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3

Abstract—Ocean waves are a huge largely unexploited energy4
resource, and the potential for extracting energy from waves5
is great. Research in this area is driven by the need to meet6
renewable-energy targets, but it is relatively immature compared7
to other renewable-energy technologies. This review introduces8
some device types that represent the state of the art of oscillating9
water column technology, a kind of wave energy converter (WEC).10
Unlike other works in literature, typically limited to specific11
aspects of WECs, in this paper, a system-wide perspective will be12
pursued, from the sea waves to the grid connection.13

Index Terms—Control strategies, ducted air turbines, ocean14
energy, oscillating water column (OWC), wave energy converter15
(WEC).16

I. INTRODUCTION17

18 IN the last decade, the interest on renewable energy has19

grown rapidly, reaching, in some cases, a thriving market20

with excellent perspectives. At present, different types of tech-21

nologies are under the spotlight, joining the more traditional22

ones, such as solar, wind, and geothermal. Among these, the23

exploitation of the huge resources of seas and oceans might be24

a valuable solution to satisfy the electricity demand as much as25

possible by renewables.26

The technology development and the market growth of re-27

newable energies, including the marine one, will contribute28

in realizing significant economic, environmental, and social29

objectives in the early decades of the 21st century. Then, many30

governments are adopting new energy generation strategies and31

guidelines toward an ecologically sustainable society [1]–[7].32

Energy can be extracted from the sea by exploiting sev-33

eral physical phenomena: salinity, temperature gradient, tides,34

waves, and ocean currents [1]. Several devices and equipment35

have been developed to convert sea energy into electricity with36

different outcomes. Only some of them have shown results37

close to the theoretical predictions when tested in real operating38

conditions. Since neither computer simulation nor laboratory39

testing can effectively assess the converters’ performance in40

Manuscript received April 10, 2015; revised July 7, 2015 and September 24,
2015; accepted September 28, 2015. Paper 2015-SECSC-0192.R2, presented
at the 2014 IEEE Energy Conversion Congress and Exposition, Pittsburgh,
PA, USA, September 20–24, and approved for publication in the IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS by the Sustainable Energy
Conversion Systems Committee of the IEEE Industry Applications Society.

N. Delmonte, D. Barater, F. Giuliani, and P. Cova are with the DepartmentAQ1
of Information Engineering, University of Parma, 43124 Parma, Italy (e-mail:
nicola.delmonte@unipr.it; nicola.delmonte@gmail.com).AQ2

G. Buticchi is with the Lehrstuhl für Leistungselektronik, University of Kiel,
24118 Kiel, Germany.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2015.2490629

