstrated that the presented equations provide good agreement with

FEM results over a wide deformation range and in cases where the CD-DEG faces are subjected to
a uniform pressure difference. In cases where the CD-DEG is subjected to a pressure distribution
which depends on its deformation (as in the PD WEC application), an alternative approach is to
perform a static FEM analysis of the DEG response (for instance, in the DT-PD WEC case, by
investigating the CD-DEG deformed shape at different values of the overlying water head) and then
map the values of Em,s and C accordingly.
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As Em,s and C uniquely depend on Ωc (or h), their derivatives with respect to q (used in Eq. (11))
can be calculated by the chain rule, since Ωc (or h) is only function of q, as postulated in Sect. 4.1.

The instantaneous value of the voltage V on the CD-DEG depends on the control strategy. The
net amount of electrical power generated by the CD-DEG (either stored in the DEG electric field
or supplied to the power electronics) is given by:

1

ND

(
Ėe − Ẇe

)
= −V

2

2
Ċ (19)

and this shows that electrical energy is positively generated while the CD-DEG capacitance is
decreasing (Ċ < 0), which is consistent with the operating cycle description provided in Sect. 2.1.

5 Experimental deployment of WECs with DEG PTO: an overview

This section presents an overview of prototype demonstrations of CD-DEGs and integrated WECs
equipped with DEG PTOs. Compared to other PTO systems, DEGs’ control and electrical func-
tionalities include the capability of generating electrical power output from the input mechanical
energy source even at a reduced scale. Based on that, a wide set of experimental models have been
developed, starting from small-scale laboratory test-benches and progressively obtaining the target
of electricity generation from wave tank waves up to a scale of 1:30. The prototypes reviewed here
represent the first attempts to lead DEG technology beyond the Watt power scale. The first part of
this section illustrates some novel/dedicated scaling rules that enable testing of coupled DEG-WEC
systems in conditions of hydrodynamic similarity. Then, a short survey on experimental activities
concerned with the application of CD-DEG PTO systems is presented.

5.1 CD-DEG PTO scaling

In order to reproduce the full-scale dynamics of a marine energy device in small-scale experiments,
testing in hydrodynamic similarity conditions is required. In the case of WECs, the criterion
of Froude scaling applies [57]. Froude scaling provides a series of scaling coefficients (which are
powers of the WEC geometrical scale factor, sf ) for the different physical variables involved in
the experiment. Owing to the peculiar electro-mechanical response of DEGs, uniformly scaling the
dimensions of a CD-DEG by the scale factor does not provide a DEG response consistent with the
Froude scaling rules. Nonetheless, consistent scaling can be achieved by applying different scale
factors to the different DEG dimensions [17].

It should be initially observed that, according to Froude rules, the pressure difference between
the CD-DEG faces should scale proportionally with sf [57]. For simplicity, it is assumed that the
CD-DEG faces are subjected to a uniform pressure difference p (similar considerations can be drawn
in the case when a non-uniform pressure distribution acts across the CD-DEG). In that case, the
following energy balance on the CD-DEG holds (see Sect. 4.1):

NDpΩ̇c + Ẇe = Ėm + Ėe, (20)

Substituting Eqs. (8-9) into the previous balance then leads to the equation for p below:

p =
dEm,s
dΩc

− V 2

2

dC

dΩc
. (21)

The voltage V further relates to the electric field distribution over the CD-DEG, which reads as
follows:

E = nLλ
2V/t0. (22)
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It is assumed that, at the different testing scales, the employed DE materials have the same or
similar constitutive properties (in terms of the hyperelastic and dielectric parameters). Moreover,
the applied voltage is scaled in such a way that the electric field E (Eq. (22)) is the same at different
scales (regardless of the number of layers). It is also assumed that the DEG radial dimensions (e
and e0) scale with sf . With this assumption, if the CD-DEG displacements (e.g., h) scale with sf ,
the stretch λ and the strain-energy density Ψ are scale-invariant.
Based on Eq. (21), in order for p to scale with sf , the CD-DEG thickness, t0, (to which Em,s and C
are proportional) should scale with s2f (instead of the geometric scale factor, sf ). In practice, the
CD-DEG thickness dramatically decreases as the scale of the experiment is reduced.

In the presence of embedded air chambers within the WEC prototype, dedicated scaling rules
should also be applied to properly scale the rigidity associated with the air compressibility [58].
For example, in small-scale devices, embedded air chambers should be enlarged through the use
of external reservoirs, as suggested in [59]. However, this solution introduces technical complexity,
energy losses and possible non-uniformity in the air pressure. For those reasons, in the experiments
on DEG-based OWCs described herein, air chamber scaling has not been pursued. As a consequence,
the device dynamics at larger scales would be slightly modified due to the the larger air chamber
compressibility.

5.2 Review of CD-DEG PTO prototypes testing

This section presents a survey of the results of experimental campaigns carried out on CD-DEG
PTO systems for wave energy application.
Three classes of experiments are considered:

– Functional dry-run experiments on the CD-DEG topology.

