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Abstract

This paper introduces a theoretical and experinhesttaly of a wave energy converter
(WEC) that combines the two innovative concept&Jaiscillating water column (U-OWC)
and dielectric elastomer generator (DEG) power w@kgPTO). The U-OWC is a type of
oscillating water column that features a U-shapact that is introduced to tune its dynamics
to a certain wave period without active means dadgehcontrol. The DEG is a compliant
polymeric generator that makes it possible to canweechanical energy into electrical
energy by exploiting the large deformations of elaseric membranes.

A lumped-parameter mathematical model of the prepd&EC has been set-up and a small-
scale model/prototype has been preliminary testeal benign real-sea environment. During
experiments, relevant experimental data have bedected and used for assessing the
reliability of the modelling approach. Beside thedul validation, specific experiments have
been conducted to test a simple but yet effectoed I shedding system based on the
progressive opening of an air valve. Finally, aliprmary design of a full-scale U-OWC
equipped with DEG-PTO has been studied through wewere analysis. The obtained
numerical results show an overall performance ftlsatomparable with that of more

conventional, expensive and complex PTO technology.

Keywords: electroactive polymers; system dynamics; resorsystems; oscillating water

column; U-OWC:; sea test
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1. Introduction

Among possible wave energy converter (WEC) archites, the oscillating water column
(OWC) is one of the most investigated both in lalbary and prototypal tests [1]. The OWC
is composed by a chamber with a water column thapened to the wave field in the bottom
part and topped by an air chamber in the upper paits conventional configuration, the air
chamber has an air flow intake (e.g., an orifib@} tonnects the chamber to a power take-off
(PTO) system. The incident waves excite the watkrnen and induce its oscillating motion
leading an alternating compression and decompmresdithe air in the chamber, that in turn
produce an air flow through the chamber intake. Mieehanical energy of the pressurized air
flow is converted by the PTO device into electrieaérgy.

The OWC and PTO are the key elements of this WECtHagy have been deeply investigated
in literature [1-4].

Regarding OWCs, several systems have been propasdddeveloped as stand-alone
solutions [5,6], breakwater integrated [7], flogtii8] and in arrays [9]. In this context, in the
recent years, the concept of U-OWC system has iné@duced in [10]. This type of OWC
features a narrow vertical U-shaped duct that ccisnéne water column to the open wave
field. This element is introduced for tuning theural period of the water column oscillations
with that of the incident waves. It was originallyoposed in combination with marine
structures for coastal protection. Indeed, it tegnated either in submerged breakwaters or in
vertical breakwaters. A direct comparison with assical OWC showed that it gives better
performance in wind-generated seas and in sweltause of the mentioned possibility of
tuning conveniently its natural period and becaafdhe larger exciting wave pressure
amplitudes [11]. The most recent researches ordthigce provided a theoretical model used

for estimating the system response in the time donwehich was validated by small scale
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field experiments and a first prototype test used further validating the model and
evaluating the system performance at full scale-162.

As regards the PTO, the dominant technologiestaalr turbines, such as Wells, impulse
turbines, or the recently proposed biradial turfib#, which share the common feature of
rotating always in the same direction irrespect¥ehe air flow direction. These elements
were revisited in the last twenty years, in oradeimiprove the efficiency of the whole system,
overcome drawbacks of the existing technologiestakel advantage of recent new findings.
Recently, dielectric elastomer generators (DEGsYyehheen proposed as a possible
alternative technology for the implementation of @°T18,19]. DEGs are deformable
capacitors based on multifunctional dielectric podyic materials, referred to as dielectric
elastomers (DEs), originally conceived for robo@ipplications [20,21]. DEGs exploit
deformation-driven capacitance variations to penfodirect conversion of an input

mechanical work into direct-current electrical enef22]. In the past, DEGs have been

implemented according to a diversity of layoutsshsas annular membranes subject to out
of-plane deformation [23], inflating diaphragms [24nd tubular membranes [25].

It has been suggested that DEGs can be efficientiyloyed to harvest energy from different
sources, such as human walk, sea currents, andswf@#. Previous studies indeed

demonstrated that DEGs can convert energy densitiep to 780 J/kg (per unit dielectric

material mass) [26] and power densities over 20Kgvet operating frequencies similar to the
wave frequencies [24].

Compared to more conventional PTO systems for vemergy harvesting, DEGs are free
from rigid/metallic moving parts, they are made dabfeap rubber-like materials that are
corrosion-resistant and resilient [27,28]. In tlestp several DEG PTO implementations for
different WEC concepts have been proposed and detnated at the scale of laboratory

prototype or wave-tank model [18,29-32]. One of st interesting layouts is the circular
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diaphragm DEG (CD-DEG), whose promising performanag been demonstrated by initial
theoretical analyses [19] and by further studieghe optimization of the CD-DEG control
aimed at maximising the wave power extraction [3Burthermore, experimental
characterisation of the CD-DEG PTO was accomplishgdsome of the authors of the
present paper through dry-run laboratory tests 8wl wave-tank tests on small-scale OWC
prototypes [35], with rated power in the range W4 Those seminal experiments
demonstrated DEGs capability to operate in dynameoaditions in combination with
OWCs, converting a significant fraction of the ihpuave power into electrical power.
However, those works were always conducted in otiatt laboratory environments and
validated against simulated waves. None of the ipuvsv works have presented
experiments/validations conducted via real seéstria

In this paper, we present a first set of prelimynagal sea-tests based on a comprehensive
theoretical investigation/design of a novel WECt t@mbines an U-OWC system [36] with
a set of CD-DEGs as the PTO system. As the fiegt &tward realistic operation at sea, the
experiments considered in this article take intwoaat the purely mechanical response of the
U-OWC/DEG system, i.e. a passive system that isimmtide the capability of generating
electrical power. The obtained data have been egmagdlao validate a time domain
mathematical model of the system response, and dheyexpected to serve as a basis for
future testing. Additionally, a full-scale desigor fthe proposed WEC is presented, which
relies on the mechanical model validated in thiggpand on experimental outcomes on CD-
DEGs power generation obtained in the framewongre¥ious works [35].

The paper is structured as follows. Sect. 2 dessrthe coupled layout of a U-OWC with a
set of CD-DEGs as the PTO and it introduces a madltieal model for the system dynamics.

