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Abstract: Ocean energy systems (OESs) convert the kinetic, potential, and thermal energy from
oceans and seas to electricity. These systems are broadly classified into tidal, wave, thermal, and
current marine systems. If fully utilized, the OESs can supply the planet with the required electricity
demand as they are capable of generating approximately 2 TW of energy. The wave energy con-
verter (WEC) systems capture the kinetic and potential energy in the waves using suitable mechan-
ical energy capturers such as turbines and paddles. The energy density in the ocean waves is in the
range of tens of kilowatts per square meter, which makes them a very attractive energy source due
to the high predictability and low variability when compared with other renewable sources. Because
the final objective of any renewable energy source (RES), including the WECs, is to produce elec-
tricity, the energy capturer of the WEC systems is coupled with an electrical generator, which is
controlled then by power electronic converters to generate the electrical power and inject the output
current into the utility AC grid. The power electronic converters used in other RESs such as photo-
voltaics and wind systems have been progressing significantly in the last decade, which improved
the energy harvesting process, which can benefit the WECs. In this context, this paper reviews the
main power converter architectures used in the present WEC systems to aid in the development of
these systems and provide a useful background for researchers in this area.

Keywords: renewable energy systems (RESs); marine energy systems; wave energy converter
(WEC); power electronic converters

1. Introduction

Increasing the dependency on renewable energy sources (RESs) to produce the re-
quired electrical energy has become a spearhead concept in the development of any coun-
try [1-7]. Firstly, RESs will achieve the sustainability of the energy sources and will in-
crease the political independency. Secondly, the RESs can help the European and other
governments who have promised to reach the international goal of net-zero carbon by
2030. These RESs can take several forms including wind, solar, geothermal, ocean, and
others. The progress in the technology associated with these energy systems will improve
the economic, environmental, and social outcomes set and targeted by the governments
and policymakers [8-10]. There is a noticeable global increase in the penetration of the
RESs in electric markets in the previous 10 years [11-14]. The average penetration of re-
newable energy in electricity networks reached around 30% [12]. For example, Greece has
been successful in powering the electricity networks, consuming 3106 MWh entirely from
renewable energy for five hours on the 7th of October 2022. On average, RESs form 46%
of Greece’s power mix in 2022, which consists of solar photovoltaic (PV), wind turbines
(WTs), and Ocean Energy Systems (OESs) [15].

Because of their availability in many countries, OESs are one of the most promising
RESs, which are gaining increased attention by the governments and policymakers [16].
It is estimated that the total ocean energy which could be harvested is more than 100,000
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TWh/year [17]. This is more than the energy demand by all countries in the world [18].
Accordingly, understanding, developing, and improving the OCEs become important to
achieve the net-zero carbon goal.

OESs aim to extract the energy from the oceans and seas and they have been pre-
sented and studied in the previous few decades. Ocean energy can be in the forms of po-
tential or kinetic energy in the waves, tidal or currents, heat, and salinity gradients [19].
Therefore, they are broadly classified as wave energy, currents, thermal, and tidal energy
systems. For the ocean wave energy, usually mechanical turbines extract the potential and
kinetic energy of the moving water inside the waves when they are moving up and down
[20]. Ocean thermal energy systems target the transferred energy between warm water at
the surface of the ocean and the cold water in the deep layers [21]. The tidal energy is
produced essentially from the gravitational interaction between the Moon and the Earth
and, therefore, the kinetic energy in the moving water is captured by turbines [22]. If there
is suitable infrastructure of turbines, electric generators, and power systems, it is esti-
mated that the tidal systems supply the world with more than 450 GW of power [23].

The wave energy conversion (WEC) systems convert the kinetic energy in the waves
using braking systems and dampers into electricity [24]. WECs can supply the world with
up to 60,000 TW.h/year [25]. If they are fully utilized, the WEC systems can generate
power of approximately 2 TW, which will help in reducing the carbon emissions globally
[1]. There are several publications which study and classify the WEC systems according
to the principle of operation, their location on the shore, or the direction of the incoming
waves [26-36]. If the WEC systems are to be classified according to the principle of oper-
ation, the main types will be oscillating water column (OWC), wave activated body
(WAB), and over-topping (OT). The current energy conversion (CEC) systems are mainly
composed of axial-flow turbines such as horizontal or vertical axes, cross-flow turbines,
and reciprocating devices systems [37]. The tidal energy systems have arrays of floodgates
in order to direct the water streams on turbines coupled with electrical generators through
channels. Most of these turbines are horizontal-axis axial-flow. In thermal gradient (TG)
systems, the thermal gradient of ocean water is used to evaporate a liquid and direct it on
the blades of a turbine coupled with an electrical generator [36]. The TG systems are clas-
sified into open cycle, closed cycle, and hybrid systems [37]. Finally, the salinity gradient
(SG) systems are divided into reverse electro-dialysis, which accumulates pressure to
drive a turbine, and pressure retarded osmosis systems, which accumulate an electric volt-
age across two plates to form a battery. This classification is summarized in Figure 1.
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Figure 1. General classification of Ocean Energy Conversion System.