– Wave-tank testing of a set of OWCs with CD-DEG PTOs. The tested prototypes are the
result of improvements, addressed through the years, aimed at enhancing dynamical tuning
and providing scalable architectures, suitable for future full-scale deployment.

– In-field tests on a scaled OWC with CD-DEGs, installed in a benign sea test site. Those tests
were aimed at assessing the dynamical response and survivability of the system in real sea
conditions.

An overview of the experimental results is provided in Table 2. In particular, the table shows the
features of the experimental CD-DEG prototypes and (when present) the OWC collectors, and
the sea state testing conditions (either regular or irregular waves). For tests in which electrical
DEG functionality was implemented, the range of the applied electric field and the device power
output (in the test and projected to full-scale) are reported. Full-scale equivalent power is obtained
by multiplying the prototype power by the scale factor to the power of 3.5, as per the Froude
criterion [57]. For constant-frequency tests (namely, regular wave tests), the steady-state converted
energy density is also shown.

The tests reviewed in Table 2 were carried out using VHB 4905 acrylic (by 3M) as the DE mate-
rial and painted carbon-grease electrodes. This material is widely used as the DE in demonstrators,
due to its low rigidity and ease of handling. For example, using VHB films pre-stretched by λp > 3
allows the implementation of thin CD-DEGs (as required by the scaling rules in Sect. 5.1) while
suppressing the need for extremely thin (commercially unavailable) unstretched membranes.

Similar to previous experimental works on DEGs [6], the control of the CD-DEG prototypes
was implemented through simplified circuits [16, 17, 32] that are suitable for the measurement and
control of the generation cycle described in Sect. 2.1 at laboratory scale, even if this does not allow
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the actual output and storage of the generated energy. In particular, the charging phase P2 was
performed by connecting the DEG to a power supply. During the generation phase P3, the DEG
was connected in-parallel to a buffer capacitor, in which the charge was transferred. Discharging
phase P4 was implemented by draining the charge on DEG to ground through a resistor. The
net power generated by the DEGs (regardless of losses in the control circuit) has been estimated
accordingly, based on the measured voltage on the CD-DEG and on the buffer capacitor.
The maximum electric field used in the tests was in the range 100-200 kV/mm which is compatible
with the dielectric strength of VHB that improves with stretch, in a similar way to other rubber-like
dielectrics [7]. The maximum energy density (per unit DE mass per cycle) achieved in the presented
experiments was in the order of 0.2 kJ/kg. This value is roughly 1/4 of the maximum experimen-
tal performance reported in literature for the same acrylic DE [6], achieved using an equibiaxial
stretcher, which allows a better/uniform exploitation of the material but is rather impractical for
real world WEC applications.

The material employed in the tests featured large dielectric and viscoelastic losses (see Table 1)
and is considered unsuitable for larger-scale installations. Despite this, the results presented herein
provide a significant measure and a lower bound of the performance of the investigated concepts.
Existing silicone DE materials already exceed the dielectric properties of acrylic, and they might play
a crucial role towards future upscaling stages, while leading to an improvement in performance [29].

Table 2: Overview of dry-run, wave-tank, and in-field tests specifications and results.

Wave-tank tests Sea-tests

U-shaped U-shaped
Dry-run Square-base L-shaped Floating axial-sym square-base

tests OWC OWC tubular OWC OWC OWC

scale 1:70/60 1:50 1:40 1:50 1:30 1:8

CD-DEG
features

ND 1 1 1 1 1 3-4
e (mm) 65 90 125 97.5 195 195
t0 (mm) 1.5 1 1.5 1 2-3 4-5
λp 3.5 3.6 4 3.7 3.5 3.4
nL 1 1 1 1 2 N/A

E (kV/mm)1 45-120 25-50 40-180 55-190 45-100 N/A

OWC
dimensions

breadth/diam. (mm) N/A 260 970 200 600 1.5
width (mm) N/A 285 370 200 600 3.79

water depth (m) N/A 0.2 0.35 2 2 1.7

Regular
wave tests

Wave height H (mm) 15-45 20-40 30-90 75-100 100-250 N/A
Wave freq. f (Hz) 0.6-1.2 0.6-1.3 0.5-1.1 0.3-1.0 0.3-0.7 N/A
Power output (W)2 0.15 0.08 0.9 0.06 3.8 N/A

Full-scale equiv. power (kW) 250-430 68 360 53 560 N/A
Energy density (kJ/kg)3 0.05 0.03 0.14 0.05 0.19 N/A

Irregular
wave tests

Signif. wave height Hs (mm) N/A N/A N/A 75-150 125-175 150-450
Peak freq. fp (Hz) N/A N/A N/A 0.45-0.63 0.4-0.6 0.3-0.55
Power output (W)2 N/A N/A N/A 0.02 1.0 N/A

Full-scale equiv. power (kW) N/A N/A N/A 18 150 N/A

1Maximum electric field on the CD-DEG in different tests
2 Average power output in the best sea state
3 Average energy density in the best sea state
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5.2.1 Dry-run tests

