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Abstract—In this paper, a linear generator for a highly
reliable wave energy conversion system is designed and
tested. In order to store energy, the system is able to pro-
duce hydrogen. The wave energy conversion system con-
sists of an electrical linear generator, a power conversion
system, and a sea-water electrolyzer. A small-scale pro-
totype of the system is designed and built. The design
is oriented to the enhancement of the system robustness
and reliability and a failure mode and effects and criti-
cality analysis are used. In order to guarantee an easy
extension of the power capability of the marine plant, a
modular architecture of the system is adopted. The de-
sign strategy is described. The robustness and reliability
of the proposed solution are discussed. Simulation and
experimental results on the prototype are shown.

Index Terms—Hydrogen, sea-water electrolysis, wave
energy conversion (WEC) system.

I. INTRODUCTION

NOWADAYS, sea wave energy conversion (WEC) is in-
creasingly attracting the attention of both the academic

and industrial world. WEC systems potentially have the highest
power density among all the renewable energy systems.

WEC system is made up of a mechanical converter, an elec-
tric generator, converting sea waves into electricity, and a power
electronics section dedicated to the conversion, transmission,
and storage of the generated electrical power. Several forecasted
installations are intended to be directly connected to the grid on
the coastline, thus increasing the complexity and undermining
the safety of the whole system. In any case, safety and reliability
are key issues to cope with for a successful marine installation
and therefore the most reliable solution must be adopted. In [1],
an overview of failures of existing marine plants is given. The
analysis leads to identify the main causes of marine plant fail-
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ures both in mechanical faults on structural parts that experience
relative movements such as joints and blades, and in rotational
and flip overturns as well as in faults on the power electronics
subsystem when redundancy is not taken into account [1]–[15].
As a result, in the design phase, several issues must be con-
sidered to achieve robustness and reliability of the whole WEC
system.

The WEC system should be resistant to harsh weather condi-
tions keeping high reliability, high robustness, and should have
a low cost, in terms of both capital and maintenance cost.

In the literature, WEC generators are usually classified as
follows.

1) Oscillating water column, a partially submerged hol-
low structure open to the sea below the water line and
equipped with air turbine.

2) Point absorbers (floating or submerged), providing a
heave motion that is converted by mechanical and/or hy-
draulic systems in linear or rotational motion to drive
electrical generators.

3) Overtopping devices (fixed or floating) that collect the
water of incident waves to drive one or more low-head
turbines and that are equipped with a hydraulic turbine,
and surging devices that exploit the horizontal particle
velocity in a wave to drive either a deflector or to generate
a pumping effect of a flexible bag facing the wave front
[4].

In this paper, the design of a permanent magnet linear gen-
erator (PMLG) for a highly reliable small-scale prototype of
WEC for hydrogen production and storage is proposed. The
proposed WEC can be classified as a point absorber and in-
cludes an electrical generator, a power electronics section, and
a salt-water electrolyzer. The generation of hydrogen, which is
nowadays negatively conditioned by issues related to the use of
fossil fuels and fresh water consumption for its production, di-
rectly from salt-water offers the opportunity to the ocean WEC
systems to become the most promising solution for hydrogen
generation overcoming many issues related to hydrogen pro-
duction. Furthermore, if hydrogen is stored on the marine plant,
energy transmission-related issues can be efficiently avoided.
In this paper, a reliability-oriented approach is adopted for the
design of both the generator and the power electronics section.
On the basis of the failures analysis, a robust linear generator is
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designed and tested. A modular architecture of the power elec-
tronics section is provided to enhance the system reliability and
robustness to electronic section faults. Simulation and experi-
mental results on a laboratory prototype are shown to validate
the efficiency of the proposed design solution. In Section II, the
reliability-oriented design approach is described. In Section III,
simulation results are shown. In Section IV, experimental results
on a small-scale laboratory prototype are shown. In Section V,
conclusions are drawn.

II. RELIABILITY-ORIENTED DESIGN APPROACH

In order to guarantee a reliability-oriented approach, a fail-
ure mode and effects and criticality analysis (FMECA) design
approach has been adopted. The analysis has been performed
by considering the following steps: Decomposition of the sys-
tem in subsystems, failure modes identification, failure modes
causes identification, and evaluation of the effects. Several hard-
ware solutions for each subsystem have been considered and the
reliability probability of the whole system has been computed
as the product of the reliability probability of each subsystem.
The reliability probabilities have been deducted from literature
analysis. The optimum design has been the one with maximum
reliability.