As the WEC systems have large energy density when compared with other energy
systems, they can be a main key player to increase the sustainability of the energy sector
[38]. An example is the Wave Dragon project in Denmark, which started in 2003 as the
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world’s first offshore WEC system. Presently, it produces 51 GWh/year of electrical energy
in total, where it has 1.5 MW and 4 MW devices in Denmark, a 7 MW device in Wales,
and a 12 MW device in Portugal. Many other projects are still in the demonstration and
commercialization stages. In other European countries, such as the United Kingdom,
WEC systems produce around 25% of the total electricity demand [39].

Following the energy capturing and extraction systems explained earlier, it is im-
portant to investigate the electrical energy conversion systems. This system is composed
of the electrical generator coupled to the rotational or linear shafts with gearboxes, the
power converter systems, the power transfer systems such as cables and filters, and finally
the electrical transformers for grid connection. A general schematic for a WEC system
controller is shown in Figure 2. The electrical generators are designed to operate at high
rotational speed when compared with the oscillating speed of the waves and, accordingly,
the rotational speed of the energy extractor, which is a turbine in this case [5]. Therefore,
it is necessary to install a gearbox system in order to match the two speeds and torques.
Most of the electrical generators produce time-variant voltages and currents, and their
time periods and frequencies depend mainly on the rotational speed of the generator shaft
[40]. Accordingly, it is necessary to rectify the voltage and current in order to make them
suitable for grid connection. Most of the AC utility grids in the world operate with fre-
quency of 50 Hz and some other few countries have 60 Hz networks such as the USA.
Modulation techniques are required to shape the electricity from a shape to another using
power electronic converters. This is usually done by switching the semiconductor devices
inside the converters on and off according to designed control laws. Most of the renewable
energy systems, including WECs, generate the maximum energy at a certain operating
point in their power—speed curves [41]. Therefore, the maximum power point tracking
(MPPT) controller is designed to operate the system at the optimum point to increase the
harvested power and increase the efficiency of the WEC system. Variable speed control-
lers will be installed in order to control the speed of the generator and achieve the MPPT
operation. If the WEC system is coupled with energy storage elements such as batteries
or super-capacitors, the power storage control will determine and control the energy flow
to either the utility grid or the energy storage according to the power supply and demand,
which is predicted by the power prediction unit [5].
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Figure 2. General control structure of Ocean Energy System.
The power quality control unit is responsible for improving the quality of the output

power of the converter by reducing its total harmonic distortion (THD) to meet the elec-
trical grid standards [42,43]. In distributed generation systems, it is important to consider
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two types of the harmonics in the output current and voltage. The first are the low-order
harmonics, which are generated due to mismatches in the circuit parameters or due to an
unbalance in the grid voltages. This type of harmonics can be eliminated by the aid of
improving the control and modulation schemes [5,44]. The second type are the high order
harmonics, which are produced due to the switching action of the IGBTs/MOSFETs inside
the converter. This can be eliminated by either increasing the switching frequency of the
converters or by increasing the values of the filtering elements [45,46]. The RESs can con-
tribute to the fault currents when there is an electrical fault such as three-phase to ground
or line-to-line faults and hence the protection devices such as switchgears and circuit
breakers may not function properly to isolate the fault [47]. The fault rides through con-
troller unit installed with this distributed generator, which is the WEC in this case, and is
responsible for limiting the generated power to decrease the contribution to this fault and
allow the protection devices to function properly and isolate the fault [47].

This paper focuses on reviewing the power electronic converter architectures used in
the context of WEC systems. The paper categorizes the main power conversion topologies
and presents discussions about each type in detail. Section 2 presents important consider-
ations for choosing the power conversion system. Section 3 reviews and classifies the main
WEC power electronic converters. Section 4 presents discussions about the future of pos-
sible power electronic systems in WEC systems. Section 5 presents the summary and final
conclusions.

2. WEC Electrical Considerations

The wave’s energy is transferred at the wave group velocity, which is normally in the
range of 5 to 10 m/s [20]. This variation in the energy’s frequency means that the captured
power by the absorber will be also varying with time. Therefore, the electrical generator
will be working in a pulsating pattern, which will be reflected in the generated voltages
and currents, see Figure 3. Therefore, the associated power electronic converters are nec-
essary to reshape this pulsating electrical power and make it constant with time in order
to be suitable for the utility grid [16]. The power’s pulsating nature will be significant
when the WEC system is connected to a weak grid and can affect its performance nega-
tively. However, connecting WEC systems to weak grids is very common because usually
the wave activity is very high in remote areas where the electricity grids are normally
weak. This adds more burden on the power electronic converters’ design process in the
WECs.

Because they are installed near to the sea water, the electrical generators in WEC sys-
tems will operate in harsh environmental conditions due to the humidity, corrosion, vi-
brations, and mechanical stresses because of the aforementioned power pulsating pattern
[38]. Accordingly, it is recommended to use multipole generators with direct-drive con-
trollers.
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Figure 3. WEC electrical power conversion.