Dry-run laboratory experiments enable 1) the verification of the PTO system response compared to
predictive models; 2) the assessment of the PTO performance in terms of efficiency and convertible
power; and 3) the implementation of control algorithms.
To test CD-DEG PTOs, a custom test-bench was built [60], which recreates the operating conditions
of an OWC air chamber with a DEG PTO on top of it. This device is capable of mounting small-
scale CD-DEGs (up to 130 mm diameter) and is equipped with conditioning and control electronics.
The setup comprises a mechanical sub-system consisting of a cylindrical air chamber and a rigid
piston (emulating the water column) driven by a linear motor. The system is fully-sensorised, thus
allowing the measurement of the piston position, the air chamber pressure and the CD-DEG tip
displacement. A picture of the setup is shown in Fig. 8a.
The setup has been employed for different types of tests, including electrical power generation tests
with prescribed DEG deformation [60], and hardware-in-the-loop (HIL) tests, in which a numerical
dynamic WEC model is used to drive the piston motion [61]. Besides tests with acrylic CD-DEGs,
tests on samples with silicone-based dielectric and electrodes have been recently performed, showing
improved conversion efficiency and converted energy density of up to 0.15 kJ/kg [32].

Figure 8: Pictures of the the different experimental prototypes. (a) Dry-run test bench for CD-
DEGs. (b) Square-base OWC. (c) L-shaped OWC. (d) Floating tubular OWC. (e) U-shaped axial
symmetric OWC. (f) Sea-tests on square-base U-shaped OWC.

5.2.2 Wave-tank tests

It is widely recognised that wave-tank testing is a necessary step towards the development of new
marine energy devices [57]. In effect, tank tests on WEC prototypes provide insights into the device
response and benchmark data for the validation/refinement of models, while requiring reduced
operational effort compared to in-field tests.

In the framework of the research activities reviewed in this paper, several wave-tank tests on

19



OWC prototypes with CD-DEGs have been performed. First, two small-scale prototypes (up to 1:50
and 1:40) of bottom-fixed OWCs were tested in regular waves in the wave flume facility at Edinburgh
University [62]. In those experiments, the prototypes had a width equal to that of the wave tank,
and radiated and diffracted waves generated by the device, as well as the undisturbed incident
waves, propagated in a single direction (namely, the flume longitudinal direction). Following this,
two OWC prototypes with an axial-symmetric shape were tested at the FloWave test tank [63] in
Edinburgh University: a small floating OWC (with scale of 1:50) and a larger prototype featuring
an axisymmetric U-shaped collector (scale 1:30) [17]. Both prototypes were tested in regular and
irregular waves.
The outcomes of those tests can be summarised as follows:

– The operating principle of the devices was demonstrated; indeed, electrical power generation
from wave power was successfully achieved in all of the tests.

– Design procedures for dynamically tuned devices (resonating at a target wave frequency) were
demonstrated and numerical models were validated.

– Some of the tested samples are among the largest and most powerful DEGs built to date,
and they represent a major step forward towards scaling-up and manufacturing of large-scale
DEGs.

The first DEG-based OWC prototype consisted of a square-based OWC collector (similar to that
schematically depicted in Fig. 1c) and a CD-DEG as the PTO. A picture of the device is shown
in Fig. 8b. That prototype was designed with the aim of proving the concept of a DEG-OWC for
the first time. Therefore, at that stage, attention was not addressed to the optimization of device
dynamical response. As a consequence, the device showed modest energy capture performance, with
maximum power output in the order of a few tens of milliwatts (see Table 2) [40].
With the aim of improving the dynamic performance, a second prototype was developed (Fig. 8c)
based on an L-shaped OWC collector (as described in Sect. 3.3 and Fig. 5). The horizontal added
mass duct was designed in such a way as to set the device’s natural frequency within the testing
wave frequency range. The device mounted a CD-DEG with radius e = 125 mm and pre-stretched
thickness tp = 94 µm, corresponding to e = 5 m and tp = 0.15 m at a scale 40 times larger than of the
prototype size (according to the scaling rules described in Sect. 5.1). The device delivered maximum
power output of 0.9 W (corresponding to more than 350 kW at full-scale) in the presence of waves
with frequency f = 0.7 Hz (corresponding to the device natural frequency) and height H = 90 mm,
corresponding to full-scale waves with f = 0.11 Hz and H = 3.6 m. Despite large dissipations in
the acrylic material, wave-to-wire efficiencies of up to 20% were achieved. An extensive description
of the prototype design and testing is provided in [16].