any weather, the real condition trials are essential in evaluating 41

the feasibility of wave energy converters (WECs) and their en- 42

durance in a hostile environment such as the sea [8]. Therefore, 43

although many studies were carried out until now, research in 44

this area is still a challenge [9], [10]. During the last 40 years, 45

inventors and scientists have presented many ideas based on 46

different mechanisms to convert wave energy into electricity. 47

The scheme shown in Fig. 1 sums up the power take-off (PTO) 48

mechanisms of WECs that can be found in literature. The 49

energy conversion chain requires many blocks that belong to 50

different areas of expertise, from mechanical and aeronautical 51

engineering to electric and electronic, even in the simplest 52

case of a direct drive, i.e., a WEC with linear generator PTO 53

(for instance, see the authors’ affiliations in [11]). 54

The gray-filled blocks fall in the electric engineers’ expertise 55

area. Technological problems, uncertainty of results, and high 56

costs of installation and maintenance for the power plants 57

are the main barriers to the deployment of these systems. In 58

addition, there is a lack of convergence on the best method of 59

extracting energy from the waves; thus, techniques and/or tech- 60

nologies implemented to optimize the powertrain are extremely 61

diversified. 62

This paper is focused on oscillating water column (OWC) 63

systems because it seems to be one of the most promising 64

technologies among WECs to build power plants of different 65

sizes and power ratings, with acceptable performance and low 66

environmental impact [12]–[16]. Moreover, OWC systems ex- 67

hibit a potential benefit in terms of reliability due to the moving 68

mechanical parts that are not submerged into the seawater [17]. 69

Although OWCs have been under development since the end 70

of the 19th century, to build whistling buoys for navigation 71

aid (Fig. 2), the idea to use this technique in order to pro- 72

duce electricity has been applied starting from 1947 to supply 73

onboard autonomous lights of navigation buoys [19]. Tests 74

to produce electricity with more powerful generators, which 75

can be conveniently connected to the grid, have been started 76

in 1970s, but the high costs of production and maintenance, 77

together with lifetime problems, have limited their diffusion. 78

Unlike other reviews, mainly focused on particular aspects, 79

as [20], where strategies for electrical control of WECs as well 80

as energy storage techniques are the presented topics, or the 81

more cited [17], [19], [21], without discussions about power 82

electronics and/or controls, this paper deals with all of the 83

components of an OWC. 84

This paper is organized as follows. Section II describes the 85

operating principle of OWCs and some design aspects and pro- 86

vides an overview of primary PTO technologies. Sections III–V 87

are dedicated to a survey of turbines, electrical generators, and 88

power electronics, respectively. Sections VI shows some issues 89

0093-9994 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Wave-to-wire power conversion alternatives.

Fig. 2. Whistling buoy by OWC, patented by Courtenay in 1876 [18].

of the control system used to improve as much as possible the90

efficiency of OWCs. In Section VII, a brief discussion is drawn.91

Finally, Section VIII presents the conclusion.92

II. WAVE ENERGY AND OWC SYSTEM OVERVIEW93

The sea waves are mainly shaped by the wind (produced by94

the sun energy) blowing over the water surface. Only a little95

amount of the total solar irradiance on the surface of the Earth96

is transmitted to the seas to produce waves [8]. In oceanic areas,97

wind energy is transferred to waves and locally concentrated at98

Fig. 3. Schematic vertical cross section of a single-chamber OWC.

power levels up to more than 60 kW/m of wave crest length, 99

where relative high wave energy occurs [22]. There is no perfect 100

regularity in sea waves. Their amplitude, energy, and direction 101

vary randomly through the year, the seasons, or the day. While 102

in some conditions they can change slowly from an absolute 103

calm to 1 MW/km, in other places, they can reach 10 MW/km in 104

a short time period (minutes). Variations shorter than a minute 105

are also possible. In addition to this, the wave shapes are heavily 106

affected by the characteristics of the coastlines [22]. 107

Generally, WECs are categorized by location (shoreline, 108

nearshore, and offshore) and type. Although the large variation 109

in designs and concepts, depending on their shape, size, and 110

direction of elongation with respect to the wave propagation 111

direction, WECs can be classified into three main types: atten- 112

uators, point absorbers, and terminators. 113

Offshore WECs have more power at the input, but they must 114

withstand more severe weather conditions, and both connection 115

to the grid and maintenance are more expensive. An OWC is 116

a partially submerged chamber where alternate pneumatic air 117

compression and decompression take place in response to the 118

incident wave. By means of pipes (and valves in some systems), 119

the air can flow into a ducted wind turbine to drive an electric 120

generator (Fig. 3). Then, the main parts of an OWC plant are 121

one or more oscillating chambers with valves and ducts, air 122

turbines, electric generators, and electronic power converters. 123

Starting from this concept, many ideas have been developed. 124
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Fig. 4. Schematic of the hydropneumatic part of a single-chamber OWC.
The dashed lines are depicted to represent the optional components.

