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Abstract—This paper addresses the dynamic modeling and the
energy storage analysis of a wave energy hyperbaric converter,
which consists of a set of oscillating bodies (named as pumping
modules) linked to hydropneumatic accumulators and an electric
generating unit. A mathematical model of the accumulator is pre-
sented and a model for the generating unit is proposed, including
a nonlinear model of a Pelton turbine. Then, the hydrodynamic,
mechanical, and electrical characteristics of the subsystems that
compose the converter are discussed. With the proposed model, it
is possible to evaluate the dynamic behavior of the entire system.
That is, for a given incident ocean wave, it is possible to evaluate
all the system state variables and the generated electric power,
including the quality (fluctuation, for example) of the generated
voltage and frequency for islanded or power-grid-connected op-
eration. Simulation results considering the proposed wave-to-wire
model under the action of regular and irregular incident waves are
presented to illustrate the performance of the system.

Index Terms—Energy conversion, gas accumulator, ocean wave
energy, Pelton turbine, wave to wire.
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Conduit length.
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Mass and added mass of the floating body.

Mass of gas.

Total number of floating bodies.

Number of field poles.

Pressure in the turbine conduit.

Chamber pressure.

Pump pressure.

Electrical power, mechanical power.

Input flow, output flow.

Average value of the input flow.
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Radiation damping coefficient.
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Time.
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Peak period of the wave.
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Gas absolute temperature.

Velocity of the floating body.

Water volume in the accumulator.

Volume of the hyperbaric chamber.

Volume of gas.

Water velocity in the conduit.

Total volume of water and gas.

Piston position of the accumulator.

Needle position.

Load impedance.

Grid impedance.

Specific heat ratio of the gas.

Water surface elevation.

Angle between -axis and magnetic axis of phase
in electrical radians.

Hydraulic turbine efficiency.

Freshwater density, seawater density.

Magnetic flux.

Wave frequency.

Angular speed of the rotor in mechanical radians
per second, in electrical radians per second.

Subscripts

Index of a floating body.

Reference frames.

Rotor, stator.

Field.

I. INTRODUCTION

O CEAN wave energy is a renewable and nonpolluting re-
source with a worldwide potential estimated at the order

of 2000 TWh/year [1] that can contribute significantly to the de-
mand for electricity. Although it has not yet been commercially
exploited, research and development on wave energy technolo-
gies have been conducted for more than three decades.
Several wave energy converters (WECs) with different pro-

cesses of energy conversion are available from laboratory ex-
periments and prototype tests. Recent reviews indicate that there
are about 100 projects at various stages of development [2]. Ac-
cording to the working principle, WECs can be classified as os-
cillating water column (OWC) systems, overtopping devices,
or oscillating-body systems. In the oscillating-body systems, a
floating bodymay be connected to a hydraulic system before the
electrical energy conversion, e.g., [3]–[5], or may be connected
to a direct-drive electric generator, e.g., [6]–[9].
The wave power varies in several time scales: from wave

to wave (seconds), according to the sea state (hours), and
according to seasonal variations (months). Thus, regardless of
the energy conversion process, without any method of energy

storage, the variation of the power output from a WEC can
be quite large, as may occur in other intermittent renewable
sources, such as wind or solar energy. Energy storage allows
the smoothing of the output power that is generated from a
highly variable input power [3], as in the conversion system
analyzed here.
Some examples of energy storage technologies that have been

investigated and implemented in renewable energy systems are:
compressed-air energy storage, hydrogen-storage systems, fly-
wheels, batteries, supercapacitors, and superconducting mag-
netic energy storage [10].
In wave energy technologies, there are basically three

methods used as a short-term energy storage (range of ten
seconds to a minute)[4]: potential energy storage in water reser-
voirs is applied to some overtopping systems [11], and kinetic
energy (flywheel) in OWC systems with air turbines and gas
accumulators are applied to some oscillating-body systems [3].
The design of a wave energy conversion system is usually

based on numerical simulations and tests with small-scale
models at ocean basin laboratories. The obtained results with
these methods are fundamental to improve and optimize the
design of selected configurations. Different versions of a WEC
may be evaluated with numerical models at relatively low costs
and, then, a small-scale model is usually tested to validate
the numerical results and to investigate phenomena which are
not evidenced by simulations [12]. The different numerical
methods usually used for modeling WECs are systematically
reviewed in [13].
Moreover, the numerical models are useful to evaluate and