The above prototype concepts have a limited potential for full-scale application. In effect, they
are representative of shore-based OWCs integrated in shallow water marine structures, but they are
not suitable for offshore installations, which are the most promising for large wave farm deployments.
With the aim of better representing potential full-scale architectures, two axial-symmetric DEG-
based OWC prototypes were deployed and tested. In contrast with the previous experiments, the
prototypes were tested both in regular and irregular waves to assess their potential performance in
operating conditions closer to the real ones.
The first axial-symmetric prototype was based on an existing OWC concept proposed by the Spanish
company Sendekia [39] and it had a floating tubular-shaped collector with a bottom aperture with
a convergent-divergent shape (similar to the concept shown in Fig. 4a). The device, shown in
Fig. 8d, was fixed to the tank bottom by means of tension leg moorings. It generated an electrical
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power output of up to a few tens of milliwatts, corresponding to a few tens of kilowatts at a full-
scale of 50:1. Such a reduced power output (compared to that of previous experimental tests)
is due to two reasons: 1) hydrodynamic dissipations originated by the collector heave and surge
oscillations; 2) lack of dynamical tuning with the incoming waves. In particular, the prototype
was built by retrofitting an existing OWC collector with a CD-DEG, without consideration of the
resulting dynamics that was, indeed, non-resonating. Despite sub-optimal performance, tests on
that prototype provided evidence of the effectiveness of prediction-free control strategies for DEG
PTOs (like those described in Sect. 2.1) in both regular and irregular waves.
The last and most advanced prototype featured the axisymmetric U-OWC architecture discussed
in Sect. 3.3 and shown in Fig. 5b. The device is based on a U-shaped collector with an outer
added mass duct of 600 mm in diameter and an internal water column of 400 mm in diameter. In
the experiments, the collector was fixed to the tank bottom through a rigid structure (though in
practice this device can also be implemented as a floating WEC). In contrast with the previous
tests, the employed CD-DEG prototypes had multi-layered architecture, with two in-parallel DE
layers. The PTO radius was e = 195 mm and its pre-stretched thickness tp was in the range of
0.16− 0.24 mm (different thicknesses were used in different tests), corresponding to e = 5.85 m and
tp = 0.155 − 0.22 m at full scale (roughly, 30 times the prototype scale). A picture of the device
is shown in Fig. 8e. Similarly to the previously discussed L-shaped OWC prototype, the collector
was designed so as to set the resonance frequency of the coupled DEG-WEC system within the
testing wave frequency range. A complete description of the results from the testing campaign is
presented in [17]. Examples of experimental power curves in a set of regular and irregular waves
are shown in Fig. 9 (solid lines). At different wave heights, the power output is maximum in a
range of frequencies (peak frequencies, in case of panchromatic tests) between 0.5 and 0.6 Hz, in
correspondence to the device’s resonant frequency. The prototype generated maximum steady-state
power output in the order of 1-4 W (150-600 kW full-scale equivalent), which is among the largest
power outputs demonstrated to date with DEG prototypes.
The experimental data from this campaign were used to carry out an extensive validation of the
modelling approach discussed in Sect. 4.1. In [17], it was demonstrated that the model efficiently
predicts the device natural frequency and separately captures nonlinear effects due to the DEG and
the hydrodynamics. In Fig. 9, the measured electrical power output (solid lines) is compared with
the experimental predictions (dashed lines) for both the cases with regular and irregular waves. The
model overestimates the value of the generated power by up to 30 % of the measured value. This is
due to the electrical losses (in the acrylic DE and the electrodes), that are not taken into account, and
the simplified rate-independent model used for the capacitance variation prediction (see Eq. (18)).
In contrast, in [17] it is shown that the numerical trends of the dynamic variables (water column
level, CD-DEG tip displacement, air pressure) are predicted with much better accuracy. Despite
this, the model clearly captures the main features of the system dynamical response, namely:

– The oscillation amplitudes of the state variable and the power output are maximum at a
frequency of ∼ 0.55 Hz at any wave height.

– Although the incident wave power increases with the square of the wave height, the device
power output has a lower increase rate (see Fig. 9a) owing to a progressive saturation in the
CD-DEG deformation.

Overall, the model validation discussed in [17] widely confirms that the presented modelling ap-
proach is a valid tool for the design of dynamically tuned WECs with CD-DEG PTOs.
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Figure 9: Average electrical power output (experiments and model) of a prototype of U-OWC with
CD-DEG PTO (see Fig. 8e) in different sea states. (a) Regular wave experiments, (b) Irregular
wave experiments.

5.2.3 In-field tests

Compared to wave-tank tests, sea trials on new WEC concepts provide insights into: 1) installation
and operation procedures at sea; and 2) device continuous operation in real waves and severe sea
conditions.

A first set of sea trials on an OWC with a CD-DEG PTO was recently carried out in the
Mediterranean Sea, in the benign sea test site of the Natural Ocean Engineering Laboratory (NOEL)
in Reggio Calabria, Italy [44]. The sea states typically recorded at NOEL consist of pure wind waves
representing open-sea waves at a scale of approximately 1:10-1:8 in Froude similarity conditions [64].
Tests with a CD-DEG PTO were carried out by retrofitting a 1:8 scale model of a U-OWC available
at NOEL, originally designed to resonate within the range of incident wave frequencies at the test
site [50]. The U-OWC prototype consists of a square-based caisson integrated into a breakwater
and equipped with an additional vertical channel that connects the water column to the open wave
field, as discussed in Sect. 3.3. In contrast with the previous wave-tank tests, in which the OWC
prototypes had a single CD-DEG with equivalent full-scale diameter in the order of 10 m, in these
tests the PTO was split into several CD-DEGs, each with a diameter of 390 mm (approximately
3 m at full scale). In view of a full-scale installation, this solution allows easier DEG manufacturing
and better robustness with respect to DEG faults. In the experiments, the CD-DEGs were studied
only from a mechanical point of view, without implementing their electrical activation. A picture
of the U-OWC with four DEGs is shown in Fig. 8f and an overview of the experimental results is
provided in [44].