OWCs can be installed either onshore, embedded in a cliff or125

a harbor wall, or in close proximity to the shore, standing on the126

seabed, or offshore in deep waters. They can be point absorbers127

as the Spar-buoy OWC [23], terminators as the LIMPET [24],128

and attenuators as the iVEC Floating Power Plant [15].129

Starting from standard symbolism, the schematic of the130

hydropneumatic part of a single-chamber OWC can be drawn131

as in Fig. 4. Beyond the oscillating chamber, which acts as a132

piston pump, and the self-rectifying air turbine, a controlled133

valve to regulate the airflow can be mounted in the duct between134

the chamber and the turbine. To avoid the freewheeling of the135

turbogenerator when the electrical load is disconnected (e.g.,136

during extreme sea conditions), one or more bypass valves can137

be added at the top of the oscillating chamber or just before the138

inlet duct of the turbine.139

A. Design Aspects140

The OWC concept differs from other WECs for a number141

of technological features. The most relevant of these features142

is associated with the oscillating chamber, which works as a143

pneumatic converter to obtain high-speed airflow through the144

air turbine by the slow internal free surface water motion. Initial145

design featured a vertical uniform column; then, to improve the146

capture efficiency (i.e., the ratio of the pneumatic energy to the147

hydrodynamic wave input energy [25]), many solutions were148

tested to reduce the entrance turbulence and internal sloshing149

and to increase the water plane area for a given chamber cross-150

sectional area. Some examples of solutions are the inclined151

chamber in LIMPET [24], the parabolic-shaped collector of152

the Oceanlinx Mark 1 [26], and the backward bent duct of the153

backward bent duct buoy (BBDB) [27]. The increase of the154

water plane area allows the coupling of the primary water col-155

umn resonance to the major period of the incoming wave [28],156

which has a random envelop. Most OWCs operate optimally157

at resonance, and a key point to obtain higher efficiencies is158

the chamber design. Typically, the chamber sizes and shapes159

are chosen to produce a column whose natural frequency of160

oscillation coincides with that of the most occurring wave161

at the location where the OWC will be installed [29]. The162

variability of sea state conditions can affect the OWC feasibility163

because the size and shape of the structure cannot be modified.164

Phase-locking mechanisms were developed to improve the165

Fig. 5. OWCs’ characteristics used in [33].

performance when the devices are out of resonance [30], [31]. 166

Dynamic tuning devices have been developed to maintain a 167

resonant condition despite the variations in the wave spectra 168

to the most occurring waves [32], but in this case, the OWC 169

is used for a kinetic–kinetic conversion, instead of converting 170

kinetic energy into electricity. 171

Another key point of the OWC design is the coupling be- 172

tween the chamber and the turbogenerator. The overall plant 173

efficiency is the product of the efficiencies of each stage in the 174

conversion chain of Fig. 1. As the turbine serves as a damping 175

for the chamber, the overall plant efficiency is affected by the 176

turbine and its state of rotation, which, in turn, depends on 177

the electrical generator and its working state. As an example, 178

in [33], the graph of Fig. 5 can be found, which reports the 179

result of the tests done on a prototype based on the Indian Wave 180

Energy plant with regular waves, for various values of damping. 181

The graph shows the dependence of the capture efficiency on 182

the turbine damping and the incident wave. 183

The operating state of the electrical generator can be influ- 184

enced by a control applied to the power electronics used as 185

interface to the grid, and this has been addressed by a number 186

of works in the literature [20]. 187

B. Power Plants 188

The literature review has been organized into two categories: 189
190

1) the more mature onshore and nearshore OWCs; 191

2) the floating OWCs, which are designed to operate at a 192

wide variety of nearshore and offshore sites where higher 193

wave energy is available. 194

As can be seen in the following, the second-generation 195

systems are at the early R&D stage. The development of 196

floating OWCs allows designing large-scale offshore devices, 197

both in terms of physical size and power rating, which can be 198

considered as the third-generation systems. 199
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Fig. 6. Shoreline OWCs. (a) Pico OWC Plant [34]. (b) Demonstration plant at
Toftestallen (photograph courtesy of Johannes Falnes).

1) Shoreline Power Plants: The most famous developed200

systems are based on a concrete caisson built on the coast, with201

the bottom side open to the sea in order to create an air chamber.202

In these OWCs, the air can be channeled through a bidirectional203

turbine. Depending on the size and the volume of the waves,204

such shoreline power plants may have power ratings from a few205

hundred kilowatts up to a few megawatts. Good examples of206

this technology are the following.207208

1) The Pico OWC [Fig. 6(a)], built as a pilot plant, to209

demonstrate the technical feasibility of wave energy. The210

project started in 1992, and its construction was ended211

in 1999. Nevertheless, several technical problems caused212

the interruption of the project until 2005, when the first213

test ran. Significant improvements have been obtained214

only after 2009. The main problem comes from the215

vibrations generated by the turbogenerator.216

2) The LIMPET, the first commercial-scale grid-connected217

wave energy plant. It was commissioned in November218

2000, off the Scottish Isle of Islay, and it is still operating219

today. Originally, LIMPET was equipped with a 500-kW220

Wells turbine, which was later downgraded to 250 kW.221

Before Pico and LIMPET onshore OWCs, in 1985, a 500-kW222

demonstration plant was built at Toftestallen, Norway [Fig.6(b)].223

This plant operated for around three years before being partly224

destroyed by a severe winter storm, and it was subsequently225

decommissioned.226

Fig. 7. Breakwaters with OWC. (a) Wavegen’s Mutriku breakwater [4].
(b) REWEC prototype (photograph courtesy of wavenergy.it).