estimate the generated power according to typical sea states of
an installation site and to verify the performance and feasibility
of control strategies, which are included to improve global per-
formance and reliability of the system. These strategies may be
designed to improve the absorption of wave energy, e.g., [4]
and [14], and to deal with emergency procedures (interlocking
mechanisms) and the quality of the electricity supplied by the
WEC.
Designing efficient WECs and their control systems depends

on mathematical models of hydrodynamic, mechanical, and
electrical characteristics of their subsystems. The hydrody-
namic model of oscillating body systems is described in some
standard wave energy literature, such as the book by Falnes
[15]. Some recently published works, e.g., [5], [16], and [17],
describe the dynamic model of different WECs from the in-
cident wave to the electrical power delivered to the grid, also
known as the wave-to-wire model. In [18], a generic model
of a system with hydraulic power takeoff is developed. A
wave-to-wire model allows prior knowledge of the dynamic
behavior of the plant considering interaction between each sub-
system, which enables the identification of dynamical effects
that are not evidenced if the models are considered separately.
This paper addresses the wave-to-wire model and the energy

storage analysis of the Brazilian wave energy hyperbaric con-
verter [19]. This energy converter consists of a set of oscillating
bodies (named as pumping modules), a two-stage accumulator
linked to a hyperbaric chamber, which was previously pressur-
ized, and an electric generating unit. The water flow obtained
from the body motion is displaced to the accumulator, and then,
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Fig. 1. Schematic of the wave energy converter.

a pressurized water flow operates a Pelton turbine coupled to an
electrical generator. Such arrangement is different from other
oscillating-body systemswhich include hydraulic power takeoff
(PTO) mechanisms with high-pressure and low-pressure gas ac-
cumulators. In these systems, a machine (motor or turbine) is
driven by the flow resulting from the pressure difference be-
tween accumulators [4]. Additionally, the applied pressure in
the hyperbaric converter is in the range 250–500 m of water
column, which is substantially higher than some proposed con-
cepts.
In previous works related to hyperbaric converters, e.g.,

[20]–[23], the dynamic models of the pumping unit and the
generating unit were developed apart. The complete system
dynamics, including both units, has never been considered. The
model of a pumping module is presented in [20] with numerical
simulations and experimental results (in small scale 1 : 10).
Based on this model, the problem of optimizing the efficiency
of the primary conversion is discussed in [21] together with a
latching control strategy, and, in [22], a strategy based on phase
control concepts is also proposed to improve the absorption of
wave energy. In this case, a sliding mass attached to the arm is
used to modify the dynamics of the floating body. A simplified
linear model of the generating unit, which assumes constant
pressure in the accumulator, is described in [23], where a
hydraulic turbine speed controller is proposed to regulate the
speed of the turbine at a rated value. The control strategy is
based on cascade control combined with feedforward of electric
load disturbances.
From the models developed so far, the connection between

the pumping unit dynamics and the electrical unit dynamics is
not possible, since the model of the turbine is simplified and
both units do not account for oscillations in the pressure of the
system. Besides, the development of the accumulator model is
fundamental to integrate these units.
In this work, we develop the dynamic model of the accumu-

lator, and then, a dynamic equation for the pressure of the system
is presented. A mathematical model of the generating unit is
proposed, where the nonlinear model of the hydraulic turbine
depends on the pressurized water flow and the pressure, and
the electric generator dynamics complements the wave-to-wire
model. Then, from the wave input power, we can evaluate the
electrical output power and the generated frequency and gener-
ated voltage by the WEC. The hydrodynamic, mechanical, and
electrical characteristics of the main subsystems are discussed.

Fig. 2. Sea-state occurrence at Port of Pecém, Brazil.

The dynamics of the entire process and its energy storage are
evaluated. Simulation results considering the proposedwave-to-
wire model under the action of regular and irregular incident
waves illustrate the performance of the WEC, when it is con-
nected to an islanded system or to the power grid.