A. Decomposition of the System in Subsystems

In any WEC installed offshore, there are the following struc-
tures: buoyant, mooring system, electrical generator, mechanical
multiplier, power electronics, and grid connection. The buoyant
is the structure directly in contact with the sea, the mooring sys-
tem is the system which anchors the structure to a fixed point,
the electrical generator is the electrical machine that converts
the mechanical energy into electrical energy, the mechanical
multiplier converts the mechanical energy of waves into a form
of mechanical energy suitable as input for the electrical gener-
ator, power electronics converts the electrical energy produced
by the electrical generator into a form of electrical energy that
can be delivered to the grid, and finally grid connection is the
connection between the generator and the grid. Consequently,
for the FMECA analysis, the system has been decomposed in
the above-described subsystems (buoyant, mooring, electrical
generator, mechanical multiplier, power electronics, and grid
connection).

For each subsystem, several solutions have been considered
and for each solution the failure modes, the failure occurrence
probability, the effects and the criticality analysis have been
evaluated. Below, we refer to these quantities as FMECA pa-
rameters. In Table I, various subsystems with various examined
solutions are shown.

B. Subsystems FMECA Parameters Estimation

Mathematically, reliability is defined as follows:

Prel = 1 − Pfail (1a)

where Prel is the reliability index and Pfail is the probability
to fail. Therefore, reliability index is a probability. The failure
probability is the probability that a specific item, such as a piece

TABLE I
FMECA PARAMETERS

of equipment, material, or system fails at a certain time inter-
val in absence of maintenance activities. Generally speaking,
the reliability of a device can be computed by estimating Pfail

through a statistical analysis that gives the statistical frequency
of faults. It is well established that the occurrence of fails in
a device follows the so-called “bath-tube” curve. It has been
generally shown that Pfail is higher in the beginning and in the
end of the lifetime of product, while in the central period there
is a low plateau. However, in absence of a statistical analysis,
this Pfail cannot be obtained accurately. In this paper, we as-
sumed that Pfail can be computed by analogy considering the
declared maintenance time cycles for any subsystem composing
a complex system as follows:

Pfail = t/Tm (1b)

where t is time and Tm is the declared maintenance time for
each subsystems. Equation (1b) means that the probability of
a failure increases with time and that beyond the maintenance
time it is certain that each subsystem will fail. Equation (1b)
overestimates Pfail during the lifetime of the device but correctly
estimates the expected lifetime. As a result, in order to give an
estimation of Pfail, the maintenance cycle of each subsystem is
needed.

With reference to the solution of the buoyant, we have consid-
ered two solutions: One with an asymmetrical buoyant (with a
top and low part of the buoyant) and another with a full rotational
symmetry (a cylinder, an ellipsoid, a sphere, etc.), we assumed
that the failure modes for the buoyant are the sinking mode and
the flip and overturns mode, we estimated the probability of
the sinking mode by using the typical survivability period of a
boat and the probability of the flip and overturns by using the
typical time of this event for the experimental WEC reported
in the literature. The effect of this event is the complete loss of
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function in the case of asymmetrical buoyant. The criticality of
this event is maximum.

With reference to the mooring system, we have considered
two solutions: A rigid mooring and an elastic one, we assumed
that the failure modes for mooring is essentially the loss of
the buoyant and we estimated the probability of the loss of the
buoyant by examining the typical survivability time of measure-
ments buoyant deployed around Italy. The effect of this event
is the complete loss of function. The criticality of this event is
maximum.

With reference to the electrical generator, we have considered
two solutions: One based on a rotating generator and the other
one on PMLG, we assumed that the failure modes of the gener-
ator are the loss of function due to mechanical failures induced
by vibrations, the loss of some phases, and the loss of the mag-
netization. Because of the fact that the generator is not directly
connected to the grid, we neglected the effect of overvoltages,
short circuits, and thermal overloads. We estimated the failure
by examining the typical data of electrical machines reported
in the literature. The effect of mechanical failure as well as of
the magnetization is usually a complete loss of function, on the
contrary, the loss of some phases is a reduction of phases. The
subsystem is critical for energy production.