Because the wave activity is usually higher during the off-peak periods of the elec-
tricity network, it will be necessary to install energy storage systems (ESSs) to smooth the
power delivery. ESSs such as flywheel mechanisms, batteries, and super-capacitors can
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also help in smoothing the generated power from the WEC systems, which can improve
the performance when connected with weak grids. It has been reported in [48] that, to
make the total output power constant with time, the installed energy storage capability
should be at least ten times the wave period. The energy flow in a WEC system with ESS
is shown in Figure 4.
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Figure 4. A brief schematic of WEC system.

The power harvested from a WEC system can be maximized if the phase of the de-
vice’s speed divided by the phase of the wave’s excitation force is adjusted to a specific
value [49]. To control this operation, the electrical power converter is required to have
bidirectional power flow between its input and output, which will be improved also by
using ESSs. However, this operation is sometimes complicated and also results in large
currents and voltages, which may damage the converter.

3. Electrical System of the WECs

The power electronic converters are responsible for two main functions in the WEC
system. Firstly, they control the electrical power output from the generator, which is cou-
pled with the WEC turbine. Secondly, they shape this power to be suitable for connection
to the output side, which can be the utility grid or an independent load [3]. From the elec-
trical point of view, the output power of the WECs is different when compared with other
famous renewable energy sources. An example is the solar photovoltaic (PV) modules
which generate continuous DC voltages and currents [50]. Therefore, the associated
power electronic converter in the PV system is usually of DC/AC type to generate the AC
grid’s voltages and currents at 50/60 Hz. For wind turbine systems (WTSs), the motion of
the mechanical turbine is rotational in one direction even if its speed will be changing
according to the linear wind speed, and hence the output voltages and currents are AC
[51]. However, the output power of the WECs is usually oscillatory because the mechani-
cal system moves up and down or forward and backward at relatively low speeds [38].
Thus, the performance of the associated power electronic converters will be different with
other renewable energy systems even if the same type of power converter has been used.
Figure 5 shows a brief schematic for the WEC process. There are different architectures
for power electronic converters which are suitable for WEC applications such as the back-
to-back AC/DC/DC, modular cascaded converters, and DC/DC converters.
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Figure 5. A brief schematic of WEC system.

3.1. AC/DC/AC Back-to-Back Converters

Inspired by the wind turbine systems, the AC/DC/AC power converter and its de-
scendants are dominating the power conversion topologies in WEC systems [52-57]. In
this configuration, the turbine is coupled with an electrical generator which its terminals
are connected to the input of an AC/DC full-bridge rectifier. The output of this rectifier
forms the DC-link of the system. The DC-link voltage is then modulated using a DC/AC
inverter to generate the sinusoidal voltages to match the AC utility grid. The best example
for this system is the rotating paddle type shown in Figure 6, which belongs to the family
of the oscillating water WECs.
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Figure 6. Power converters of a paddle-type WEC.

Usually, the permanent magnet synchronous generator (PMSG) is employed in this
type of WECs due to the simplicity of connection, although it is possible to use other types
such as a doubly-fed induction generator (DFIG) [52]. An interesting work has been car-
ried out in [53], where the authors successfully developed a mathematical model for the
paddle-type WEC. We have reproduced some interesting results for the model using
MATLAB/SIMULINK and the results are almost the same as shown in Figure 7, where the
electrical generator speed was plotted versus the output voltage of the generator. Because
of the oscillatory nature of the WEC system, the generator speed is sinusoidal with a pe-
riod of a few seconds. This leads the output voltage of the generator to be oscillatory as
well, which should be considered by the modulation scheme if the grid-side converter is
chosen as a controllable AC/DC converter to control the DC-link directly. This will com-
plicate the modulation scheme of the rectifier and, therefore, it is easier to design the rec-
tifier stage as a full-bridge diode rectifier. Because of the oscillatory nature of the paddle
and its associated mechanical system, the mechanical torque of the generator shaft is also
oscillatory, as shown in Figure 8. Unlike other RESs which have constant power at the
generator, the output power from the WEC electrical generator is oscillatory, which com-
plicates the control design. For this reason, many publications tried to explore the best
control strategy for the generator and the grid side’s converters. In [54], the authors em-
ployed a DFIG instead of the PMSG and proposed a control scheme based on the classical
proportional-integral (PI) control loops to control the rotor and stator sides, see Figure 9.
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The main contribution of this work is not in the control of the electrical side but in study-
ing, designing, and controlling the WEC based on an oscillating water column to maxim-
ize the output power. To achieve that, a proportional-integral-derivative (PID) controller
has been introduced and tuned to control the throttle valve which regulates airflow in the
turbine duct. As shown in Figure 9, the developed OWC control block calculates the speed
reference, which maximizes the output power of the system. The rotor-side control (RSC)
tracks this speed by controlling the rotor of the DFIG which is coupled in the same shaft
with the turbine. The RSC generates the command pulse width modulation (PWM) sig-
nals to control the AC/DC rectifier. The grid-side control (GSC) is responsible for control-
ling the DC-link voltage as well as the rotor’s output power. As the work in [54] was fo-
cusing on the control of the OWC throttle valve to regulate the airflow, it did not consider
the conduction or switching losses of the rotor- or the grid-side converters. Therefore, the
work has presented the turbine torque and the flow coefficient clearly, but the DC-link
voltage and generator’s current behaviors have not been considered.