II. WAVE ENERGY HYPERBARIC CONVERTER

The hyperbaric converter is composed of pumpingmodules, a
hydropneumatic accumulator, a hyperbaric chamber, and a gen-
erating unit [22], as illustrated in Fig. 1.
In this system, each pumping module has a floating body

linked to a hydraulic pump through a lever arm. The vertical
motion of the body due to the wave action induces the pump
actuator to displace water obtained from a closed circuit to the
accumulator, which has an internal piston separating water from
gas. Then, the pressurized water flow from the accumulator op-
erates a Pelton turbine coupled to an electrical generator. The
water flow can be controlled through a needle actuator.
A full-scale prototype of this WEC with two pumping mod-

ules and a 125-kVA synchronous generator is currently being in-
stalled at Port of Pecém, Ceará State, Brazil. In what follows, an
overview of the wave climate in the installation site is described
and a block diagram of the wave-to-wire model is depicted.
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Fig. 3. Basic block diagram of the wave-to-wire model.

A. Overview of the Wave Climate in the Brazilian
Northern Coast

Considering its northwest–southeast (NW–SE) coastline ori-
entation, the Brazilian northern coast is exposed to wave fields
generated in both hemispheres, and a similar mode of variability
is observed in the wave climate. In the winter season, locally
generated southeastern waves are predominant, while northern
swells prevail over local sea conditions during summer [24].
Fig. 2 illustrates the scatter diagram representing the occur-

rence of sea states at the coast of Port of Pecém.Wave data were
obtained through some in situ measurements using a Datawell
Directional Waverider buoy during a five-year program led by
the National Institute of Waterways Research (INPH), and then,
an analysis of the wave climate was done in [24].
Initial analysis has shown a predominance of small waves,

between 1 and 1.75 m of significant wave height , despite
some recordings of waves higher than 2 m. Peak wave period

values are predominantly short, in the range of 5–7 s, but
the occurrence of waves with long periods (12–20 s) coming
from the north hemisphere has also been recorded. The occur-
rence of these swells coincides with the cold seasons (and some
associated storms) in the north Atlantic [19].

B. Description of the Wave-to-Wire Model

A block diagram of the wave-to-wire model describing the
hyperbaric converter is presented in Fig. 3. It can be noted that
the pressure oscillations may affect both pumping module and
generating unit dynamics. Since the accumulator connects these
subsystems, its dynamic model is needed for the evaluation of
the oscillations in the system variables (e.g., pressure, flow, tur-
bine speed, and electric-generated power), which are induced
by the oscillatory behavior of the waves.
In [23], a simplified linear model representing the

small-signal performance of the turbine is considered in
the design of a turbine speed governor. Such a model does not
consider large variations in the input power due to the inter-
mittent characteristic of the waves. In this work, a nonlinear
model is described, which is more appropriate for large-signal
performance analysis of the turbine. In this case, the dynamics
of the accumulator and the oscillations both in pressure and
output flow are also taken into account.

III. PUMPING MODULES MODEL

The pumping modules dynamics are described by the motion
of the floating bodies. Here, we assume only heave oscillatory

motion and neglect wave interaction effects between bodies.
Consider the case of a system with identical pumping mod-
ules. Then, the motion of the th body is given by the following
governing equation [15]:

(1)

where the body oscillates under the action of hydrodynamic
forces , hydrostatic force , and the vertical force due
to the PTO mechanism . Since linear hydrodynamic theory
[15] is considered, the hydrodynamic forces are given by the su-
perposition of the excitation force , which is the force on the
body held fixed in incident waves, and the radiation force ,
which is the force due to the body oscillation in the absence of
waves.
Thus, the vertical motion of the body satisfies the integro-

differential equation

(2)

where the kernel of a convolution term is known as the fluid
memory term and is given by [25]

(3)

In this case, the PTO force is applied by the pump to the body,
which is given by

(4)

Equation (4) indicates that the body motion injects water into
the accumulator exclusively during the descending motion of
the body, when the pressure inside the pump becomes equal
to the chamber pressure (high-pressure stage). During the as-
cendant motion of the body, the pressure inside the pump be-
comes negligible (low-pressure stage) [20].
For regular waves of frequency and height , the wave

excitation force is given by [15]

(5)
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when considering axisymmetric bodies. For irregular waves