Sect. 3 presents the experimental results and g@sva validation of the proposed model.
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Sect. 4 proposes and evaluates a concept des@haofer scale U-OWC/DEG wave plant.

Sect 5 finally presents the conclusions.

2. Modeling of U-OWC with DEG PTO.

This section describes the mathematical model ®fsteem composed by a U-OWC caisson
embodying a CD-DEG PTO system that is hereafteermrel as U-OWC-DEG. First, a
general description of the plant is given. There #guations of motion of the system are

provided.

2.1. U-OWC with DEG PTO: layout and features.

Figure 1 shows a schematic representation of tiNE-DEG concept. The system includes
a U-OWC caisson that is made of a submerged U-shegléector that is open to the action
of the waves through a horizontal aperture on ahe @#eft side in the picture), and encloses
a hollow chamber on the other side. Such a chaimigses an oscillating water column with
a volume of air on its top, and presents some leir@apertures in the upper walls that make it
possible to accommodate the CD-DEGs PTO.

Waves induce an oscillating pressure field on tpening of the U-shaped collector and
produce an oscillating motion of the water enclageithe caisson. As a result, the air volume
is subject to fluctuating pressure. Such pressar@aton produces the inflation and deflation
of the elastomeric membrane (i.e. the variable ciégra of the CD-DEG that, in combination
with a driving power electronics, is responsibletttd conversion of mechanical energy into
direct current electricity [19] (more details orettvorking principle and layout are provided
in Section 2.2.2).

The U-OWC-DEG system is also equipped with throtitdves in parallel with the CD-

DEGs. The valve may be used for preventing ovespires in case of severe sea states.
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133 Relevant geometric parameters are the width of Ubduct and of the OWC collector,
134 respectivelyb; andb,; the length of the U-dudt; the inlet submergend®; the distanced.

135 from the top of the air chamber to the mean wateell and the transversal widtk

A 4 CD-DEGs
Air chamber
>
OWC collector h < Break-water
Mean water level 4 ‘ '
h,
/ b,
U-shaped L
uct o : )
136 [ : : : : : : B
137 Figure 1. Breakwater integrating a U-OWC with CDGE&

138 2.2. Mathematical model.

139 The wave-to-wire model of a U-OWC with DEGs canrbgarded as a chain of sub-blocks

140 accounting for different phenomena and/or diffeyamtions of the system, namely:

141 1) U-OWC hydrodynamic model, including the wave radiadiffraction problem, the
142 calculation of the excitation/radiation actionstbe U-OWC, and the dynamics of the
143 water column;

144 2) Compressible air chamber response;

145 3) DEG electro-elastic response;

146 In the following, the models are discussed seplyatat it is emphasized that they constitute
147 a coupled system of nonlinear integro-differengi@liations in the time domain.

148
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2.2.1. U-OWC hydrodynamic model.

The U-OWC water column oscillations are describadtime domain by the unsteady
Bernoulli equation. The equation is derived by gkdting the total head at the water column
inlet and the total head at the free surface ofitiner water column. The unknown water
column displacemen{ is the distance from the top of the air chambeth® inner free
surface. Since energy losses along the water colamahthe U-duct are significant, head
losses are included in the model via the instamameacceleration-based method, which
accounts for steady head losses through a dragsigpdinearity and for unsteady head
losses through an inertial term. Both quantities @roportional to constants determined in
experimental tests [13,15].

The resulting water column equation of motion isai®ws:

Ap(D)

MEOE+C(EEE+E —h) — 2~ [TEDK (T~ 6)do = L, (1)
wherert is the time;g is the acceleration of gravity; is the water densityp is the relative
pressure in the air chambe¥,(¢) and C(f, E) are, respectively, time-dependent mass and
damping termsK(z) is a convolution term which accounts for waveatidn loads; andp®

is the wave excitation pressure.

The mass and damping terms read as follow:

M) =222 [ 21+ L+ by + he = §| = 22 H (o) o)
and
€(6.6) = 75 {6 [ () + 2222+ 1 o @

whereH(«) is an equivalent length accounting for the inérfrequency added mag3,, and
Cqg are coefficients accounting for the U-duct heabés, antR;, R> are hydraulic radii of

the U-duct and inner chamber horizontal sections.
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In the previous set of equations, the wave presatitbe inlet section has been taken into
account by utilizing Cummins’ representation of thdiated wave field under the assumption
that the surrounding wave field can be describeddigntial theory [38,39]. In particular, the
total wave pressure has been regarded as the sumoofontributions: 1) the excitation
pressureAp® representing the wave pressure in a diffractiveentield; 2) and a second
contribution related to the wave field radiated the U-OWC. This second contribution
further comprises two terms: a term accountingtha effect of infinite-frequency added
mass,H(«) (included in the definition oM (¢)), and a convolution integral accounting for
the hydrodynamic memory effects. Bdilfo) and the kernel of the convolution integkdk)

are geometric dependent parameters determined hbwngopertinent boundary value

problems (see [14]).

2.2.2. DEG electro-mechanical model

The CD-DEG is an electrostatic generator that is tdbconvert the pneumatic work done by
a pressure differential applied on its faces inaxteical energy. The CD-DEG is a variable
electrostatic capacitor shaped as a circular memebréhe applied pressure induces out-of-
plane deformations of the membrane resulting inacégnce variations. The CD-DEG
membrane is generally implemented as a stack aclleir layers of DE and electrodes
arranged to form a multilayer capacitor, as showfigure 2. Materials commonly used for
the DE membranes are acrylics, natural and stylbased rubber and silicones, which
combine the electrical properties of large digledbireakdown fields and low-conductivity
with mechanical properties of large extensibilihdaeduced stiffness. Compliant electrodes
are made of layers of electrically conductive matsrthat have to maintain low-resistivity
even under large stretches. Compliant electrodesuasmally implemented as thin metallic

films sputtered on the DE substrates or carbonddabnductive elastomeric films [37].
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In terms of the constitutive model, the DE mateain be described as a non-linear
hyperelastic continuum (i.e., an elastic solid witin-linear stress-strain response) [40] with
dielectric behaviour. Modelling the CD-DEG usingcab continuum electro-elastic

formulations [41] is rather complex and computagityn expensive. In order to provide a
practical formulation, suitable for design and pnéhary analysis, a reduced lumped-
parameter model is provided in [19]. In this workke use a further reduced model, as
presented in [18]. The model exploits some simpigyassumptions, previously validated

[18,33] and shortly recalled in the following.