There have been several attempts to reduce the switch count of the AC/DC/AC con-
verter of WEC systems. In [55], a four-switch converter has been used as the three-phase
rectifier on the PMSG side, which is shown in Figure 10. The model of predictive current
control has been presented to increase the accuracy of current references tracking. Alt-
hough the presented control scheme has been successful in controlling the d-axis and q-
axis currents, the work lacks the sufficient discussion about the instantaneous currents
flowing in the IGBT devices in either the rectifier or the inverter. Consequently, there is a
real need to monitor and study the waveforms of the currents flowing in the semiconduc-
tor devices and take them into consideration during the design stage. This is also neces-
sary to evaluate the added value by reducing the number of semiconductor devices and
if there is a considerable improvement in the efficiency or the cost.
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-

Figure 7. Reproduced results from the paddle-type WEC in [53]. Generator speed: 200 r/min/div
and generator no-load voltage: 20 V/div-Time: 1 s/div.
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Figure 8. Reproduced results from the paddle-type WEC in [53]. Generator torque: 30 Nm/div and
generator output power: 400 W/div-Time: 5 s/div.
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An insightful comparison between the current source converter (CSC) and the volt-
age source converter (VSC) in the context of WEC systems is presented in [56,57]. The
CSCs are boost converters, which chop and direct the currents instead of chopping volt-
ages as in the case of the conventional VSCs. If the CSC is employed as an inverter, it will
be able to boost the output voltage to be higher than the input one. This function is not
available in the conventional VSCs. Therefore, the CSC is used extensively in the field of
medium-voltage drives when high voltages need to be generated across the motor’s ter-
minals. The CSC requires a large inductor in the DC-link instead of the large capacitor.
Figure 11 shows the CSC topology used in the comparison of [56,57].
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Figure 9. Control of Oscillating Water Column-based WEC [54].
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Figure 11. CSC-based WEC.

The comparison has considered the switching and conduction losses in the IGBTs
and the diodes as well as the conduction losses in the passive elements. The work con-
cluded that if the switching frequency of the active switches is kept lower than 30 kHz,
then the conventional VSC topology has better efficiency and should be used. If the
switching frequency is increased, the CSC becomes more efficient with lower power losses
and smaller filtering passive elements, and consequently has a lower cost. The compari-
son’s outcomes are shown in Figure 12. Although the authors have shown the waveforms
of the currents flowing in the semiconductor devices in detail, the power losses have been
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calculated by simulations and experimental results without presenting the mathematical
equations required to assess the losses if the operational points or the parameters’ values
are changed.

200
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Figure 12. Comparison between power losses in WECs based on VSC and CSC [56,57].

Beside improving the power electronic structure, several publications targeted im-
proving the control schemes of the WEC AC/DC/AC back-to-back converters [58-67]. In
[58], a non-linear control strategy using linear quadratic regulator (LQR) techniques is
proposed to improve the controllability of the WEC system. The multi-degree of freedom
(DOF) strategy is designed to control the WaveSub WEC, which employs a submerged
point absorber with a float which goes up and down with the wave. The control system
adapts the wave excitation force and controls the AC/DC/AC converter to develop the
required torque. The Kalman Filter has been used to estimate the excitation force and
floater’s heave displacement in [59]. It can be noticed that the controllers in [58,59] have
not improved the modulation or the control of the power electronic converters but focused
on the estimation of the displacement of the WEC floater using the current and voltages
of the AC/DC/AC converter. In this way, the non-linear dynamic model increased the ac-
curacy of the developed controller to increase the power capture of the WEC system. Fig-
ure 13 shows the control system in [60] in order to improve the stability of the control
system during transients. The work proposed two double-loop PI controllers tuned ac-
cording to the water cycle algorithm (WCA), aiming to enhance the stability of the WEC
system by controlling the AC/DC and DC/AC sides of the converter. Although the control
system improved the transient stability, the work did not discuss the effect on output
power quality or the devices” power losses.

Machine Side Converter

: Converter
Reference DC link Rgferen(t:e VillEas
urren
Voltage Geu(s) Gpia(S) > _I
AC/DC
DC link Voltage Inpuct:Convterter
urren
Reference AC Output Reference C\t;nl\t/erter
Voltage Current P oltage . _|
Gris(S) il
DC/AC

Output Converter
AC Output Voltage Current

Grid Side Converter

Figure 13. PI-based control system in [60].
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In [61], a novel predictive direct control method has been presented to reduce the
number of the required PI controllers while achieving the same advantages of fixed
switching frequency controllers and increasing the speed of the overall control system.
The work employs the surface permanent magnet synchronous machine as an electric
generator of the WEC and targets the smoothing of the active and reactive power control.
The block diagram of the control system is shown in Figure 14. Another benefit of the
proposed controller is its ability to reduce the THD of currents flowing into the grid,
which will improve the power quality.
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Figure 14. PI-based control system in [61].