(6)

which is a linear combination of regular waves. This is a
numerical approximation of real waves that are characterized by
defining a spectrum with a significant wave height , a peak
wave period , and by using a random phase generator [15].
Finally, the water flow input into the accumulator can

be calculated by

(7)

where the velocity is the solution of (2). Then, the total input
flow is

(8)

The power of the incident wave train is expressed in kilowatts
per meter of wavefront as

(9)

where and are, respectively, the height and the period of
the incident wave and 10 kg/m/s , for the
sinusoidal regime or 0.49 kg/m/s for the irregular regime
[15]. Note that, for irregular waves, is the significant
wave height and is the peak wave period.
The mean power extracted by each floating body during a

time interval is given by

(10)

A correlation between numerical simulations and exper-
imental results of the absorbed power per floating body (in
kilowatts) was carried out in [20] to validate the pumping
unit model. The experimental results were obtained with a
small-scale model (1 : 10) with four pumping modules, tested in
the ocean basin at LabOceano, COPPE, Federal University of
Rio de Janeiro (Rio de Janeiro, Brazil), as illustrated in Fig. 4.
The model was submitted to different regular waves, with
heights and periods representative of the Brazilian south coast.

IV. ACCUMULATOR MODEL

The internal section of the hydropneumatic accumulator is di-
vided into air and water separated by a piston, as illustrated in
Fig. 5. Thus, when the inflow of water is greater than the
output flow (water released to the hydraulic turbine), the
piston rises up, storing the captured energy in the form of com-
pressed air. Conversely, when the output flow is greater than the
inflow, the piston moves down, releasing the previously stored
energy. Based on this fact, the volume of water inside the accu-
mulator is governed by the law of conservation of mass

(11)

Fig. 4. Small-scale pumping modules at LabOceano.

Fig. 5. Schematic representation of the hydropneumatic accumulator.

and the position of the internal piston satisfies

(12)

Following the approach of [4], we assume that the gas com-
pression/expansion process inside the accumulator is an isen-
tropic process (negligible heat transfer) and the gas temperature
is approximately constant and equal to the environmental tem-
perature during a sea state. Then, the pressure (from Fig. 5)
is obtained by the equation of an ideal gas

(13)

where is the specific-heat ratio for the gas. The
volume of gas can be calculated by the difference between
the total volume of water and gas and the volume of water
in the accumulator

(14)

After differentiation of (13) and (14) with respect to time,
the following nonlinear differential equation for the chamber
pressure can be obtained:

(15)
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Fig. 6. Equivalent electric circuit of the synchronous generator: (a) -axis and (b) -axis.

V. GENERATING UNIT MODEL

This section presents the nonlinear model of the hydraulic
turbine, which includes the water dynamics in the conduit and
the model of the electric generator.

A. Hydraulic Turbine Dynamics

The turbine and conduit characteristics are determined by
equations relating the acceleration of water column and the ve-
locity of water in the conduit and the turbine mechanical power
[26]. Additionally, we consider the following assumptions:
A1) the pressure losses in the conduit and needle are negli-

gible;
A2) the water pipe is inelastic and the water is incompress-

ible;
A3) the velocity of the water varies directly with the needle

opening;
A4) the mechanical power of the turbine is proportional to

the product of pressure and water flow through the tur-
bine.

From assumptions A1)–A3) and Bernoulli’s equation, the
pressure in the conduit is given by [27]

(16)

From assumption A2), the acceleration of water column in
the conduit is characterized by Newton’s second law of motion
and can be expressed as

(17)

The output flow from the accumulator is proportional to the
velocity of the water in the conduit, that is, .
Thus, from (17), the water flow rate is given by

(18)

According to assumption A4) and considering the hy-
draulic efficiency of the turbine, the mechanical output power
is given by

(19)

From the mechanical power (19), it is possible to calculate the
torque in the turbine shaft as

(20)

where is the angular speed, given by the torque balance in
the turbine-generator shaft, as will be shown in (33).