Unstretched DEG
'R dR
——

Electrodes

)
! €y
] —

Pre-stretched DEG

L \
L 1
\ A% J
\ /

2 1l
E N t(//lp
r ) v
SN
| e Frame  DE layers

Figure 2. Schematic view of a CD-DEG in its undefed state (top), pre-stretched mounting
configuration (centre) and inflated configuratidmoitom). The inset shows the detail of the

dielectric-electrode layers.

The geometry of the CD-DEG stack is schematicadlgctibed in Figure 2. The symbalg

and t, denote the stack radius and total thickness inuthdeformed state. The DEG is
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mounted on the holding frame with a certain pretstr, 1,, which takes its radius to

e = A,eo. Rubber-like materials are incompressible (thedtune does not change after

deformation), therefore, the CD-DEG diameter gfirerstretching is,/A;. Upon application
of a pressure differenqe between the DEG lower and upper faces, the ldisglaces from
the flat equilibrium configuration and undergoes-ofiplane expansion.

As demonstrated in [18], the equilibrium pressgreassociated to a given geometric

configuration and a voltage differendé applied on the DE layers has the following

expression:
_dUy, V2 dC
b= da, 2 da/ (4)

whereU,, is the elastic energy of the DE layels, is the volume subtended by the deformed
CD-DEG shell, and is its capacitance.

Consistently with the assumptions presented in, [t® deformed CD-DEG is approximated
as a thin spherical shell with non-uniform thickme$herefore, its configuration can be
uniquely identified by the displacemeh} of the tip element from the equilibrium plane
(positive upwards).

Using the assumption of spherical deformati@pnyelates ta, as follows:

Qc = =h(hf + 3e?), (5)

It is also assumed that the deformation state nspbetely equibiaxial (i.e., the stretch is the
same in any direction tangent to the shell surfabt@ugh it is not uniform over the DEG. In

[19], it has been shown that this assumption pewid good agreement with finite-element
simulations in a wide range of DEG deformationsnpased at least betweén = —e and

h; = e . The tangential stretch in a generic point of BiteG reads as follows:

h?+e?
1= ee —t -
0 e2el+h2R2’

(6)
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whereR identifies a material element lying at a distaRc&om the axis in the unstretched
state (see Figure 2). Notice that, owing to incaspibility, the thickness in a generic point
of the deformed CD-DEG shell is given by t,/42.

The deformed CD-DEG layers are parallel-plate cépesc with total capacitance given by

the following expression:

3 2

292 52 2,52 2,02 24,2
_ menjipe hi+e hi+te hi+e
¢ = 3to [( tez ) +( tez ) +( tez )]’ (7)

wheree is the DE material dielectric constant, ands the number of dielectric layers in the

stack. The total thickness of the dielectric laysrassumed equal to the total DEG thickness,
to, being the electrodes thickness negligible.

The DEG elastic energy is a function of the stretblodelling the DE material as
hyperelastic, the volumetric elastic energy dengtgiven by a strain-energy functiow,
whose dependence ohis expressed by a given constitutive model. Theoméy-Rivlin
hyperelastic model [40] is used under the assummiioncompressible solid with equibiaxial
deformation. The following expression holds %¥r

W =Co(22% =27 + Cy1 (2472 + %), (8)
where(; , andC,; are characteristic constitutive parameters. Thad &astic energyl/,,, is

the result of the integration 8f over the total elastomeric volume:

Unm = 21ty f,° R¥ dR. 9)

It is worth noticing that the calculation of theridatives in Eq. (4) can be performed using
the chain rule, considering thi,, Q. andC are functions of;.

Eq. (4) does not keep into account the mechameatia/kinetic energy of the DE material.
As observed in [33], the DEG dynamics is expectetld much faster than that of an OWC
(i.e., its natural frequency is much larger), thies,the aim of this paper, the DEG response

can be assumed quasi-static.
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The electric field in the DE layers is given by

E = mA%V /t,, (10)
and, since it depends dnit is not uniform throughout the CD-DEG.

The instantaneous electrical power output of th&Ddgiven by:

P, =-V0, (11)
whereQ = CV is the charge present on the electrodes.

The DEG operation can be ideally partitioned irdateol cycles, each corresponding to a full
oscillation between the flat equilibrium configuost and a maximally expanded
configuration (that depends on the external exomat In fact, DEG operation involves
bidirectional electrical energy fluxes: in eachley@an amount of electrical energy is initially
spent by the external circuit to charge the DE3< 0), and a larger amount of electrical
energy is successively recoverd? & 0) by progressively discharging the DEG. Several
control strategies have been proposed for CD-DEfplayed as the PTO in OWCs,
including prediction-less controls [18,19] and auted controllers based on a statistical

knowledge of the current sea state [33].

2.2.3. Air chamber model.

The U-OWC model and the CD-DEG model are coupledneyns of the air pocket model.
The latter relies on the air mass and energy ceasen applied to the air volume in the
chamber. In this regard, the equation presenteithignsection considers a general case in
which the device is equipped with a system conngdine air chamber to the atmosphere,
like a valve, so that a certain air flow rate (positive if air flows out of the chamber) is
included in the computation. Air compressibility acounted for by assuming that the
thermodynamic process is isentropic [42,43]. Iis tontext, the equation describing the air

chamber dynamics is,
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1
P+Datm\y ™M

Y@ + Parm) (—)

Patm

= VQa(p + patm) + Qqp, (12)

Patm

wherey is the ratio of the specific heat at constant gues and the specific heat at constant
volume; pam IS the atmospheric air densityum is the atmospheric density; agy, is the
instantaneous air pocket volume. The calculationQgfand its derivative leads to the

following equations:

Qq = byb3§ + = hy(hi + 3e*)Np, (13)
and
Qq = byb3é + 2 (hi + e hNp. (14)

If the chamber is equipped with a throttle val\ee tir flow rate can be calculated through

the equation

: d3 aem\ Y
i = % [2pum (2222)” pplsign(p). (15)
Patm

whereC, is an empirical discharge coefficient, alhds the reference valve diameter.