The control system developed in [62] is an extension to the controller of [61] to enable
using the conventional space vector modulation (SVM) technique as a non-linear current
source with PMSGs. This can reduce the necessary torque required to oppose the load
using the PMSG during occasional strong waves. There are two main contributions of this
controller. Firstly, it improves the robustness of the system during transients to a good
extent. Secondly, it reduces the required computational time of the control algorithm by
around 40%.

In [63], the WEC system is connected to a passive load rather than the AC grid and a
new active phase control method to increase the harvested energy from the WEC has been
presented. The developed piecewise velocity control is focused on achieving the maxi-
mum power point tracking (MPPT) process to maximize the harvested energy using the
active phase control (APC) technique. The proposed control system needs to measure the
rotational speed to determine the switching time of the converter. A brief schematic of the
system is shown in Figure 15. However, the performance of the controller when the sys-
tem is connected to the AC utility grid has not been discussed and may need further in-
vestigation. The work in [64] extends the previous control system and presents a damping
control method for linear PMSG-based WEC systems which use a heave-motion mecha-
nism of buoy. The main difference is that the new control system considers connecting the
WEC to the AC grid and proposes a 10 kW test bed for the experiment, which is beneficial
to the research efforts in this area. However, thorough discussions about the effect of grid
connection are not presented. The presented control is able to increase the operating range
of the WEC systems and to improve the control speed during transients. As shown in
Figure 16, the control system in [64] was able to increase the extracted power significantly
when compared without considering the damping value.
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Figure 16. Comparison of harvested powers in [64].

In [65], the work considered WEC systems based on arrays of point absorbers con-
nected to linear permanent magnet generators when they are connected to the grid via
back-to-back AC/DC/AC converters. The presented economic model predictive control
(MPC) is employed to improve the robustness of the control system. An interesting per-
formance comparison between centralized and decentralized MPCs has been presented
to show the advantages and disadvantages of each. An interesting study about the control
of the electrical power quality (EPQ) has been presented which points out that, although
increasing the average power of the WEC array is an achievement, the low average to
peak power ratio can create another problem. This is because the instantaneous WEC-
extracted electrical power should be constant at high power levels to avoid the voltage
and current fluctuations. These fluctuations can affect the power quality as well as may
degrade the stability, especially when the system is connected to weak grids. As one may
notice, the latest problem is overlooked by the majority of researchers working in this area.
Thus, more analyses and discussions about this and similar problems should be consid-
ered in the literature of the WEC systems. Figure 17 shows the proposed control system.
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Figure 17. MPC control system in [65].

In [66], another control strategy based on MPC has been presented for the point ab-
sorbers with direct drive linear regulators considering the losses in the cables and wires
to increase the power harvested from the WEC system, see Figure 18. The results in the
paper show that including the copper losses in the control algorithm which is based on
MPC can improve the performance of the system in terms of controllability and power
prediction, which will in turn increase the energy harvested from the WEC system. How-
ever, the accuracy of the effect of this control algorithm on the real performance of the
AC/DC/AC converter is questioned because the paper used the average model of the con-
verter and, therefore, it neglected the instantaneous behavior.
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Figure 18. MPC control system in [66].

In [67], the MPC has been extended to include the power losses in the cables as well
as the electric generator. The work also considered the WEC system trip limitations and
compared the results with the conventional control techniques. The work suggested that
the optimum performance will be achieved when the proposed control strategy is used
along with compromising the velocity of the oscillating device. In this way, the maximum
active power can be generated from the WEC system. The contributions of the publica-
tions which employed AC/DC/AC converters for WEC systems are summarized in Table
1.
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Table 1. Summary of the research publications employing AC/DC/AC converters in WECs.