With reference to mechanical multiplier, we have analyzed
two different options: In the case of a rotating generator, a
mechanical multiplier and coupling is needed, on the contrary
in the case of PMLG the use of the mechanical multiplier can be
avoided. We have assumed that the failure mode of the multiplier
is the loss of function and estimated the failure probability of
the multiplier by assuming the maintenance time cycle used in
wind turbines (one year). The effect of mechanical failure in the
multiplier is usually a complete loss of function. The subsystem,
if used, is critical for energy production.

With reference to power electronics, we have analyzed two
different options: A centralized option with one single power
converter and a decentralized option with several converting
units. We estimated the failure probability of the power elec-
tronics by using the lifetime data available for commercial con-
verters. The effect of a failure in a centralized approach is usu-
ally a complete loss of function, on the contrary, if a modular
approach is used, there is a reduction of function. The subsys-
tem, if used in the centralized version, is critical for energy
production, on the contrary, in the use of a modular solution,
in case of failure of a single module, we have a reduction of
function.

With reference to grid connection, we considered two options:
The presence of a marine connection with the use of an ac cable
and the absence of a connection with the use of hydrogen-based
storage. The effect of a failure in the grid connection, if used, is
a complete loss of function.

In Table I, the FMECA parameters are reported. The table
has been based on publically available data considering the best
performance for each type of failure [1], [3], [4], [8], [10], [13].

C. Reliability Optimization

Table I clearly shows that the most critical aspects in de-
signing a WEC are the mechanical behavior and the flip and

rotational overturns (these failure modes present the shorter
failure time). The mechanical problems are caused by inter-
nal and external mechanical vibrations. Internal vibrations are
caused by cogging force and external vibrations by sea-waves.
Electronic is also prone to some failures but the problem can
be solved with some degree of modularity and redundancy. As
a result, we decided to focus our attention on the mechanical
properties of the PMLG and to design our systems by searching
the following condition:

D for which Min (Pfail) (2)

where D is the set of parameters that minimizes the probability
of failing. The analysis of Table I clearly shows that the best
solution is based on a PMLG with low vibration, with symmet-
rical properties in the buoyant, without mechanical multiplier
and grid connection. The absence of grid connection implies
the adoption of an energy storage method. As a result, the gen-
erator must be designed to mechanically sustain the maximum
possible wave and to minimize the cogging force.

The optimization procedure has been split in several
subprocedures.

The design of the generator consisted in the following four
steps:

1) preliminary sizing of the generator;
2) parametric analysis of the structures determined in step 1

by using a three-dimensional FEM simulator;
3) estimation of the induced mechanical vibration by con-

sidering the parasitic effects due to cogging force;
4) optimization.

The preliminary sizing of the generator gives the general di-
mensions of the device. The parametric analysis specifies the
structure of the generator within the frame of the general di-
mensions obtained in step 1. It was obtained a double-sided
planar structure with skewed magnets placed on the mover [see
Fig. 1(a) and (b)]. In the designed prototype, the slot pitch is
fixed at 25.5 mm so that two consecutive inductor north poles
overlap six stator slots. Thanks to the fact that a double layer
winding is installed and that the pole pitch can be easily var-
ied, the experimental prototype allows several connections of
the stator winding coils, as a result, several configurations can
be and have been preliminarily tested to evaluate the effects on
the cogging force. A distributed winding was the one that mini-
mized in transient regime the cogging torque and was therefore
adopted. In Fig. 2, the level of the cogging force for the two
types of winding is shown. The better performance of the dis-
tributed winding is due to the better distribution of the magnetic
field in the ferromagnetic circuit.

The skewing angle was the parameter to be determined in the
optimization procedure in order to minimize the cogging force
and the induced vibrations. The voltage was produced by the
wave induced motion of the mover with respect to the armature.

The estimation of the induced mechanical vibration was per-
formed by evaluating the cogging force generated by several
assemblies of magnets on the mover of the linear generator.

Finally, the optimization step has given the best geometry
that can be used in order to have the maximum reliability and
therefore the minimum cogging force and the maximum voltage
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Fig. 1. (a) Armature of the generator [16]. (b) Mover with the skewed
magnets [16].

Fig. 2. Cogging force. On the y-axis is recorded the cogging force and
on the x-axis the displacement. The dotted line shows the cogging force
in the case of concentrated winding (best case), the continuous one
refers to the distributed winding (best case).

and efficiency. The optimization was performed by a Monte
Carlo sampling of several structures [see Fig. 3(a) and (b)].

A skew angle of 70°, the value in which the maximum over-
lap between the surface of magnets and teeth is achieved, was
chosen. In [16], it has been also shown how such a large angle
reduces the output voltage only slightly.