2) Breakwater Power Plants: In this kind of systems, the 227

power plant is integrated into a newly build coastal structure, 228

such as a harbor breakwater or a coastal protection. The main 229

advantage of this approach is the significant reduction of the 230

power plant cost. 231

The world’s first built breakwater wave power plant was 232

commissioned in 2011 on the Spanish Atlantic coast at Mutriku 233

[Fig. 7(a)]. It consists of 16 single-chamber OWCs, each one 234

with a Wells turbine, and the total nominal output power is 235

around 300 kW (the power rate could be much higher in loca- 236

tions where waves are more powerful) [35]. It was built into the 237

breakwater around a harbor, which was rebuilt by the local mu- 238

nicipality. This enabled the use of existing infrastructure (mains 239

connection, access roads, etc.), resulting in a cost savings. The 240

Mutriku power plant has been operated successfully since its 241

opening and is currently the only commercially operated power 242

station by OWC in the world. 243

Another interesting breakwater OWC, named REWEC3 244

[Fig. 7(b)], is under development in Italy. The OWC structure 245

has been integrated in new docks. It employs an additional 246

vertical duct (U-OWC) that achieves an eigenperiod greater 247

than that of a conventional OWC [36], [37]. 248

3) Floating OWCs: Other examples of OWC devices include 249

the Australian Oceanlinx (Fig. 8), the Irish floating OE buoy, 250

the Japanese Mighty Whale, the Osprey, and the Portuguese 251

Spar Buoy. These devices are not located on the shoreline but 252

just in shallow water (less than 20 m deep), so they are classified 253

as nearshore point absorber plants. These have the advantage of 254

larger waves, but they are in a more challenging environment. 255
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Fig. 8. Floating OWC: Oceanlinx MK1 full-scale prototype [34].

Fig. 9. Scaled prototype of a three-chamber segmented OWC for wave flume
tests [40].

As an example, the first Osprey prototype, made of steel, was256

destroyed during a storm in 1995.257

Except for Oceanlinx, which was successfully tested and258

which is now getting precommercial products, all of the other259

projects have been dismissed or suspended after a period of260

testing in the sea.261

4) Multichamber OWCs: The last kind of technology con-262

sidered here is that of OWCs based on the array of chambers.263

Under this category, three types of plants can be distinguished.264265

1) OWC array, many chambers, everyone with its own266

turbine generator, mounted in a single frame, as in the267

Orecon MRC, or the Oceanlinx MK3.268

2) Segmented OWC, some chambers, each one with its own269

turbine, mounted in a single frame connected to a single270

electric generator [38], [39]. Fig. 9 shows a photograph271

of a scaled prototype of this kind of WEC.272

3) Modular OWC, many chambers cooperate to produce273

a unidirectional airflow. Although ad hoc valves are274

required, this solution allows the use of conventional275

turbines instead of the self-rectifying ones adopted for the276

other OWC plants.277

The first ideas of multichamber OWCs have been exper-278

imented from the late 1980s. Some examples are the fol-279

lowing: 1) the Japanese breakwater at Sakata Port based on280

four caissons that produce airflows feeding two Wells turbines281

connected to the same electric generator [41]; 2) the 30-kW282

multi-OWC built in 1987 in the Kujukuri (Japan) harbor [42],283

which uses pressure storage vessels to supply conventional284

Fig. 10. Leancon’s scale 1:10 offshore test (photograph courtesy of Kurt Due
Rasmussen).