Ref. Contribution Remarks
- Computing the torque components to obtain an accu- = The effect of the oscillatory shaft speed
rate dynamic model of the WEC and torque on the performance of the power
[53] . Emulating the WEC experimentally by motor/generatorconverters has not been considered.
set which is controlled by a real-time controller. . Estimations about the efficiency of the
. Achieving the maximum power point of the WEC. converters have not been discussed.
. Employi DFIG i f P h
mploying a DFIG msjcead of PMSG to decrease the . The work did not consider the conduction
power handled by the machine. — .
. . or switching losses of the rotor- or the grid-side
. Control strategy can reduce the stalling behavior of the
[54] converters.
OWC WECs. ) )
. . - The DC-link voltage and generator’s cur-
- Case studies show the ability of the PI-based controllers . .
. rent behaviors have not been considered.
to achieve MPPT.
. Using only four switches for the grid-side converter = Rotor speed has been considered con-
[55] without losing the current tracking. stant, which is not realistic.
. Fast dynamic response and good THD . No evaluation for the effect of removing
the two switches on the real power losses.
= The first att t t 1 t t
. he first attempt to employ current source converters The control algorithm and modulation
in the field of WEC systems .
. ) scheme have not been discussed.
[56] . Insightful comparisons between the performance of . )
) The mathematical equations for power
current source converters and conventional voltage source
losses have not been presented.
converters
. Minimizing the self-inductance of the current source The control algorithm and modulation
[57] converters for WEC systems. .
. scheme have not been discussed.
. Four quadrant operation.
. Improving the controllability of the WEC system by us- = Used the average model of the power
(58] ing linear quadratic regulators electronic converter
- Experimental results show an increase in the harvested = No discussion about the power losses and
power efficiency
[59] . Employing Kalman Filter to estimate the excitation . Assumed a passive load rather than an
force and floater’s heave displacement AC grid.
- Employing two double-loop PI controllers to enhance
the stability of the WEC system by controlling the AC/DC = Did not discuss the effect on output
[60] . . -
and DC/AC sides of the converter. power quality or the devices” power losses.
. Improving the transient stability
[61] - Increasing the speed of the predictive direct control - Rotor speed is not realistic in the experi-
. Improved power quality. ments
. Implementing conventional SVM for a non-linear cur-
rent source with PMSGs
[62] . Improving the robustness of the system during transi- = Power quality is not considered.
ents
. Reducing the required computational time
. Achieving MPPT to maximize the harvested energy by
[63] the APC. . WEC system is connected to a passive
. Only measures the rotational speed to determine the  load rather than the AC grid
switching time of the converter.
[64] . An extension for [63] with grid connection = Power quality is not considered.
. Investigating the power quality thoroughly. . Studies the operation of the overall array
[65] . Discussing the effect of connecting WECs to weak without focusing on the in-detail behaviors of

grids. the generator and converter
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Including the copper losses in the control algorithm.

. Empl 1 for th
[66] - Improving the performance of the system in terms of mployed an average model for the
o L AC/DC/AC converter.
controllability and power prediction
[67] . Extending [66] by include the power losses in the cables® Employed an average model for the
as well as the electric generator AC/DC/AC converter.

3.2. Modular and Cascaded Configurations

Several research papers considered the design and the control of modular and cas-
caded configurations instead of the conventional back-to-back converter in different RESs
including PV and WTs [68-80]. Taking the large-scale PV (LSPV) systems, for example,
modular converters emerged as a promising candidate where the power conversion stage
is formed from several submodules (SMs) instead of one bulky centralized power con-
verter. These modular converters can provide several advantages for the LSPV plants. The
modular structure can increase the harvested energy from the PV modules because indi-
vidual MPPT controllers can be employed on the PV module’s level. Decentralizing the
power converter stage will provide modularity and scalability so the LSPV system can
generate high power using small semiconductor devices. This also means that, for any
partial fault in few SMs, the LSPV system can remain in service with the proper control,
which bypasses the faulted SMs. If the employed SM’s converter has an embedded high-
frequency transformer (HFT), the bulky line-transformer which connects the LSPV system
to the MV grid can be eliminated, which saves massive weight, cost, and volume. The
modular multilevel converter (MMC) has dominated the wind systems for the last few
decades. Other cascaded modular topologies such as cascaded converters with high- and
medium-frequency transformer links are employed for direct grid integration of WT sys-
tems. Examples for modular converters for LSPV and WT systems are shown in Figure 19.
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Figure 19. Modular converters in RES: (a) LSPV and (b) Wind systems.

The motivation for employing these systems in wave energy applications is that most
WEC systems comprise several turbines connected to electrical generators in the form of
arrays and are then connected to the grid to inject the resultant electrical power, which is
in the range of megawatts. Employing modular converters in such structures will intro-
duce lower harmonic distortion, smaller grid filters, lower dv/dt across the semiconductor
switches, and smaller transformers will be needed at the output side. Because this trans-
formation has already occurred in the other RESs, it will be beneficial to study and inves-
tigate this in the field of WECs.

In [81], a new modular configuration has been presented based on PMSG followed
by boost converters to build the DC-link of the system. The inverter side is composed of a
neutral point clamped (NPC) multilevel converter. As shown in Figure 20, several power
units are connected in parallel to increase the harvested power from the Kaplan turbines.
Each Kaplan turbine is connected to a PMSG followed by a full diode bridge to rectify the
generator three-phase voltage. The boost converter will increase this voltage and control
it to match the output DC-link voltage in the middle stage. There are two stages of these
blocks to form the upper and lower arms of the NPC inverter.