B. Electric Generator Model

A three-phase synchronous machine is used as the electric
generator in the hyperbaric converter. A detailed dynamic
model of a synchronous machine is developed in [28]. Here, we
adopt a simplified model which takes into account the dynamics
of the stator and field windings circuit, assumes balanced loads,
and neglects the damper windings. Fig. 6 shows the equivalent
electric circuits represented in the rotor reference frame (
frame).
The main advantage of using the frame is that the sinu-

soidal quantities reduce to direct current (dc) quantities, and
then, simplified calculations can be performed before recov-
ering it to real alternating current (ac) variables. The three-phase
, , and variables of the machine are turned into the ref-
erence frame variables by using the transformation, which is
given by

(21)

with

(22)

where is the angle by which the -axis leads the magnetic field
axis of phase winding in the direction of rotation

(23)

and is the rotor angular speed in electrical radians per second,
as is illustrated in Fig. 7 [27].
The currents in the frame can be expressed in terms of flux

linkages as

(24)

(25)

(26)
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Fig. 7. Synchronous generator circuits: (a) rotor and stator in the frame and (b) stator connected to a three-phase load.

where the mutual flux linkage is and the
other flux linkages obey the differential equations

(27)

(28)

(29)

Finally, the instantaneous electrical power at the machine ter-
minal is given by

(30)

and the electromagnetic torque is

(31)

Moreover, the relationship between speed in electrical
units and the corresponding speed in mechanical units is given
by

(32)

According to Newton’s second law, the angular speed of the
rotor in mechanical radians per second is governed by the
following differential equation:

(33)

where the nonload torque represents core losses due to hys-
teresis and eddy currents, and rotational losses due to friction
and windage.
When there is an imbalance between the turbine and gener-

ator torques, the net torque causes rotor acceleration (or decel-
eration). Since the generator is a synchronous machine, the gen-
erated frequency is proportional to the rotor speed

(34)

and the root mean square (rms) terminal voltage is given by

(35)

The electric generator can be connected to the power grid or
to an islanded system. In this framework, the quality of the elec-
tricity supplied must meet requirements with respect to limits
of variations in the generated frequency and voltage, as well
as the level of reliability [27]. For these purposes, voltage and
frequency controllers can be applied in synchronous genera-
tors, or other schemes with additional power electronics may
be adopted to maintain the generated frequency and voltage
within acceptable limits, e.g., [17]. Here, the traditional tech-
niques generally used in hydropower plants, without specific
power electronics circuits, may be considered to obtain an ac-
ceptable power quality, provided that the energy storage em-
ployed by the hyperbaric converter gives a sufficiently smooth
output. In this case, the frequency may be controlled by modi-
fying the water flow to the Pelton turbine, and a conventional ex-
citation control system may be adopted to regulate the voltage.

VI. SIMULATION RESULTS

With the developed wave-to-wire model, it is possible to
study the dynamic performance of this WEC. For this study,
some steps need to be followed: 1) generate the incident wave
train ; 2) define the generator field voltage ; and 3) choose
the type of operation: islanded or connected to the power grid.
In the case of islanded operation, the three-phase currents are
defined by the load impedance (Fig. 7). Besides, in the other
case, the grid is represented by a Thévenin equivalent circuit,
that is, a voltage source in series with a given impedance
. In both cases, the balanced operation is assumed.
The simulations of the hyperbaric converter dynamics

were performed considering one axisymmetric floating
body (Section VI-A) and two bodies (Section VI-B) with

25 10 kg in the pumping unit. The added mass
and radiation resistance coefficients were computed by the
software WAMIT [29].
The accumulator area is 0.57 m and other main pa-

rameters are: 6.34 m , 0.287 kJ/kg/K, 300 K,
, and . The initial values of gas volume and

chamber pressure are, respectively, 5.5 m and 2.5
MPa (255 m of water column). The main parameters of the syn-
chronous generator (WEG GTA202CMVJ, Brazil) are given in
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TABLE I
PARAMETERS OF THE SYNCHRONOUS GENERATOR

Table I and the grid parameters were chosen as and
.

An excitation system provides direct current to the field
winding of the generator and performs regulation of its ter-
minal voltage. Here, a system of the type DC1A [30] is adopted.
The simulations are performed without frequency controllers,
and then, for the islanded system, the load impedance is a
pure three-phase balanced resistance calculated to consume an
average power equal to the mechanical power, which comes
from the waves. Furthermore, the needle position is chosen to
balance the output flow from the accumulator to the average of
the input flow from the pumps.