As a result, in order to enhance the reliability and safety of the
whole WEC system, a generator, that is robust against rotational
and flip overturns, presents no moving parts directly exposed to
the sea and has some kind of redundancy and modularity in the
electronic section, must be chosen.

Consequently, the proposed WEC system presents the
following.

1) An intrinsic axis-symmetry to avoid overturn and the
whole WEC system is based on a linear generator mini-
mizing the relative motion between the external parts and
thus minimizing structural faults.

2) An internal mounted PMLG that mitigates the exter-
nal vibration induced by sea-waves (see Fig. 4) and

Fig. 3. (a) (Upper diagram) Output voltage versus skewing angle.
(b) (Lower diagram) Cogging force versus skewing angle [16].

Fig. 4. WEC system structure. A cross-sectional view. The system is
completed by an upper shell having the same shape of the lower shell
and keeping a cylindrical symmetry.

has a skewed magnet disposition that minimizes internal
vibration (cogging force) (see Fig. 2).

3) A voltage level that allows to produce hydrogen from
salt water with a high level of redundancy. The voltage is
generated by the wave-induced motion of the mover.

The proposed WEC system is conceived to produce hydrogen
from salt-water and store the produced hydrogen on-board thus
avoiding power routing from the marine plant which is the main



4938 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 66, NO. 6, JUNE 2019

TABLE II
FUNDAMENTALS OF THE PROPOSED RELIABILITY-ORIENTED APPROACH

hindrance to the robustness of existing marine plants. In Table II,
design criteria are listed. Fig. 4 shows the WEC system structure
obtained by the optimization analysis.

D. Linear Generator

In [17], an overview of Italian coast power capability is given
and a location with a 3.9 kW/m wave power per meter has been
chosen as potential site of installation. In order to reproduce
this condition, the laboratory prototype has been equipped with
a mover, whose length is equal to 160 cm and a stator of 97.1
cm length. Therefore, a 62.9 cm is considered to size the power
rating of the generator. Considering the mechanical efficiency,
the power rating of the generator is equal to 1.22 kW. The PMLG
obtained by the optimization procedure is a bilateral generator
equipped with two stators and has been shown in Fig. 2.

Although, for this application, eddy currents frequency is
very low, the two stators have been laminated. In order to min-
imize the eddy currents, each stator core (60 × 972 × 65 mm)
has been assembled overlapping 126 AISI 1008 steel sheets of
0.5 mm thickness. In this way, a lamination direction orthogonal
to the mover direction has been obtained, also allowing an easy
assembling process.

Each internal slot has a 12 mm width to house two windings.
External three slots have an 8 mm width. About 13.5 mm teeth
are built, except the first and last tooth that measure 7 mm. The
stator is assembled by two tables of Bakelite, thus achieving an
overall size of 970 × 160 × 11 mm.

The mover was assembled by alternating 40 Neodymium–
Iron–Boron (Nd–Fe–B) permanent magnets, interspersed with
soft iron pole pieces mounted on a Bakelite sheet. The magnets
are stacked in pairs. Consequently, opposing magnetomotive
forces drive the flux through the soft iron. Each magnet is pro-
tected by nickel coating. The Bakelite sheet size is 1600 × 11
× 206 mm and includes 40 hallows for magnets housing.

TABLE III
LINEAR GENERATOR PARAMETERS

Copper coils, featuring 375 turns of rectangular shape with an
average size of 85 × 135 mm, are manufactured by enameled
copper wire of 0.5 mm diameter. Each coil weighs 278 g. In
each side of the armature, 36 coils are arranged for a total num-
ber of 72 coils. A three-phase star connection is implemented.
The linear generator is arranged in a six-phases stator windings
configuration. The parameters of linear generator are summa-
rized in Table III and a thorough numerical and experimental
analysis of the proposed generator is reported in [16]. As far as
the reliability is concerned, the leading feature is the cogging
force.

E. Electrolyzer

A laboratory prototype of salt-water electrolyzer has been
designed and tested. The production of hydrogen has been val-
idated by a low-power fuel cell stack. The supply voltage and
the load current requirements have been measured to size the
power electronics section and the modular architecture. The op-
erating voltages span 10–30 V range and current is in the range
0.27–0.96 A.

In [18], a detailed overview of sea water electrolysis and a
comparison of alkaline, brine, and sea-water electrolysis pro-
cesses are given.