The main outcomes of the experimental campaign can be summarised as follows:

– The design procedure for the PTO was validated. In particular, it was observed that, although
the CD-DEGs cause a modification in the natural frequency of the OWC, the natural frequency
of the device still remains within the range of the typical incident waves.

– It was observed that a relief valve can be efficiently employed as a security measure to limit
the CD-DEGs deformations in the presence of rough sea conditions, and as a measure to
compensate for drift in the air chamber pressurization due to slight modifications in the tidal
level at the test site.
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6 Discussion on challenges, opportunities and roadmap

To date, DE transducers have been mainly used as sensors and actuators for low-power small-
scale applications, and related commercial products are confined to pressure valves for automotive
industry, stretch sensors, and low power energy harvesters from human motion [65]. As discussed
in the previous sections, recent advances in the field of DEGs for wave energy has led to the
development of small-scale prototypes (up to a few Watts of nominal rated power). Despite the
good performance demonstrated in the experiments and the potential for future improvement, the
success of DEG in the marine energy sector ultimately depends on their ability to enable electricity
generation from wave energy at a competitive price. To achieve this goal, several open issues need to
be addressed in the near future in order to bring DEG technology into operation at large-scale and
in real scenarios. This section briefly outlines the status of DEG-PTO technology through techno-
economic considerations, discusses the main challenges to overcome and outlines the opportunities
that could be opened up by further research efforts.

6.1 Techno-economic considerations

Despite the promising features in terms of performance and architectural simplicity, the penetration
of DEG into the energy market will depend on their actual ability to provide a step change in terms
of technical and economic indicators. The success of a marine energy technology ultimately depends
on its economic sustainability, quantified through the levelised cost of energy (LCOE) [66,67]. Such
an indicator draws a synthesis of the combined contribution of different parameters, including energy
yield, DEGs lifetime and component/operation costs.

Compared to most technologies employed in the wave energy sector, DEGs currently feature
a rather low level of technological maturity, as their application is currently limited to small-scale
prototype demonstrations. As a consequence, a high level of uncertainty affects most of the sensitive
parameters influencing the techno-economic performance. This makes it difficult to formulate an
accurate estimate of their LCOE. However, some general considerations have started to be drawn
and preliminary LCOE assessments can be complemented by sensitivity analyses over uncertain
parameters. This allows the identification of target values for such currently uncertain parameters
required to make the DEG-PTO economically viable. In the past, the LCOE metric and methodol-
ogy has been applied to some of the DEG-based WEC concepts described in the present paper. For
instance, in [68], the techno-economic performance of the OWC plant on the Pico Island in Azores
(Portugal) was assessed, with two PTO alternatives being considered and compared: an air turbine
and a CD-DEG.

With reference to a hypothetical installation scenario for a WEC, the main parameters affecting
the LCOE can be sorted into: capital expenditures (CAPEX), operational and decommissioning
expenditures (OPEX), and annual energy production (AEP). The first two categories measure the
costs involved the construction and operation of an ocean wave farm, while AEP is the estimate of
the energetic performance.

The impact of a DEG PTO on a farm CAPEX depends on the achievable cost for a DEG in a
market-scale perspective after industrialisation. Such a cost can be further split into material and
manufacturing costs. Materials available on the market for DE application currently have prices
between 50 e/kg (raw material) and 1000 e/kg (high quality dielectric films) to the general public.
Such prices clearly are the result of low production volumes and extremely limited market share of
DE products, and, in the case of dielectric films, they are almost entirely due to manufacturing costs.
Looking at the current price of raw polymeric materials (e.g., the cost of natural rubber is in the
range of few Euros per kilogram), it appears quite reasonable that the potential for price reduction
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upon industrialisation and mass production could be very large. An ambitious but plausible target
in the perspective of a large-scale economy for DEG PTOs, is to obtain a dramatic reduction in
manufacturing process costs, down to the same order of magnitude of the material costs, with the
latter progressively approaching that of commonly used elastomeric raw materials. In this regards,
the development of DEGs is also expected to benefit from learning effects, as it has been observed in
other electricity supply technologies such as solar photovoltaic or wind [69,70]. Reduction in DEG
PTOs cost would be driven by learning-by-doing (e.g. optimization of the manufacturing process),
learning-by-researching (e.g. implementation of design innovations) and economies of volume (i.e.
mass production) and scale (i.e. upscaling of the device rated power). Nevertheless, even if such a
dramatic reduction of the DEG PTO cost is achieved, the economic viability of a potential WEC
concept might be hindered by large infrastructural costs (collectors, mooring and foundations),
which might greatly surpass the PTO cost. If this was the case, a transition should be sought
towards fully-compliant device, in which the share of structural parts is minimised and lightweight
fully-polymeric solutions are pursued (see discussion in Sect. 6.3).