3. In-field experimental validation.

This section presents the results of field expemisieaimed at validating the proposed
mathematical model of the coupled U-OWC/CD-DEG ayst The experiments reported
herein are the first examples of sea trials on WGwith DEGSs. At this stage, attention was
restricted to the purely mechanical response o$yiséem (regardless of electrical activation).
In the following, a wide scope of the experimeraetivity is provided, and a comparison of

experimental data and theoretical predictions és@nted.
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3.1. Set-up and data acquisition.

3.1.1 Experimental set-up

The experimental activity was carried out at thetun# Ocean Engineering Laboratory
(NOEL) in Reggio Calabria (Italy). A U-OWC caiss@ninstalled in a benign natural basin,
where sea waves are generated naturally by the agtion. The U-OWC is incorporated in a
metallic caisson connected to a vertical breakwsgering, in this context, as a ballast for the
resulting system, while the CD-DEGs are installadhe ceiling of the air pocket (see Figure
3). The metallic caisson includes three independbatnbers. Several identical CD-DEGs

are installed on one of the lateral chambers, workimultaneously as shown in Figure 3.

i e -:@?_fm aed

Air pressure alveeghs
transducer ” -y

U-OWC collector

Break-water

Figure 3. Metallic caisson incorporating the U-O\&L with, on the top, four CD-DEGs on
the lateral chambeb). The U-OWC/CD-DEG is connected to a vertical kveater serving
as a ballast for the system. One of the CD-DEG<hkas painted black to facilitate post-

processing of the high-speed camera frames.

The chamber can house up to 4 CD-DEGs, thoughwetisa smaller number of DEGs can
be performed closing the unused DEG housings waiild steel disks and seals. On top of the
air chamber, a butterfly valve with nominal dianmet& 100 mm is present, which is opened

in the presence of rough sea states to limit th&®#&eformation.
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CD-DEG prototypes have been manufactured usingnar@cial acrylic film, VHB 4905,
produced by 3M. This material has been chosen tesitires low mechanical rigidity and
large extensibility, thus, it is adequate for dgpig small-scale DEG prototypes [18]. Each
DEG was built by overlapping and bonding togethéfecent layers of VHB 4905 so as to
form a solid dielectric layer. The unstretched khiess of the resulting layer was of 4-5 mm
with a diameter of 115 mm, while the final diametafter pre-stretching by, = 3.4 and
installation on a rigid polycarbonate frame, waé &tn.

In these tests, no electrodes were present on B¥®EG prototypes, since no electrical
activation was applied on the membranes and no pgemeration was pursued. In fact, the
results of the tests were aimed at characterizwofusively the mechanical response of the
system.

An estimate of the power theoretically achievablthwhe considered CD-DEG samples (if
electrical activation was applied) can be obtaibeded on constitutive models [19] and
previous tests on CD-DEG samples made of VHB acmilith carbon grease compliant
electrodes [18,35]. According to those results, @EGs can convert energy densities of 0.3-
0.5 J/g per cycle. In the tests described heremiags of dielectric material in each CD-DEG
was about 40-50. Therefore, each of the employeeDEDGs is potentially capable of power
outputs of 10-25 W at an operating wave frequerid.4-0.5 Hz. Thus, equipping the device
with four DEGs would give a theoretical rated powgd0-100 W.

Relevant measurements are obtained with ATM.ECO#asgure transducers (PT) from STS.
Specifically, one PT is installed at the inlet s@ctof the collector, while three PTs are
installed within the water column and one PT idalied in the air chamber as shows in
Figure 4 (in the figure, the PT installed in the ehamber is not shown). The figure and

Table 1 also show the relevant geometrical parasete
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Table 1. Geometrical characteristics of the U-OWi@nsber equipped with CD-DEGs.
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Figure 4. Vertical cross-section of the U-OWC anchtion of the pressure transducers (PT)

in the water column. Lengths are in millimeters.

3.1.2 Data collection and post-processing

The PTs data were recorded with a sampling frequefclO Hz using a NI cDAQ-9174
acquisition board by National Instrument. The datare collected in short records
representative of individual sea states. Speclficaach record was composed by 3000
samples, hence, each time series has a duratidn minutes, which is the typical time
resolution of a sea state at the NOEL [44]. GlohdlD2 sea states were collected, which are

representative of different sea conditions, spapfiom wind-generated seas to mixed sea
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states. The corresponding significant wave heigtit peak spectral periods ranged in the
intervals 0.15-0.45 m and 1.8-3.3 s.

The pressure data were used to simultaneously meet®l excitation and the water column
oscillation. In particular, the PT at the inlet @ provides the wave pressurép,,,
cumulating the contribution due to diffracted aadiated waves, while the PTs in the water
column and in the air chamber are used to measaditectly, the water column
displacement. For this purpose, the method desthigeBoccotti et al. [45] and by Malara et
al. [13] is employed. Specifically, given the sitameous measurements of two PTs under
water (e.g., the upper and the lower one) and®#XF in the air chamber, the water column

accelerationd) is calculated by the equation

¥ _ Pu—D1
$=9+" 5 (16)

where, p and p, are the instantaneous pressures measured by wes kEnd the upper
pressure transducers respectively, aads their vertical distance. Then, the instantaseou

displacement is calculated by the equation

_ . DiP
$=h =g (a7)

h; being the distance between the lower pressureduaes and the top of the U-OWC.

The deformation of one of the CD-DEGs was acqubigdneans of a high-speed camera
(Point Grey GS3-U3-23S6M-C with lens 250F6C). Thenera was placed at a distance of
approximately 2 m from the DEGs, aligned with tbp tover of the U-OWC collector (i.e.,
the equilibrium plane of the CD-DEGS). Data frone ttamera were synchronised with the
PTs acquisitions through an external analogicgger. Upwards deformations only were
captured by the camera, as the membrane was hlgdéme air chamber walls during its
downward stroke. The acquired frames were theneggssex to obtain time-series of the CD-
DEG tip elevationh;, using the procedure described by Moretti et &].[Owing to the high

sensitivity of the high-speed camera to fouling &dndidity, measurement of the CD-DEGs
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deformation was restricted to a few datasets. Tieeteof the DEGs on the system dynamics
is however still measurable through the analysiheftime-series of andp.