F. Power Electronics Section

The power electronics section is dedicated to the production
of hydrogen. Therefore, it must essentially provide a constant
dc voltage under the presence of a very distorted waveform pro-
duced by the linear generator. The setup of the circuit is shown
in Fig. 5. High level of modularity is provided to enhance the
system redundancy and reliability. A diode rectifier bridge is
modeled and designed. A modular architecture is conceived to
both increase the reliability of the system and to further ex-
tend the overall power for the forecast marine installation. Each
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Fig. 5. Simulation setup of the power electronics section.

power module consists of a point of load dc–dc converter and a
sea-water electrolyzer. Modularity is limited to the point of load
converters to limit the capital and maintenance cost of the whole
marine plant. Furthermore, in order to limit the complexity of the
whole system, a diode rectifier bridge is implemented instead
of more advanced rectifier topologies, self- or control-driven
based on Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFETs) or Insulated Gate Bipolar Transistor (IGBTs). The
module should supply the sea water electrolyzer during the wave
burst thus providing a short-term energy storage between con-
secutive waves.

A diode bridge is included in the power system interface
model as the front-end power converter.

Although the use of diodes, in this case, determines an in-
crease of the power losses of the system, it allows a significant
simplification and a cost reduction.

A capacitive energy storage element is included at the output
of the rectifier section. Yet, the capacitor value should be limited
to avoid instability and oscillations due to the inductive behavior
of the linear generator. The minimum voltage value of the power
electronics section is determined by the nominal voltage of the
electrolyzer prototype (20 V). According to experimental results
on the linear generator, the maximum open-circuit voltage value
is equal to 130 V. The maximum voltage of 130 V depends
on simulation and experimental results on the linear generator.
In particular, it depends on the mover acceleration. Tests are
carried out on the laboratory prototype with several weights,
as reported in the simulation and experimental results section.
The laboratory prototype is not equipped with anchor springs
and ballasts. For marine installation, the buoyant system will
include anchor springs and ballasts, which will be designed to
obtain the same maximum voltage value of 130 V according to
the foreseen wave length, amplitude, and sea-state.

The capacitor theoretically charges up to the burst peak of
130 V. The storage element will supply the electrolyzer through
the buck converter interposed between them. If the input voltage
of the buck converter drops below 25 V, the converter is dis-
abled and the output storage element supplies the electrolyzer
discharging toward zero value.

In order to design the Crect capacitor, the following design
relationship is considered:

PoutTmax = ΔEc =
Crect

2
[
V 2]130

25 (3)

where Pout is the electrolyzer nominal power and Tmax is the
maximum self-supply period.

On the basis of (3), the capacitor value is fixed at 3.3 mF
to achieve a 2.2 s self-supply interval. After 2.2 s, the buck
converter will be disconnected. The output capacitor Cout will
discharge at a constant current rate, which is the electrolyzer
current.

Among dc–dc converters, nonisolated topologies are focused
on to limit the cost of each power module. Among nonisolated
topologies, input-inductive converters are discarded. A buck
converter is designed. The buck converter is designed to ensure
an adequate power supply of the electrolyzer, avoiding instabil-
ities and oscillations, during the wave burst [19]. Each module
includes a buck converter and the sea wave electrolyzer. The
nominal supply voltage of the electrolyzer is set at 20 V. A con-
tinuous conduction mode of operation is designed not overload-
ing the rectifier capacitor during the burst wave. The minimum
converter current is fixed at 0.2 A, according to experimental
results on the laboratory prototype of the electrolyzer. A voltage
mode pulsewidth modulation control network is designed. The
switching frequency is fixed at 100 kHz. The inductance value is
designed by forcing a CCM operation, as given by the following:

L >
Vout(1 − Dmin)

2fswIomin
(4)

where Vout is the nominal output voltage, Iomin the minimum
output current fixed at 0.2 A, Dmin the minimum duty-cycle
value over the whole operating range and, consequently, at the
maximum operating voltage of 130 V, corresponding to the
measured peak value of the open-circuit voltage generated by
the linear PMG. Equation (4) implies that a 0.42 mH critical
inductance is obtained and a 1 mH inductance value is selected
to ensure CCM over the whole operating range. The open-loop
damping factor is given by the following:

ξ =
Rtot

2

√
Cout

L
. (5)

In order to avoid stability and compensation issues deriving
from an extremely low resonant frequency, the Cout is fixed at
1 mF thus achieving a 0.4 open-loop damping factor.