A. Energy Storage Analysis

The first simulation results allow the analysis of the energy
storage of the hyperbaric converter. Since the wave power has
an oscillatory nature, the instantaneous absorbed power by the
floating bodies can suddenly fluctuate from zero to maximum
values. The aim of such analysis is to numerically evaluate
the smoothing characteristic of the system to obtain acceptable
power quality on the output for fast oscillations of the incident
wave (range of seconds). In general, an acceptable limit of
electric frequency fluctuation is 2% [31] and an acceptable
limit of voltage fluctuation is 5%.
The generator is connected to an islanded system, and the

converter is submitted to incident regular waves of period
6 s and height 1.4 m, with a wave-power level of approx-
imately 11.5 kW/m. In these simulations, the oscillations on the
variables are calculated according to the following equation:

100% (36)

where is the variable, is the maximum value observed,
and is the minimum value of during a simulation.
Tables II and III illustrate the obtained oscillations for the pres-
sure, the output flow, the mechanical and electrical powers, the
generated frequency, and the voltage, when the volume of the
hyperbaric chamber and the volume of the hydropneumatic
accumulator are, respectively, multiplied and divided by a
factor equal to 10.
It can be observed that in both cases (changes in and
), the values of the variables have larger oscillations as the

volume of the equipment becomes smaller. However, the vari-
ables have the lowest oscillations for the highest value of the
chamber volume , when compared to the highest volume
of the accumulator . Indeed, the volume of the accumu-
lator is divided into water and gas, and the chamber has the

TABLE II
FLUCTUATIONS FOR DIFFERENT VALUES OF THE HYPERBARIC

CHAMBER VOLUME ( 4.65 m )

TABLE III
FLUCTUATIONS FOR DIFFERENT VALUES OF THE ACCUMULATOR

VOLUME ( 1.69 m )

TABLE IV
ELECTRICAL POWER, FREQUENCY, AND VOLTAGE FLUCTUATIONS FOR

DIFFERENT VALUES OF THE COMBINED MOMENT
OF INERTIA ( 25.6 kg m )

greatest volume of gas. The hyperbaric chamber is responsible
for smoothing the oscillations. However, the discharge dura-
tion of the storage is enhanced by increasing the volume of the
hydropneumatic accumulator. From (11) and considering con-
stant output flow at a rated value, the full power duration of the
storage is estimated at the order of 30 s.
The fluctuations in the electric frequency are around the os-

cillations of the output flow, and the oscillations of the electrical
power are small when compared to the oscillations of the me-
chanical power. It can be observed that, for the smallest volume
of the hyperbaric chamber , the frequency fluctuations
exceed 2%.
A new trend for energy storage in renewable energy sys-

tems is to combine several storing technologies [10], e.g., in
[32], Murray et al. integrate supercapacitors with the inertia of a
Wells turbine. In the hyperbaric converter, a storage system that
integrates gas accumulators and flywheel energy storage can be
applied. Flywheels are commonly used due to the simplicity
of storing kinetic energy in a spinning mass [10]. Table IV il-
lustrates the obtained oscillations for the electrical power, fre-
quency, and terminal voltagewhen a flywheel with different mo-
ments of inertia (combined with the moment of inertia of the
generator and the turbine) is attached to the turbine shaft.
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Fig. 8. Simulation results: Pumping unit variables and mechanical power for the islanded system and the connected system.

It can be noted that the electric frequency fluctuations are
smaller for larger moments of inertia, as expected. The flywheel
affects directly the fluctuations on generator speed and, conse-
quently, the frequency fluctuations. Besides, the buffering ca-
pacity of the chamber affects directly the fluctuations on output
flow, pressure, and mechanical power, and consequently, this
affects the fluctuations on electrical power, frequency, and ter-
minal voltage. This analysis can be used to verify the design of
the energy storage system to obtain acceptable power oscilla-
tions without oversizing the main equipment. For an islanded
system, a small chamber and a flywheel could be a solution for
storage with reduced structural costs.