Examples of time-series of the different measuradables are reported in Figure 5, which
shows a comparison of two tests featuring simiéa sonditions, 4 CD-DEGs witly = 5
mm, and two different aperture levels of the vglesed and fully-open). In the presence of
closed air chamber, the oscillationsynare larger (since no flow is practically exhausted
through the valve), while oscillations if are smaller. In effect, despite introducing a
damping contribution in the water column dynamibg, valve aperture causes a reduction in
the mechanical stiffness of the air chamber—DEGs$egy. The air pressure and the DEG tip
displacement are in phase, since the electricaligtive DEG behaves as a purely elastic
component (except for viscoelastic dissipative affe For the same reasgnandh, are in
phase-opposition witd when the air chamber is closed, whereas some giade-shifting

is present when the valve is open (due to thelmber dynamics introduced by the valve,
described by Eq. (12)). Phase shifting amdpg and the other variables is always present,
as a consequence of the water column dynamicEged)).

The oscillation amplitude of the CD-DEG monotonligahcreases with the air pressure, i.e.,
it is smaller when the valve is open (in spiteafkr oscillations i§). This result suggests
that a relief valve might be effectively employeslasafety device to protect the CD-DEGs
in rough sea states.

A wider analysis of experimental results and congoar of different operating conditions is
reported in [36], where the effect of the CD-DEGstbe U-OWC dynamics is investigated

through a frequency-domain approach.
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410 Figure 5. Time-series of water column displacen§e@D-DEG tip displacemertt,, wave
411 pressuré\p,,, and air relative pressupefor two tests, in the presence of 4 CD-DEGs with

412  t, =5 mm. (a) Closed air chamber; (b) fully-open valVene-series oh, are only relative

413 to upwards membrane displacement, as the membras@idden by the collector walls
414 during downward oscillations.
415

416 3.2. Modd validation.

417 This section discusses a validation of the propose@WC/CD-DEG coupled model.
418 Attention is here restricted to the coupled dynaniesponse of the U-OWC and the DEGs.
419 Therefore, attention is restricted to the followisgt of sub-models: the water column
420 dynamics, the air chamber response, and the CD-81&&ic model, excluding the radiation-
421 diffraction problem and the effect of electricakiaation. The latter sub-models have been
422 validated in the past through purposed experim@®85] or against numerical models [46],
423 and they might be further explored in the futureotityh advanced tests including fully-
424  functional DEGs and U-OWC nearfield sensing.

425
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3.2.1. Model set-up and calibration.

The time domain dynamical model of the U-OWC witkE®s has been implemented in a
Matlab & Simulink environment. The numerical modgimbines: the U-OWC dynamic
equation (Eg. (1)), the dynamic equation of thecaamber with throttle valve (Eg. (12)) and
the mechanical model of the CD-DEGs (Eq. (4), atersing only the first term relative to the
purely elastic response).

Simulations make use of the experimental datagdteovave pressurgp,, (i.e., the sum of
the radiation and diffraction wave pressure) asitipait. The simulation output consists of:
the water column displacemen§, the air chamber pressurp, and the CD-DEG tip
displacementh,.

The parameters used in the U-OWC dynamic sub-nmaréethe collector dimensions given in
Table 1 and the hydraulic loss parameters. Basgut@nous tests on the reference U-OWC

collector [13], the following loss parameters wased.Cy, = 0.71, C;;, = 0.13.

The parameters in the CD-DEG elastic model arevtbeney-Rivlin coefficientsC 4, Cy 4.
Based on available tests on the VHB material [11&}, following values were considered:
Co1 = 3700 Pa,C;, = 380 Pa. For the air chamber model, atmospheric aisitlep,;,,, =
1.2 kg/m? and adiabatic heat ratjo= 1.4 were assumed.

The throttle valve has 10 positions, correspondindifferent levels of aperture (from 100%
open to fully-closed). In this experimental actyyitn particular, five aperture levels were
tested (including the fully open and closed statba) were sufficient for detecting clear
alterations in the system dynamics associated ti¢hthrottle valve aperture level. The
values of the discharge coefficiedy,, corresponding to the aperture levels employeithén
tests were identified through an experimental catibn procedure. Specifically, calibration
tests were carried out with the valve mounted an WhOWC collector, exploiting the air

pressure variations induced by the water columilason. To isolate the contribution of the
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valve, the DEGs were removed and replaced with fonohable disks. A set of acquisitions
were performed, with the valve set to differentiposs. In each test, we measured the
pressurep in the chamber and the levelof the water column. We then solved the dynamic
equation of the air chamber (Eq. (12), with= 0) for different values ofC,, using the
measured time-series éfas the input, hence obtaining a set of time-sdde®. We thus
identified the value of, that minimizes the norm of the difference of expental and
model-based pressure time-series. Figure 6.a slowsmparison of experimental and
theoretical time-series for a specific calibratitest. Repeating this operation for each
acquisition allowed the identification of a valuke@) for each of the relevant aperture levels
used in the experiments, as shown in Figure 6.lshttuld be noted that the discharge
coefficient of the fully-closed valve is slightlgriger than 0, as a result of the air leaks in the
air chamber connections and in the valve. Moreawegr a given level of aperture (i.e., when

the free flow passage area is rather wide), theevatC,, becomes practically constant.

——experim. 081
4000 k- !
Q_):- 06 [ ///
2000 ¢ L /
= 3 #
Q\;‘, X [>) 04 I //
a Op e Y
A 0.2 _X
-2000 r e
ak’//
L i L | i : | O L L H
190 200 210 220 230 240 0% 30% 50% 70 % 100 %
time (s) Valve aperture level
(@) (b)

Figure 6. Discharge coefficient calibration: (ayqmarison of the experimental air pressure
time-series versus model-predicted time-seriegiveldo different values of the discharge
coefficient for a test with valve 50 % open; (b)liGeated values ofC, at the different

aperture levels of the valve used in the tests.
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3.2.2. Comparison of model and experimental data.

A set of simulations were run, using the approaescdbed in Sect. 3.2.1. Each simulation
aims at reproducing the U-OWC behaviour in a spe@kperimental dataset. Different

records differ in terms of the following parametdtsed as inputs in the simulations):
measured pressure at the U-OWC inlet, number of DBGhe chamber, DEGs thickness,
discharge coefficient associated with the curralves position. An overview of the model

performance against the different tests in provige&igure 7, where we present vis-a-vis
plots comparing the measured standard deviatiotiseoivater column displacement and the

air chamber pressurég(,,.,s ando, .45 respectively) and those obtained through the model
(0¢modr Opmoa). Direct comparison between modelled and experiateoscillation

amplitudeh; of the CD-DEGs tip is, in contrast, omitted, as tip height was measured only
in a few tests and only during the outward strokihe DEGs.