The control system is based on a type III error amplifier net-
work. Resistive parasitic elements are included. As shown by
Fig. 6, a phase margin of 61.5°, a gain margin of 28.9 dB, and
a 1 kHz bandwidth are achieved under the maximum operating
voltage and minimum output current. Performances are ade-
quate to the specific application and a robust control against
parameters and components tolerances is achieved.

III. SIMULATION RESULTS

Simulation results are here presented to validate the proposed
design approach and to show that the system has the capabil-
ity to produce a voltage level to supply the electrolyzer. It is
demanded to the experimental sets reported in Section IV the
validation of the design approach. The measured open-circuit
voltage generated by the linear PMG is imported as a look-up
table in the simulation setup in order to test the power sec-
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Fig. 6. Bode diagrams (magnitude and phase) of the open-loop transfer
function of the buck converter at Vin = 130 V and Iload = 0.2 A including
the type III error amplifier.

tion as closely as possible to its actual working conditions. The
generator phase is modeled by a series connection of an in-
ductance LMT and a resistor RMT. According to experimental
results LMT = 154 mH, RMT = 36.6 Ω.

The electrolyzer is modeled by a look-up table. The elec-
trolyzer is supplied by the output voltage of the power section
and a constant current is drawn according to the electrolyzer
data. It is assumed that below 10 V, the electrolyzer is discon-
nected from the power section.

The rectifier bridge and the buck power converters are mod-
eled including loss parameters.

When the output voltage of the rectifier bridge falls below
25 V, the buck converter is disconnected to avoid oscillations
and the electrolyzer is supplied by the output capacitor of the
buck converter itself.

Two cases are simulated. First, simulation results under a
constant acceleration of the mover are presented, then an oscil-
lating buoyant system is assumed and simulation results under
a 20° maximum oscillation are presented. As it will be shown
by simulation results, a continuous supply of the electrolyzer is
ensured under both test conditions during the sea-wave burst.

A. Simulation Results Under Uniform Acceleration

The simulation was performed by assuming that a constant
acceleration of 1.2 m/s2 is obtained by applying a constant me-
chanical load to the mover. The measured open-circuit voltage
across a single phase of the linear generator is shown in Fig. 7.
A maximum value of 130 V is obtained, which is adequate to
supply the load power equipment. According to the six-phases
machine structure, three couple of phases are in phase opposi-
tion. Therefore, even a three-phase configuration could be im-
plemented by properly connecting the six-phases of the linear
generator.

The measured open-circuit voltage is imported in the sim-
ulation setup to test the power electronics section. Simulation
results are shown in Fig. 8. From the top to the bottom screen,
the open-circuit voltage V01 , input rectifier voltage Vinrect , the
output rectifier voltage Vrect ; the output voltage Vout , and the
electrolyzer current Iload are shown. The nominal voltage of
20 V is controlled over the whole sea-wave burst. The elec-

Fig. 7. Measured open-circuit voltage across a single phase of the
PMLG under a 1.8 kg weight.

Fig. 8. Simulation results under an emulated sea-wave burst. From
the top to the bottom screen, the open-circuit voltage V01 , input rectifier
voltage Vinrect the output rectifier voltage Vrect ; the output voltage Vout ,
and the electrolyzer current Iload are shown.

trolyzer is properly supplied at its nominal conditions during
the whole sea-wave burst. When the burst extinguishes, the
power module is disconnected from the rectifier and the out-
put capacitor discharges over the electrolyzer, which draws a
variable current from the power system according to the actual
capacitor voltage, as to experimental measures.

B. Simulation Results Under an Oscillating Buoyant
System

In this case, a buoyant system is assumed. The buoyant sys-
tem is assumed to have the mover translating along the short
dimension (see Fig. 4). The mover is equipped with an 80 kg
mechanical load and a spring to trace back the mover to its
reference position after the sea-wave burst. In this case, an os-
cillation of the buoyant system is accounted for and a variable
acceleration of the mover is obtained.

It is assumed a sinusoidal buoy angle with respect to the
horizontal line

ϑ (t) = ϑM sin [ωt] . (6)

The resultant force applied to the mover along the inclined
plane determined by ϑ(t) is given by the following:

Fp || − Ffrict + Fcogg − Fel − Fspring = M
d2r

dt2
(7)

where M includes the mechanical load and the mover mass, r(t)
is the instantaneous mover position alongside the inclined plane,
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Fig. 9. Simulation results under oscillations of the buoyant system.
From the top to the bottom screen, the open-circuit voltage V01 , in-
put rectifier voltage Vinrect the output rectifier voltage Vrect ; the output
voltage Vout , and the electrolyzer current Iload are shown.