The NPC then will generate the three-phase output voltage and current and the
power will be injected into the grid. A step-up transformer is required to match the output
of the NPC to the medium voltage (MV) grid. From the control point of view, the system
employed a simple control scheme based on classical PI regulators. The presented results
show that the configuration can manage the power generating unit and harvest the max-
imum energy from the WEC along with controlling the voltage of the middle stage across
the DC-link capacitor. However, the paper considered that all WEC are generating the
same amount of power and the PMSGs of the units are identical, which is not practical.
Additionally, because the power units have been connected in parallel, it is not possible
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to increase the DC-link voltage above a few hundred volts. Because the NPC is one of the
buck-type DC/AC inverters, the AC output voltage of the system will be in the low voltage
(LV) range and, therefore, a step-up transformer is necessary to connect the system to the
MV network. This opposes the main target of introducing modular power converters in
the context of WEC systems.
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Figure 20. MV Modular configuration for WEC systems in [81].

Another modular structure based on the cascaded H-bridge (CHB) converter is pre-
sented in [82], as shown in Figure 21. The proposed converter is designed by connecting
CHB converters in series parallel combination to replace the conventional back-to-back
structure. Using multiple units at low power will improve the modularity, scalability, con-
trollability, and power losses. Because the voltages across the semiconductor switches are
lower, fast switches such as Silicon Carbide (SiC) or Gallium Nitride (GaN) devices can
be used to improve the efficiency. The output voltage of the system is multilevel and,
therefore, the THD is lower and the power quality is improved.

The control scheme presented in [81] depends on classical PI control loops. The outer
loop controls the DC-link voltage of each module while the inner loop controls the total
output current of the system. Although the control scheme shows how each CHB module
is controlled individually, it does not explain how the individual modules are controlled
all together. It is not clear how the overall system will be controlled, and a system-level
control should have been presented in more detail. The operation is shown and tested
when the rotor speed is constant and tracking a set reference value. However, the actual
speed of the rotor in a practical WEC system is varying with time and, therefore, the re-
sults should have considered this issue. Overall, the presented cascaded topology is prom-
ising as it can offer better controllability and performance of WEC systems and the work
needs more attention as it can be considered as an important starting point for further
research efforts.
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The work in [83] investigates the feasibility of dual active bridge (DAB) modules for
energy extraction of dielectric electroactive polymer WEC systems. The DAB modules are
connected in input-parallel output-series (IPOS) configuration as shown in Figure 22. In
this way, the output voltage can be boosted to meet the medium voltage level. The work
presented a hybrid modulation scheme based on variable frequency modulation to in-
crease the voltage range. The paper proposed the mathematical analysis for calculating
the power losses and hence the efficiency of the DAB-based system. However, the paper
has not considered the generator side of the converter and did not study the effect of the
wave cycle or the real generator voltages and currents on the performance of the proposed

system.
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Figure 22. DAB modular converter in [83].

Table 2 summarizes the contribution of the research publications that focused on em-
ploying modular converters for WEC systems. It can be noticed that, unlike other renew-
able sources, the modular converters have not been discussed thoroughly in the field of
WECs yet.
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Table 2. Summary of the research publications employing modular converters in WECs.
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. Case studies show the ability of the PI-based
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[83] variable frequency modulation to increase the voltage verter and did not study the effect of the wave cycle or
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. Presenting the mathematical analysis for calcu- mance of the proposed system.

lating the power losses and hence the efficiency of the
DAB-based system.

3.3. Matrix Converter

Unlike the other converters which have DC-link capacitors or inductors between the
input and output sides, the matrix converter has direct AC/AC connection without any
buffer in between and has been employed mainly in permanent magnet synchronous mo-
tor (PMSM) applications [84]. As shown in Figure 23, the generator voltages and currents
are modulated by a matrix of devices composed of two series switches connected in op-
posite directions with their antiparallel diodes. The matrix converter has not experienced
a great success in the field of other renewable systems such wind or solar PV due to its
complex control and the absence of a boosting stage because there is no DC-link [85].
However, the absence of large electrolytic capacitors, which decrease the reliability of the
power converters, adding to the lifetime of the RESs, can be considered as one of its ad-

vantages.
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4. Discussion

The wave-to-wire power conversion mechanisms require many different mechanical,
aeronautical, electrical, and electronic subsystems in order to harvest the energy of the
waves and convert it to electricity. Until present, the optimum methods for WEC energy
harvesting have not been found and confirmed at least from the electrical point of view.
Figure 24 shows the main power take-off techniques while the electrical blocks are shown
highlighted in yellow. The performance of any OES including the WEC is determined by
the performance of the mechanical conversion stage and energy capturing mechanisms
(such as valves, ducts, and turbines), then the mechanical to electrical sub-system (such as
the electrical generator), followed by the electrical-to-electrical sub-system (power elec-
tronic converters). There are technical challenges for maximising the efficiency and the
performance of the electrical sub-systems such as the mismatch between the wave fre-
quency and the desired frequency of the produced electricity, resonance currents in the
power converters and the generator, resultant undesired harmonics, and unbalanced volt-
ages and currents due to the connection to weak grids.
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Figure 24. Wave-to-wire power conversion schemes.