As regards OPEX, the main unknown performance indicator is the long-term behavior of DEG
PTOs and, hence, the cost for required replacements/maintenance over the lifetime of the wave en-
ergy plant. The achievable cyclic lifetime of DEGs strongly depends, in turn, on the manufacturing
processes employed at industrial scale. In principle, a low-cost DEG PTO would make multiple
replacements over the project lifetime affordable. This possibility is however strongly dependent
on the required operational costs for replacement and decommissioning of the PTO systems. The
traditionally high costs of marine operations indicate that, in a scenario of large offshore wave farms,
highly reliable DEG PTOs would be required, while nearshore installations allow greater room for
multiple replacements over the project life.

As regards the AEP, predictive models used for design provide a reasonable estimation of the
producible energy, and improved estimations can be obtained by combining advanced numerical
models and experimental data. Related uncertainties regard the expected efficiency of a DEG
PTO at large scale. In effect, although established scaling laws (Sect. 5.1) enable consistent scale-
up of experimental results in terms of the dynamic response, they are not accurate in upscaling
loss effects (namely DE viscosity and dielectric losses) that compromise the efficiency. Further
uncertainty relates to availability, in the form of the shutdowns required for DEG maintenance and
replacement, and the associated losses in the energy yield.

6.2 Technological challenges

Upscaling of DEGs for wave energy application represents a complex challenge that involves a di-
versity of engineering fields, including material science, manufacturing and electronic engineering.
Current technological challenges towards the large-scale applications can be divided into perfor-
mance and manufacturing challenges.

Regarding performance challenges, experimental tests reviewed in Sect. 5.2 showed that DEGs
can convert large energy densities (in the order of 0.1-0.2 kJ/kg) in dynamic operating conditions
coupled to WECs. The main challenge thus relates to uncertainties on the long-term cyclical
operation. The duration of a DEG depends on the number of mechanical and electrical loading
cycles that the device and materials are able to withstand during their useful life. To date, available
data mainly regards mechanical fatigue lifetime of rubber-like materials, both in dry-run and wet-
run conditions [71, 72]. According to those studies, rubber samples operating in the stretch range
of DEGs might last tens to hundreds of millions of cycles exceeding the target of 20 years for a
WEC lifetime. On the other hand, little knowledge is available on the log-term performance of
DEGs subject to cyclic electrical loading. Some studies on DE actuators claim a lifetime of at
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least 5-10 million cycles, with little observable performance degradation [73, 74]. However, the
seminal work [75] demonstrated that the large electric fields typically required to obtain large
convertible energy densities are likely to reduce the devices’ lifetime. In the context of the research
on DEGs for WECs, a systematic study of the electrical fatigue lifetime of DE samples has been
recently initiated [76]. Statistical models of DE breakdown upon cyclic electrical activation have
been derived, and set-ups to test batches of DE samples have been built. Ongoing activities thus
include the cyclic lifetime characterisation of improved DE samples, based on high-quality silicone
films, with electrodes manufactured according to reliable procedures. Preliminary results on the
silicone elastomers have highlighted that lifetime in the order of millions of cycles can be reasonably
expected when high-quality DE films are considered [77].

Regarding manufacturing challenges, the implementation of large-scale DEGs (in the range of
100-500kW) for WECs requires the industrial production of large membranes (5-10 m in diameter)
that are made from highly deformable materials (with elongation of up to 200-300%). These mem-
branes must have a multilayer structure in which conductive layers are alternately bonded with
dielectric layers. Additionally, the external faces of the membrane-assembly could be covered by a
passive watertight elastomeric layer that acts as a barrier against water seepage.
Industrial production of single-layer DE membranes is to date pursued up to a limited scale (A4
sheets and rolls with a width up to 1.4 m). These solutions can already be employed for the imple-
mentation of intermediate scale prototypes for research purposes. Continuous production of rubber
and silicone sheets is achieved through established industrial processes. Calendering production
lines, dealing with the automatic mixing of compounded materials and shape setting through a
cascade of rolls [78, 79], are all largely established in the plastic industry. Such processes offer the
opportunity for a straightforward increase in the size of commercial elastomeric sheets.
As regards DE transducer assembly manufacturing, a number of researchers are currently focusing
their efforts on the identification of scalable processes for the fabrication and bonding of compliant
electrodes on DE silicone layers. Processes under investigation include pad printing [36], blade
casting [32], spray coating [80], screen printing [81] and inkjet printing [82]. In addition, systematic
effort is being directed towards the fabrication of multilayer transducers with a stacked architec-
ture [83,84]. The emphasis placed by the above-mentioned studies on the fabrication processes and
protocols offers great promise for the projection of the manufacturing techniques for DE transducers
towards industrial production. However, the final fabrication scenario of DEG PTO systems is still
to be studied and research efforts should be oriented towards the understanding of how existing in-
dustrial processes could be adapted (or redesigned) for the manufacturing of multilayer membranes
at larger scales through continuous/low-cost processes.