Fp || is the parallel component of the weight, Ffrict is the friction
force, Fcogg is the cogging force, Fspring is the spring force, and
Fel is the electrical force. The parallel component of the weight
is given by the following:

Fp || = −Mg sinϑ (t) . (8)

The friction force is given by the following:

Ffrict = −segn [v (t)] μMg cosϑ (t) (9)

where μ is the friction coefficient.
The cogging force originates from the interaction between the

last magnet and the last tooth and from the interaction between
the magnet and the tooth or slot and can be computed by through
a look-up table.

The braking electrical force due to the electromechanical
conversion is given by the following:

Fele =
1

v (t)

⎧
⎨

⎩
RT

6∑

j=1

i2j (t) + L
6∑

j=1

ij (t)
dij (t)

dt

⎫
⎬

⎭
(10)

where RT is the total resistance, L the windings inductance, ij

the current through the jth windings.
The spring force is given by the following:

Fspring = −K [r (t) − rrif ] (11)

where K is the spring constant and rrif is the reference position
of the mover.

The differential equations are solved by the backward Euler
method in order to obtain the laws of motion and the open-circuit
voltage.

The open-circuit voltage has been simulated assuming two
oscillations of the buoyant system and a maximum buoy angle
of 20°.

Simulation results are shown in Fig. 9. From the top to the
bottom screen, the open-circuit voltage V01 , input rectifier volt-
age Vinrect , the output rectifier voltage Vrect , the output voltage
Vout , and the electrolyzer current Iload are shown.

The electrolyzer is properly supplied during intermediate sea-
wave bursts. The first burst features too low amplitude and
the rectifier voltage drops below 25 V. Consequently, the elec-
trolyzer is supplied by the buck converter output capacitor.

Fig. 10. Test bench of the wave energy conversion system

Fig. 11. Scheme of the used test bench.

IV. EXPERIMENTAL RESULTS

The experimental tests aimed at both validating the proposed
design in terms of consistency between the designed voltage
output and current output and the experimental ones and esti-
mating the number of electrolyzing module that the system can
supply. Figs. 10 and 11 show respectively the experimental setup
and a scheme of the used test bench. The experiments consisted
of letting the mover moving driven by various falling weights
and recording the output voltage generated by the generator. The
laboratory prototype is housed at the University of Palermo. The
prototype of the linear generator, in a three-phase connection is
connected to the power electronics system. The power electron-
ics system under test is a three-phase diode bridge loaded by a
current generator. The number of modules and hydrogen pro-
duction rate is sized by analyzing the experimental results. A
LeCroy WavePro 7200A Digital Scope for data postprocessing
measures phase voltage signals and the output voltage of the
rectifier stage. A weight is applied to the linear generator in
each experiment.
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Fig. 12. Experimental results under a 1.8 kg mechanical load and
open-circuit configuration at the rectifier output. Phase voltages at the
rectifier input sections (Ch2, Ch3, Ch4, 20 V/div) and the output rectifier
voltage (Ch1, 20 V/div) are shown. Time base is set at 500 ms/div.

The tests reported consisted of the following:
1) recording of open-circuit voltage with a 1.8 kg falling

weight;
2) recording voltage with a 5.0 kg falling weight and an

ohmic load of 1 A;
3) recording voltage with a 10.0 kg falling weight and an

ohmic load of 3.5 A.

A. Open-Circuit Voltage With a 1.8 kg Falling Weight

In Fig. 12, experimental results under a 1.8 kg mechanical
load weight and open circuit at the rectifier output section are
presented. On Ch2, Ch3, and Ch4 (20 V/div) the half-sinusoid
three-phase signals are measured at each phase terminal of the
linear generator. The open-circuit voltage at the rectifier output
section is measured on Ch1 (20 V/div). The common refer-
ence is the ground reference at the rectifier output and therefore
half-sinusoidal signals are measured at the input section. The
measured peak value of the output voltage is equal to 61.8 V.
The designed value for this condition was 70.2 V.

The rectifier output voltage is constant after the wave pulse
because of the open-circuit configuration.