B. Islanded System and Grid Connection

A Pierson–Moskowitz spectrum [33] is used to generate an
incident wave train with significant wave height 1.4 m,
peak wave period 6.2 s, and random phase. This sea state is
representative of the wave climate in Port of Pecém, illustrated
in Fig. 2. The wave-power level is 5.96 kW/m. Two different
methods are commonly used to simulate the time series of ocean
waves, given a target power spectrum: the random phase scheme
and the random coefficient scheme [34]. Here we consider the
first one.
Figs. 8–10 show the simulation results, when the hyperbaric

converter is an islanded system and when it is connected to the
grid. Each simulation was performed for the same time series,
thus the variables of the pumping unit and the mechanical power
exhibit the same results (Fig. 8).
The output flow [Fig. 8(c)] is about the average value

of the input flow [Fig. 8(b)], which shows the
smoothing characteristic obtained by the hyperbaric chamber.
From Fig. 8(d) and (e), the oscillations in the piston position
and the chamber pressure can be observed.

Fig. 9. Simulation results: Generating unit variables for the islanded system.

In the islanded system (Fig. 9), the torque oscillations im-
posed to the machine are smoothed by the inertia of the rotor and
the flywheel. Thus, the average value of the generated power is
about 14 kW and the power oscillations are small (0.0014%).
Note that, when the instantaneous mechanical power is greater
or smaller than the load power, the speed fluctuations reach up
to 0.28% of the rated value [Fig. 9(b)]. The obtained terminal
voltage is about 380 V with oscillations of 0.001%.
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Fig. 10. Simulation results: Generating unit variables for the connected system.

When the generator is connected to the grid (Fig. 10), the
initial conditions are chosen such that the generated voltage has
the same magnitude, phase angle, and frequency of the grid, to
provide synchronism between the generator and the grid. In a
real situation, a synchronism relay should be adopted.
From Fig. 10(b), it can be noted that the machine keeps the

synchronism with the grid. This is due to the strong charac-
teristic of the simulated grid, which imposes the synchronous
speed of the machine. However, it can be inferred that when the
system is connected to the grid, as the rotor speed is imposed by
the grid, the rotor inertia does not act as a filter, and then, the os-
cillations observed in the mechanical power [Fig. 8(f)] are trans-
formed directly into electrical power oscillations [Fig. 10(a)].
The average value of the generated power is also 14 kW, and
the electric power oscillations are about 0.0022%. The terminal
voltage is 380 V.

VII. CONCLUSION AND FUTURE WORK

In this study, a complete mathematical wave-to-wire model
of the wave energy hyperbaric converter was presented. The
main subsystems of the converter were described, and the dy-
namic models were integrated to evaluate the energy storage of
the system. The dynamic model of the accumulator was dis-
cussed, and a model for the generating unit was proposed, in-
cluding a nonlinear model of the hydraulic turbine. Then, the
hydrodynamic, mechanical, and electrical characteristics of the
main subsystems were discussed and the dynamics of the entire
process could be evaluated.
Simulation results considering the proposed dynamic model

under the action of regular and irregular incident waves illus-
trate the performance of the system. The largest value of the
chamber volume reduces the amplitude oscillations in the vari-
ables, such as pressure, flow, mechanical power, and turbine

speed (frequency), as expected, but resulting in higher costs.
The power oscillations can be further reduced by including a
flywheel in the generating unit. The combination of two storage
technologies (gas accumulators and flywheel) allows the size
reduction of the hyperbaric chamber, which can reduce the as-
sociated costs.
The proposed wave-to-wire model is very useful to address

several design and analysis issues without modifying the actual
system, for instance, to verify the sensitivity to any system
parameter, to implement a fault detection strategy (e.g., to
check if the flow rate is within the designed margins), to
evaluate the system performance to different wave conditions
and the overall efficiency of the WEC, to optimize operating
points (e.g., to maximize the absorbed average power), and to
optimize the equipment size (e.g., such that acceptable power
oscillations can be obtained without oversizing the equipment).
The acceptable limits of power oscillation depend on whether
the converter is connected to an islanded system, or a weak or
strong power grid.
Furthermore, this model can be used in the development

and simulation of control strategies to improve the global per-
formance and reliability of the WEC, e.g., frequency/voltage
controllers and strategies to improve power absorption and
power generation. The integration of control strategies and
interlocking mechanisms under different wave climate is an
ongoing research work.
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