6.3 Opportunities and roadmap

DEGs are still an early stage technology, discovered less than 20 years ago. As with many other new
technologies, it carries with it several unknowns and challenges, but it is also potentially subject
to rapid disruptive innovations that might cause drastic improvements to its already promising
performance. Specifically, great opportunities are identified in the development of new materials
and new WEC architectures.

Regarding materials, a great potential for the future of DEGs is represented by advances in the
field of silicone DEs. Recent studies have demonstrated the possibility of modifying and tailoring
the properties of silicone elastomers, thus yielding improved dielectric and mechanical properties.
Current efforts are focusing on the synthesis of silicone DEs with higher permittivity and dielectric
strength, and with lower elastic modulus [29, 85]. Such improved dielectric properties (ε and
EBD) would increase the convertible energy density of DEGs (see Sect. 2.1), while a reduction in
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the elastic modulus would limit the need for stiffness compensation mechanisms (e.g., increased
hydrodynamic inertia) in coupled DEG-WEC systems (see Sect. 3.3). Based on current trends in
material science, the upcoming generation of DE materials might enable the construction of DEG
PTOs with convertible power densities that are orders of magnitude larger than those demonstrated
to date. The improvement in DEs’ permittivity plays a particularly crucial role. Increasing the
dielectric constant potentially allows for a reduction in the operating voltage and electric fields,
while still guaranteeing large values of the convertible energy densities. This would lead, on the one
hand, to a cost reduction of power electronics and, on the other hand, to a significant increase in
the DEGs lifetime and reliability. A remarkable milestone has been recently obtained by [86]. That
paper describes the synthesis of a novel silicone material with relative dielectric constant above 20
(compared to typical values for silicones of 2-4) and electric breakdown in the order of 80 MV/m
(similar to existing silicones).

Regarding WEC architectures, in recent years, a trend towards the development of compliant
WECs based on soft polymeric materials has emerged. This has led to the investigation of new
concepts of attenuators [87], point absorbers [88], and pressure differential devices [89], free from
rigid moving parts. Those solutions might, in turn, lead to a benefit in terms of capital costs and
reliability. Compared to rigid structures, soft components appear to be more suitable to resist the
variable and impulsive wave loads, as they intrinsically exhibit smooth and shock-free structural
responses. DEGs enable the application of such a design paradigm not just to the WEC structure,
but also to the PTO system. Therefore, thinking beyond the layouts and concepts discussed in this
paper, DEGs represent an ideal solution to be paired with a completely new generation of WEC
devices based on soft polymeric structures.

Following the deployment of the first medium/large scale DEG PTOs, it is expected that the
roadmap towards their application will pursue a gradual increase in complexity. In particular, it
is assumed that small/intermediate scale DEG-PTO modules will be first realized for niche market
applications (with a few kilowatts of rated power). This will probably be for on-shore installations,
which enable fast replacement and low-cost maintenance. Following that, there will be a gradual
maturation for near-shore installations at an intermediate power scale (tens/hundreds of kilowatts)
and, finally, towards offshore Megawatt scale applications for grid electricity production.

7 Conclusions

This paper provides a detailed review of the results achieved over the last six years of work accom-
plished by a multidisciplinary team of European researchers on the development of Wave Energy
Converters (WECs) equipped with Dielectric Elastomer Generator (DEG) Power-Take-Off (PTO)
systems. Following a general introduction on the DEG operating principle and relevant material
properties, the paper first describes inflatable DEGs shaped as circular diaphragms (CD-DEGs).
This configuration is the most suitable architecture for the implementation of effective PTO systems
for Oscillating Water Column (OWC) and Pressure Differential (PD) WECs. A general modelling
framework, which relies on electromechanical energy conservation, mechanical degree of freedom re-
duction and potential flow theory, is then introduced to study the non-linear resonating behaviour
of CD-DEG-based WECs. The resulting mathematical models are computationally inexpensive,
yet rather accurate, and are suitable for CD-DEG-based WEC design, control and techno-economic
assessment. After a discussion on scaling laws for CD-DEG PTO performances, a summary is pro-
vided on the major outcomes of the experimental tests conducted so far on small-scale CD-DEG
PTOs and on OWCs based on DEGs. The described tests led to a validation of the technology up
to a scale of 1:8 in a benign real-sea test-site and to a scale of 1:30 in wave tanks, with a gener-
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ated power output of 3.8 W that is the largest ever recorded with a DEG. Moreover, experimental
results highlight the effectiveness of the introduced modelling framework for overall system design
and control. Following this, the paper identifies DEG lifetime and manufacturing as the most im-
minent challenges to be addressed in future works, in order to make DEG PTOs an economically
affordable solution for the marine energy market. Related to this, recent material discoveries and
engineering developments allow to provide a positive outlook on possible future developments of
DEG technology. The paper concludes by discussing possible steps to bring CD-DEG-based WECs
from small-scale prototypes to full-scale commercial systems.
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APPENDIX - Application of the modelling approach to OWC and
PD cases

This appendix provides examples of application of the general equation of motion for DEG-WEC
systems (Eq. (11)) to two specific layouts of the OWC and PD WECs.