B. Voltage With a 5.0 kg Falling Weight and an Ohmic
Load of 1 A

In Fig. 13, experimental results under a 5 kg mechanical load
weight and 1 A constant load current at the rectifier output
section are presented. On Ch2, Ch3, and Ch4 (20 V/div) the
half-sinusoid three-phase signals are measured at each phase
terminal of the linear generator. The open-circuit voltage at the
rectifier output section is measured on Ch1 (20 V/div). The
measured peak value of the output voltage is equal to 76 V.

The designed value for this condition was 82.3 V.
The rectifier output is loaded by a constant current, contribut-

ing to the output capacitor discharge during the decaying interval
of the wave burst.

The wave burst energy delivered to the electronics load is
given by the following:

Eburst =
VpeakIload

2
Tburst . (12)

Fig. 13. Experimental results under a 5 kg mechanical load and 1 A
constant load current at the rectifier output. Phase voltages at the rectifier
input sections (Ch2, Ch3, Ch4, 20 V/div) and the output rectifier voltage
(Ch1, 20 V/div) are shown. Time base is set at 500 ms/div.

Fig. 14. Experimental results under a 10 kg mechanical load and 3.5 A
load current at the rectifier output. Phase voltages at the rectifier input
sections (Ch2, Ch3, Ch4, 20 V/div) and the output rectifier voltage (Ch1,
20 V/div) are shown. Time base is set at 500 ms/div.

From experimental results, under a 5 kg mechanical load, the
peak output voltage value is equal to 76 V. The load current is
fixed at 1 A. The burst duration is equal to 2.8 s.

If a 4 s interval between waves is assumed, according to
studies in the Mediterranean sea, one module can be properly
supplied by the small-scale prototype of WEC.

C. Voltage With a 10.0 kg Falling Weight and an Ohmic
Load of 3.5 A

In Fig. 14, experimental results under 10 kg mechanical load
and 3.5 A load current at the rectifier output section are pre-
sented. As derived by experimental results, the wave burst en-
ergy delivered to the load equals 480 J. From (7), the suitable
number of modules is derived. In this case, a number of five
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modules could be efficiently supplied in a continuous supply
strategy. If a pulsed supply strategy is assumed, up to 13 mod-
ules can be efficiently supplied. The recorded voltage was 95 V,
the designed one 101.2 V. The difference between the designed
value and the experimental one is likely due to an underesti-
mation of mechanical friction. However, it is largely within the
usual error obtained in numerical analysis.

D. Evaluation of the Tests and System Performances

The tests, whose results are depicted in Figs. 12–14, show that
the experimentally measured voltage values and the designed
ones agree within 10%. It confirms that the chosen design ap-
proach can satisfactorily describe the proposed linear generator
to be used in the WEC system.

As shown by experimental results, the small-scale prototype
is suitable for hydrogen production and storage from sea water.
According to the design procedure, in the case of a Mediter-
ranean environment, one power module is adequately supplied
if a continuous working strategy is adopted. If hydrogen pro-
duction is devoted to storage, a number of three modules can
be efficiently supplied during wave burst under the worst case.
Modularity increases the system redundancy and therefore the
reliability of the whole system in case of a module fault. The
modularity of the system allows the designer to easily upgrade
the power level and hydrogen production rate of the whole ma-
rine plant.

V. CONCLUSIONS

In this paper, a prototype of a PMLG for a wave energy
converter for hydrogen production and storage was designed
and tested. Based on a preliminary analysis of failures and faults
of existing marine plants, the proposed design strategy was
oriented to enhance the system reliability and robustness and
to lower the capital and maintenance cost.

The WEC system for on-board hydrogen production and stor-
age was designed. Consequently, no connection to the grid is
required. The proposed mechanical structure is immune to ro-
tation and flip events. By the proposed buoyant geometrical
structure and intrinsic symmetry, the designed WEC is well
suited to face with storms and rough weather conditions. The
linear PMG is connected to a rectifier bridge and a modular
architecture of the point of load converters was proposed and
efficiently sized on the basis of experimental results for the fore-
cast marine installation. A point of load dc–dc converter and a
sea-water electrolyzer were included in each power module. The
proposed power module architecture and size was oriented to
enhance the reliability of the power conversion section, limiting
the cost and components number of the power plant and ensur-
ing an adequate supply strategy for hydrogen storage. As shown
by experimental results, under the worst-sea-wave conditions, a
number of three modules were properly supplied.
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