Figure 7.a shows results relative to the testshsiioms with 3 DEGs installed on the U-
OWC chamber, while Figure 7.b is relative to theesawith 4 DEGs. In the plots, datasets
relative to different aperture levels of the vaéwre denoted by different markers.

The plots show that, in average, tests with clogedchamber exhibit lower oscillation
amplitude ofé and larger oscillation amplitude mthan the corresponding tests with fully-
open valve, as already observed in Sect. 3.1.2pileethe broad variety of sea states and
operating conditions characterising the varioussiethe model is statistically capable of
predicting the experimental behaviour rather eitety. In particular, data appear equally
distributed above the bisector line of the vis-apiots, thus confirming that the model does

not provide any systematic overestimate (or undienase) of the system oscillations.
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(b) Tests with 4 DEGs
Figure 7. Vis-a-vis comparison of experimental anddel-predicted standard deviation of
the time-series of the water column oscillatiorest(Eolumn) and the air chamber pressure
(right column). Different markers refer to diffeteevels of aperture of the valve. Plots (a)

are relative with tests with 3 DEGs, plots (b) ratetests with 4 DEGs.

Similarly to Malara et al. [13], in order to qudgtthe model error, for each dataset we define

error metrics based on the time-serie§ ahdp:

£ = ”gmeas_gmod”
§ 0¢meas ' p

— lPmeas—Pmoall (18)

Op,meas
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where the subscriptieas denotes the measured time-series wheread denotes model
time-series, and operatdlt|| is the norm of the argument function. Errors re&to the
different scenarios considered in Figure 7 (averager different datasets) are reported in

Table 2.

Table 2. Estimate of the model error over the tsages of andp.

€& &

Tests with
0.41]0.42
3 DEGs

Tests with
0.33/0.34
4 DEGs

All tests 0.37/ 0.38

With reference to two datasets previously consi@nd=igure 5, for which measurements of
the CD-DEG's tip height are also available, Fig8rpresents a comparison of experimental
and theoretical time-series. In these tests, thdemtends to overestimate the oscillation
amplitudes of the different variables in the cakelased air chamber, and to underestimate
them when the valve is open. The average erronstbeeconsidered portions of the datasets
are as follow:e;= 0.39 ands,= 0.50 for the dataset shown in Fig. 8a (i.e., darfpan the
average values for the different tests consideme@lable 2);e;= 0.22 ands,= 0.21 for the
dataset shown in Fig. 8b (lower than the averager @n the different tests). Despite the
existing discrepancies, these results confirm aarkable ability of the model to describe the
trends and the dynamics of the relevant physicalabkes, including the CD-DEGs

deformation. In particular, the possible preserfoaiher large errors in correspondence with
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isolated oscillations does not affect the globakament of the theoretical and experimental

time-series on a statistical basis and the corresipg values of the average error.
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Figure 8. Comparison of model and experimental @eées of (minus its mean valug), p
andh; for two tests, in the presence of 4 CD-DEGs wjte- 5 mm. (a) Closed air chamber;

(b) fully-open valve.

4. Analysis and ssimulation of afull-scale U-OWC with DEG PTO

Based on the proposed model, in this section weeptea theoretical analysis of a full-scale
application of a U-OWC equipped with a set of CD&xEas the PTO system.

In the analysis, reference is made to an existif@WIC collector, installed in the port of
Civitavecchia (ltaly) [47,48]. The pilot wave farim Civitavecchia is composed by a set of
U-OWC chambers (with target power of 20 kW each)egnated on bottom-fixed

breakwaters.
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With the aim of evaluating the potential performawné¢ DEG PTOs in full-scale applications,
we hereby assume to replace the air turbine inobiiee Civitavecchia U-OWC plant with a

set of CD-DEGs. In this regard, reference is mad®EGs made of an optimised silicone
material, specifically developed for DE application

Silicone elastomers seem to be the most promisangidates for future DE applications. In
effect, compared to other DEs, they bring a nuntbexdvantages, including: large potential
for the improvement of electro-mechanical propertierough the addition of compounds
[49,50]; availability of manufacturing processes liagh-quality films; and the possibility of

manufacturing reliable dielectric-electrode stacky, depositing carbon-charged silicone

electrodes on the DE layers by blade casting, sprating or screen printing [34,51].

4.1 Layout and assumptions

We consider a single U-OWC collector, the submergad of which has the dimensions
indicated in Table 3 [48]. The upper (out-of-watgortion of the collector is equipped with
four CD-DEGs with the features listed in Tablergtalled on different (top and lateral) walls
of the collector. The values of the hydraulic Ipssameters for the Civitavecchia U-OWC

chambers, provided in [15], afg, = 0.46, C;; = 0.19.

Table 3. Features of the considered full-scale UOdamber with DEG PTO.

U-OowcC DEG PTO features | DE material properties
dimensions
h, 2m Np 4 Hyperelastic Ci0 = 230 kPa;
parameters Co1 =0
d 142 m e 1.4 m | Dielectric constant ¢ = 3.9 -8.85 -
10712 F/m
b, 1.6m to 0.05 | Rupture stretch A, =88
m
b, 3.2m Ay 1.3 Break-down Ey =100 MV/m
bs 3.87m n 80 electric field: =1
Egp = EgATe
li 5m
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The DEGs are made of a silicone material with theperties described by Madsen et al.
[49]. This material is obtained blending a commargailicone elastomer (ELASTOSIL
LR3043/50) with a silicone oil (30 phr of LMS-152) as to enhance the dielectric properties
of the original elastomer while reducing its elastiffness. Although that material has been
only investigated in the laboratory and is not engeercial product yet, we believe that it is
representative of upcoming materials conceivedifar as dielectric elastomer. The operating
limits of the material are the ultimate ruptureetth, 4,, expressing the maximum
extensibility of the elastomer, and the maximum &gihle value of the electric field, namely
the break-down electric fieldsz,. Though in [49] the break-down field in the ungthed
state only is measured (namely, 130 MV/m), baseliterature results on different DEs [24],
we assume thdiy, increases proportionally with the strettho the power of, (see Table
3), with the value at unitary stretch conservatiteken equal to 100 MV/m. The considered
silicone material is stiffer than the VHB acryliorsidered in Sect. 3, therefore, the chosen
pre-stretch is rather small. The total volume of MB&terial (over the 4 DEGs) is 0.74.m
The number of layersy,;, guarantees that the DEG output voltage is below\a