OWC with CD-DEG PTO

We consider a square-plan fixed OWC collector with the geometry and dimensions shown in Fig. 7(a).
The collector has the bottom surface open towards the sea environment. The surface-piercing air
chamber holds multiple CD-DEGs as the PTO.
We use the displacement z (positive upwards) of the water column from the SWL as the generalised
coordinate: q = z.
In the equilibrium condition, z = 0, the CD-DEGs are flat (h = 0) and the air pressure equals the
atmospheric pressure, p0 = patm.
Assuming that the water column behaves as a rigid piston (i.e., particles velocity is uniform through-
out the different collector sections), the kinetic energy associated with the fluid control volume is:

Ek =
1

2
ρcw(hi + z)ż2, (23)

where c and w are the collector breadth and width respectively. The control water volume inertia
is thus

Mq = ρcw(hi + z), (24)

and it depends on z.
Taking the SWL as the zero-potential energy plane, the gravitational energy of the water volume
reads as:

Eg = Eg,0 +
1

2
ρcwgz2, (25)

where Eg,0 is a parameter accounting for the gravitational energy of the constant water volume
below the SWL.
As the water cross-section is constant, vi = ż and κi = 1.
The air chamber volume relates to z and to the volume subtended by the CD-DEGs as follows:

Ωa = Ω0 − cwz +NDΩc, (26)

thus, its derivative with respect to z is

dΩa

dz
= −cw +ND

Ωc

dz
. (27)

For the relative air pressure, p = pa − patm, Eq. (21) applies. Combining Eqs. (26-27) and Eq. (21)
provides the values of air pressure p, CD-DEG subtended volume Ωc (and, thus, h) and air chamber
volume Ωa at given z and V .

Using Eqs. (24-21) in Eq. (11) yields the following equation of motion for the OWC:

ρc(hi + z)z̈ + ρcgz + cp = cpw, (28)

in which the contribution of the CD-DEG is expressed by the relative pressure p (given by Eq. (21)).
The wave pressure pw is calculated according to the procedure described in Sect. 4.2, whereas the
expressions of Em,s and C as functions of Ωc can be inferred as explained in Sect. 4.3.
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PD WEC with CD-DEG PTO

We consider the PD WEC shown in Fig. 7(b). The device holds a single CD-DEG PTO horizontally
mounted on a fixed submerged air chamber. We set q = Ωc as the generalised coordinate.
The CD-DEG cap volume in the equilibrium configuration is indicated by Ωc,0. In that configuration,
the equilibrium air pressure is p0.
The potential gravitational energy of the water control volume is:

Eg = Eg,0 + ρgΩcζc, (29)

where Eg,0 is a constant accounting for the gravitational energy of the water volume above the CD-
DEG base plane, and ζc is the coordinate of the centre of mass of the water cap comprised between
the DEG shell and its base plane in the ξ− ζ reference system shown in Fig. 7 (notice that ζc < 0).
The coordinate ζc can be uniquely related to Ωc knowing the geometry of the deformed CD-DEG.
Based on the mass flow balance in the control volume, the inlet water velocity is vi = Ω̇c/Si,
therefore ki = S−1i .
The air chamber volume is Ωa = Ω0 + Ωc,0 − Ωc and it equals Ω0 in equilibrium conditions.
The calculation of the generalised hydrostatic inertia is non-trivial, as it requires knowledge of the
water velocity field within the water control volume. As suggested in Sect. 4.2, that term can be
conveniently calculated (in a linearised form, Mq,0 = Mq(Ωc,0)) via the BEM. The quadratic term
in Eq. (11) is neglected, as discussed in Sect. 4.1.

The mentioned assumptions lead to the following form for the PD WEC equation of motion:

Mq,0Ω̈c + ρg

(
ζc + Ωc

dζc
dΩc

)
+ p+

dEm,s
dΩc

− V 2

2

dC

dΩc
= pw (30)

where p = pa − patm is the relative air pressure, calculated by feeding the expression for Ωa into
Eq. (3). As in the OWC example, the wave pressure term can be calculated using the approach
proposed in Sect. 4.2, and the terms related to the CD-DEG are calculated as discussed in Sect. 4.3.

It is worth noticing that the PD WEC modelling approach presented so far is a strong sim-
plification, based on several assumptions (above all, the reduction of the CD-DEG kinematics to
one degree of freedom). Despite its simplicity, this approach provides a convenient and computa-
tionally inexpensive tool for preliminary analysis. Moreover, building upon the proposed energetic
formulation, it is possible to extend the presented model to a multiple-degree-of-freedom model,
describing the CD-DEG deformation as a superposition of deformed modal shapes, and writing a
set of equations of motions for the different degrees of freedom accordingly.
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