The overall efficiency of a real WEC system has been always lower than the theoret-
ical predicted efficiency in the literature because the previous publications focused on the
primary mechanical mechanisms in order to prove the concept and improve their perfor-
mance. WEC designers have focused on developing techniques to extract the energy from
the wave to the devices and optimize this energy in the best possible way. However, the
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same efforts have not been conducted to optimize the energy transfer from the device to
the grid. Because these mechanisms are mature now, it is important to explore, validate,
and then optimize the electrical systems.

The main two electrical sub-systems of a WEC are the electrical generators and the
power electronic converters. Due to an obvious similarity between ocean wave and wind
power, it seems that the WEC developers have been influenced by the wind turbine sys-
tems when they designed the electrical system of the WECs. Therefore, the PMSGs and
DFIGs are the most common generators in this application, which have been well-estab-
lished in WT systems. The PMSG has a very high efficiency, which can exceed 95%, while
the DFIG is preferred in wind systems due to the fact that the associated power converters
do not need to handle the full transferred power because the DFIG stator will be directly
connected to the electricity grid while the rotor is controlled by power converters and,
hence, they can be made smaller in size [85].

Similar to the wind systems, the back-to-back AC/DC/AC power converter has been
the most common topology in the WEC systems. However, because of the time-variant
nature of the ocean’s waves, the DC-link of this power converter needs large capacitor to
smooth the DC-link voltage. To give an example, a 100 kW WEC requires a DC-link ca-
pacitor of around 320 mF, which is a huge value and, therefore, may be not available in
the market. Additionally, large electrolytic capacitors are the main source of failure in
power converters and reduce the reliability significantly especially with increasing volt-
age and temperatures [86,87]. Most of the present AC/DC/AC topologies presented for
WECs are centralized systems, which means that, if there is a fault, the full system will be
out of service until this fault is removed. There are some starting research efforts to mod-
ularize the WEC converters presented and explained in the previous sections, which can
improve the performance, increase the efficiency, and increase the reliability of the WEC
systems. However, these research trials are still in their infancy and need more validation
to reach the commercialization stage.

Table 3 summarizes the power converters, electrical machines, and control algo-
rithms used in WEC applications. It can be viewed that the conventional AC/DC/AC con-
verter is still dominating the WEC research and industry. This is because of its simplicity
and maturity, even if other converters may have better efficiency and fault ride-through.
It can be noticed also that there is little research work on OT systems from the electrical
point of view, although they are capable of generating power in the range of MW. The
modular power electronic configurations are suitable for OT WECs and, therefore, it is an
open area for more research. From the machines’ perspective, permanent magnet linear
or synchronous machines are dominating the WEC research work due to their simplicity.
However, DFIG are known for their better performance and lower losses and cost and,
therefore, may need to be further explored in the context of WEC systems.

Table 3. Summary of the power converters, electrical machines, and control algorithms used in WEC
applications.

Ref WEC Type Electric Generator Power Converter Control Algorithm
[53] OWC PMSG AC/DC/AC Open-loop Control
[54] OWC DFIG AC/DC/AC Two-loop PI Control
[55] OWC PMSG AC/DC/AC Model Predictive Current Control
[56] OWC PMLG Current source back-to- (1 dered
back
[57] OWC PMLG E:::Eent source back-to- Open-loop based on a new SVM
[58] WAB Not considered AC/DC/AC Multi-degree-of-freedom active control
[59] WAB PMLG AC/DC/AC Electrical-based extended Kalman filter
[60] WAB PMSG AC/DC/AC Two-loop PI Control
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[61] OWC PMSG AC/DC/AC Predictive Direct Control
[62] OWC PMSG AC/DC/AC Two-loop PI Control
[63] WAB PMLG AC/DC Piecewise Velocity Control
[64] WAB PMSG AC/DC/AC Damping control strategy
[65] WAB PMLG AC/DC/AC Model predictive control
[66] oT PMLG AC/DC/AC Model predictive control
[67] oT PMLG AC/DC/AC Model predictive control
Modular back-to-back
[81] oT PMSG Two-loop PI Control
voltage source converter
Modular Cascaded H-
[82] oT PMSG ) Two-loop PI Control
bridge
[83] DEAP Not considered Modular DAB PI Control
5. Conclusions

The paper reviewed and highlighted the main power electronic converters employed
in WEC systems and presented the main considerations taken to design the electrical sub-
systems. The study has shown that the present WEC power conversion technology is still
influenced by the wind systems, which may not be the optimum solution, and needs to be
tweaked to meet the WEC requirements. It is difficult to reach the theoretical efficiency
and performance of the power converters in real practice because a lot of conditions are
not considered while conducting the experiments. Moreover, the private companies who
are active in the field of wave systems do not share their results with the scientific com-
munity because of commercial reasons and hence it becomes difficult for researchers to
include the real conditions and challenges in their analyses and experiments.

When looking at the present literature, one finds that the researchers who are focus-
ing on the mechanical aspects of the WEC systems and the associated energy capturing
mechanisms are working apart from considering the electrical systems and vice versa. It
is obvious now that more interdisciplinary research efforts between mechanical, electrical,
and control engineers are required to achieve mature research in WEC systems.
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