The response of the U-OWC with DEG PTO is inveséidan a set of typical sea states at the
Civitavecchia site. The average wave climate atitiseallation site is characterized by sea
states with JONSWAP spectral distribution [52] iistard peak enhancement factor of 3.3)

whose peak periody,, and significant wave heightis, are correlated as follows [44]:

T, = 8.5m\/Hs/(49). (29)
In order to assess the response of the devicaughreea conditions, significant wave heights

of up to 5 m are considered.
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4.2 CD-DEGs control

In this work, we make reference to a simple corgtodtegy which does not require a-priori
knowledge of the incident waves, and only reliestmmmeasured DEG deformations. Such a
strategy has been previously discussed in [19;B3. operating cycle of a DEG is divided
into the following phases:

1) When the DEG expands from the flat configuration € 0) to an inflated
configuration (either inwards or outwards), no &gk is applied on its electrodes.

2) As the deformation (and capacitance) reaches amawj the DEG is rapidly
charged and its voltage is risen to the maximumnezalompatible with break-down.
During this phase (called priming), electrical egers initially spent to charge the
DEG.

3) When the DEG moves back towards the flat positian, (its capacitance decreases),
the applied voltage is kept at the maximum valuewad by the break-down
condition. During this phase, the DEG outputs eie&k power.

4) As the DEG reaches the flat position (minimum cépace), it is fully discharged
and the stored energy is harvested.

In the simulations, the voltage rise during chaggwhase (1) and its decrease during
discharging phase (4) are simulated as quick dirder dynamics (with a characteristic time
much shorter than the full cycle duration).

Based on Eqg. (10) and Table 3, the limiting cowditior the voltage (applied during phase

3)) in relation to break-down is as follows:

Epto
nllz—re'

V< (20)

Since the stretch is not uniform through the DEG (see EQq. (6)), dperating voltage during
phase 3) is obtained feeding the maximum stretthevi@t the CD-DEG tip) into the right-

hand side of Eq. (20), namely
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Epto

V=

nlli “Te’ (2 1)

where/; is the stretch calculated at the DEG tip (i.eR &t 0).

4.3 Safety mode operation

We assume that the U-OWC air chamber is equippeld aisafety valve with nominal
diameterd,, = 0.15 m. Such a valve is closed in normal operating doh, and it is partly
opened in the presence of rough sea states toth®iCD-DEGs deformation. We assume
that the level of aperture of the valve is adjustedh mid-term basis, based on the knowledge
of the average wave parameters (e49.0r T},).

Though, according to Madsen et al. [49], the maximadmissible stretcii,, on the CD-
DEGs is theoretically very large, we define a covetve threshold valuel,,, that should
not be surpassed but for a reduced amount of flinis. measure is intended to increase the
technical lifetime of the DE material, which, siarily to rubber, is expected to depend on the
amplitude of the cyclic stretch variations to whitls subjected [53]. Here, we ugg, = 2.

The level of aperture of the valve (i.e., the desge coefficientC,) in each sea state is
chosen accordingly, so as to guarantee that teicstdoes not surpagg, for more than 5%

of the simulation time horizon. In statistical tex;nthis is equivalent to set an upper bound to
the probability that the DEG deformation surpaseeshosen threshold.

In a real application, extensive analyses shoulgdy&rmed in order to choose meaningful
values ford,, and the corresponding limit percentage of occueersuch analyses should
keep into account fatigue tests on the selectedn2terials and should realize a compromise
between an increase in DEG lifetime and a redudtiothe energy production due to the
stretch limitation. Moreover, dedicated analysesuth be conducted in order to identify

possible ageing effects due to electrical activatio
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4.4 Results and discussion

The performance of the full-scale U-OWC has beenukited in a Matlab & Simulink
environment. The U-OWC hydrodynamic parameters twedexciting pressure have been
computed via the two-dimensional semi-analyticaprapch of Malara et al. [14]. The
convolution integral involved in the computationtbé radiation forces (see eq. (1)) has been
approximated with a state-space model in ordeetlnce the computational burden [54]. In
the simulations, different values of the emergadHiter,. of the collector were considered.
Eight sea states witltl; between 1.5 and 5m were considered. For eachstsg@, a
simulation with a duration of 200 times the peakiquke was run, and the average power
output was calculated from the DEG instantaneougepd, (see Eq. (11)). For the roughest
sea states, in which aperture of the security vavwequired, the calculation of the power
output and the valve aperture was carried out tilraan iterative procedure. The iterative
procedure was initiated by setti@yg = 0. Then, the coefficient was increased by stdpis1
until the percentage occurrence of stretches latban the threshold valug,, was
statistically reduced below 5%.

Simulation results are shown in Figure 9. The tlgt phows the U-OWC power output for
the different sea states (carrying increasing ewidpower). The central plot shows the
percentage of the simulation timg,,, during which the DEGs stretch stays above the
thresholdA;,. The bottom plot shows the minimum level of apextaf the security valve
(expressed by,) required to keepo, < 5%: C, = 0 indicates thap,, < 5% is achieved

keeping the valve completely closed.
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Figure 9. Response and performance of a full-dda®NC with DEG PTO in a set of
reference sea states. Top plot: power output. Glepitst: expected percentage of operating
time during which the DEGs stretch surpasses ttesttiold valued,,. Bottom plot:
Discharge coefficient expressing the required le¥elperture of the security valve in the

different sea states.

The proposed design of the DEG PTO results inedrpbwer output between 20 and 30 kW,
consistently with simulation results relative tcetcenario in which an air turbines is
employed as the PTO [55]. For instance, a similalysis conducted via Monte Carlo
simulations was proposed by Malara and Arena @&}, provided power output estimations
for four different turbine models (monoplane witithout guide vanes, biplane and contra-
rotating). A comparison of the data produced insates with comparable significant wave
height and peak period shows that the obtainedextew powers are similar. A reduction in
the air chamber heiglit. (with respect to the nominal value of the Civitesi@ia collectors,
namelyh, = 9.4 m) results in an increase in the power output.uRed) h,. indeed causes a

reduction in the air chamber compressibility, whichurn leads to larger DEG deformations.
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In practice, the value of this design parametemukhoepresent a compromise between the
converter performance and safety requirementhport infrastructure.

The trend of the power output is monotonically @asing with increasingly energetic sea
states, up td/;, = 4 m. In rougher sea states, the power output exgetsna saturation as a
result of the partial aperture of the security @alVhe required level of aperture of the valve
increases with the incident wave power and withrelesing values di.. In practice, despite
representing a limiting factor for the performanae,air chamber with large compressibility
guarantees robustness in the presence of rougbstates, as it allows the achievement of a
dramatic reduction in the DEGs deformation withatiekely small diameters of the throttle
valve. It is worth noticing that, in the mildestasstatesp,, is equal to 0 as the maximum
deformation of the DEGs is permanently below threghold value.

The presented results demonstrate that DEGs amenmsiging PTO solution for the U-OWC,
as they potentially enable performance equal debétan that achievable with air turbines,
despite their greater architectural simplicity. Maver, simulation results suggest that safe
plant operation can be achieved even in relativ@lgh sea states through the employment of

a simple throttle valve.

5. Concluding remarks

This paper deals with the assessment of a U-oscglavater columns (U-OWCs) wave
energy converter equipped with a dielectric elastorgenerator (DEG) power take-off
system. The mathematical model proposed in therpage been obtained by combining a
one-dimensional model based on the unsteady Bdrneguation with an isentropic
thermodynamic model for the air chamber dynamias] a lumped-parameter electro-
mechanical model of the DEG. The model reliabiliys been assessed against field data

obtained from a small-scale experiment conductetierNOEL (Natural Ocean Engineering
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Laboratory) benign natural basin in Reggio Calalftialy). The presented experimental
activity served as a first pilot investigation oJaOWC with DEGs at sea. In this regard, the
purely mechanical response of the system was iigatstl.

Based on the collected experimental data, it has bemonstrated that the model is able to
capture the crucial features of the system dynanrica variety of sea states, without
systematic over- or under-estimations of the ralepaysical parameters.

The validated model has been used for predictiegpirformance of a full-scale plant. For
this purpose, the plant constructed in the poieftavecchia has been considered as a case
study. The proposed mathematical model has bediedpassuming that one chamber of the
plant is equipped with circular diaphragm DEGs (DBGS) instead of turbines. Power
output data have been obtained by running numesicallations starting from spectrum
compatible realizations of different sea statebhalt been shown that a system integrating U-
OWC and CD-DEGs may provide an average power owpuiparable to that of a U-OWC
with turbines. Further, it has been shown thatptesence of the CD-DEGs does not affect
the reliability of the system, as the use of tleottalves prevents the inception of excessive
pressures in severe sea states.

The results presented in this article pave the feagifferent future activities aimed at the
advancement of the U-OWC with DEGs. The gathered @md numerical models will
primarily allow the development of dry-run experime aimed at evaluating control
strategies and power output performance of DEGopypes subject to loading histories
similar to those recorded at sea. Furthermoredimgl upon the experience of this pilot
activity, sea tests on DEG prototypes capable t¥ely extracting electrical power from the

presented U-OWC plant will be carried out in thiufa.
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Physical constants

Symbol Unit Description
g m/s’ Acceleration of gravity
Patm Pa Atmospheric pressure
y Adiabatic exponent
p kg/m® Sea water density
Patm kg/m® Atmospheric air density

U-OWC geometry and hydrodynamic model

Symbol Unit Description
b, m Width of the U-duct
b, m Width of the main collector
b3 m Transversal width of the collector
h, m Depth of the collector inlet section
l; m Length of the U-duct
c(¢ g’) s Time-dependent damping coefficient
Cag, Cin Head loss coefficients
H(o0) m Infinite frequency added head
H, m Significant wave height
K(1) m/< Radiation convolution kernel
M(§) 53 Time-dependent Inertial coefficient
Rp1, Ry m Hydraulic radii of the U-duct
T, S Wave peak period
& m Distance of the air chamber top wall from the=fsarface
T s Time coordinate
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Wave pressure in a diffractive wave field

CD-DEG geometry and model

Symbol Unit Description
e m Radius (flat pre-stretched configuration)
eo m Radius before pre-stretch
h; m Tip element displacement
n Number of layers
T, Exponential parameter for th_e break-down eledieid
expression
t m Local thickness
to m Thickness before pre-stretch
C F Capacitance
C10 Con Pa Mooney-Rivlin hyperelastic parameters
E V/im Local electric field
E, Vim Break-down electric field at unitary stretch
Esp Vim Break-down electric field
P, w Instantaneous electrical power output
Q C charge
R m Radial coordinate on the unstretched CD-DEG
Upn J Total elastic energy
%4 \% Voltage
€ F/m DE’s dielectric constant
A Local stretch
Ap Pre-stretch
Y Jint? Strain-energy density function
Q. m° CD-DEG cap subtended volume

Air chamber geometry and model
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Symbol Unit Description
d, m Valve reference diameter
h, m Air chamber height
m kg/s Mass flow rate through the apertures
p Pa Air chamber gauge pressure
Cy, Valve discharge coefficient
Np Number of CD-DEGs on the air chamber
Q, m° Instantaneous air pocket volume

Experiments and simulations parameters

Symbol Unit Description
hy m Distance between the lower pressure transducketh@nair
chamber top wall
P Pu Pa Pressure measured by the submerged transducers
Py, % Maximum percentage time (on the simulation har)jzo
during which the stretch is allowed to be larger thata,
Ep &g Errors in the simulated air pressure and waterroal
displacement compared to the experimental datadgee
over a dataset)

Aen Threshold safety value for the DEG stretch
Opmeas Pa Measured standard deviation of the air pressure
Ot meas m Measured standard deviation of the water column

displacement

Az m Distance between the submerged transducers

Operator s and notation

Symbol Description
¢ Differentiation with respect to time of a generariableg
Q Time averaged value of a generic variaple
sign(¢) Sign of a generic variablg
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Model of a U-shaped oscillating water column with dielectric elastomer generator
Tests on a scaled prototype are carried out in a benign sea basin

Good agreement of model prediction and experimental data over a wide set of tests
The model is used to predict the performance of a full-scale U-OWC with DEG
First step toward the demonstration of the feasibility of dielectric elastomer WEC