turbines without reversing the airflow; and 3) the Twin-OWC 285

composed of two adjacent chambers producing unidirectional 286

airflows through the same conventional air turbine [43]. 287

An Italian OWC described by Martinelli et al. [13], the 288

ShoreSWEC (South Africa) [44], [45], the Leancon, and the 289

iVEC Floating Wave Power (FWP) plant (Australia) [46] can 290

be cited as newer multi-OWCs. 291

The OWC in [13] and the FWP are based on a modular and 292

scalable design, promoted to be assembled with a total power 293

rate ranging from a few kilowatts to greater than 50 MW. The 294

OWC in [13] and the ShoreSWEC performances have been 295

simulated and/or tested only in wave flumes or tanks, while 296

the FWP has been experimented also in a real environment 297

in 2009. In spite of the initial encouraging results, no new 298

developments in the FWP project are reported in literature. In 299

addition, the Leancon’s WEC [47] was tested in wave flume 300

and tank. Leancon completed offshore tests using a 1 : 40 scaled 301

prototype. In July 2015, Leancon had also launched offshore 302

tests with a 1 : 10 scaled prototype (Fig. 10). 303

The multichamber OWCs mentioned in this paper can be 304

considered as the second generation of this kind of WEC. 305

Even if today it is not possible to foresee their commercially 306

operating phase, they are hypothetically more promising than 307

the previous chamber OWCs. The PTO schematics inferred by 308

literature are drawn in Fig. 11. They can be useful is comparing 309

the different solutions. 310

The segmented multi-OWC does not require nonreturn 311

valves, and then, possible less head losses, together with the 312

simpler structure, can be the advantages, with respect to the 313

other solutions. A disadvantage arises from the use of self- 314

rectifying turbines that usually are less efficient than the stan- 315

dard ones working with unidirectional airflows. 316

In order to compare the other three solutions, let us assume 317

that the chamber arrays are equal, as well as the ducts, the 318

valves, and the efficiencies of the turbines. 319

As it can be noted by the patent [45], in the ShoreSWEC, the 320

pneumatic circuit is closed, and then, the mass balance requires 321

that the total airflow of the chambers where the water column is 322

moving up has to be equal to the total one of the chambers where 323

the column is moving down. Thus, compared to the multi-OWC 324

in [44] and the FWP, where the mass balance takes into account 325

airflows getting to and from the atmosphere, there are matching 326

losses between the high-pressure and low-pressure duct flows. 327
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Fig. 11. Pneumatic circuits of multi-OWCs. (a) Segmented. (b) ShoreSWEC.
(c) Multi-OWC in [13]. (d) FWP.

In comparison with the FWP, the multi-OWC in [13] has328

two valves more and then has more pressure drops. However,329

the absence of these balancing valves in the FWP is paid by330

doubling the turbogenerator. The design of both has to consider331

not only the chamber design to get resonance but also the332

overall length of the array, which have to match an integer333

number of wavelength of the most energetic incident waves.334

The ShoreSWEC is an array of chambers mounted on the335

seabed to form a pair of submerged collectors coupled in a336

“V”-formation to a conventional unidirectional air turbine337

generator mounted above the water level, in a tower at the338

apex of the V. The oblique angle orientation to the incident 339

waves enables its capture chambers to be activated sequentially, 340

providing, by means of the collectors, smooth unidirectional 341

airflow to the turbine [14]. 342

The KNSWING is a multichamber attenuator OWC, whose 343

first concept validation tests have been recently presented in 344

[48] and [49]; it can be considered as a device of the third gener- 345

ation because it is suitable for large-scale offshore systems. The 346

target installation site of the KNSWING is the Danish North 347

Sea. The full-scale chamber measures are set to give a resonant 348

period of 5.9 s. The total device length is 150 m. The PTO 349

efficiency and rated power estimated for the chosen installation 350

site are 65% and 2.9 MW, respectively. 351

III. TURBINES 352

Single-chamber OWC plants should be equipped with the 353

so-called self-rectifying turbines, which are able to keep the 354

same rotation direction despite the alternating airflows. Among 355

these turbines, the Wells is the most common, but many other 356

different designs have been developed over the last 30 years to 357

overcome some of its drawbacks when compared to conven- 358

tional turbines, such as lower efficiency, poorer starting, stall, 359

and higher noise level [50]. Some of the main proposed exam- 360

ples of suitable turbines for OWC devices are listed in Table I. 361

Also, some open-field vertical axis wind turbines, such as the 362

Savonius or the cross-flow turbine, which do not need reorien- 363

tation when the flow comes from multiple directions, can be 364

suitable for OWC systems and have been used for test purposes 365

[38]. The hydrodynamic behavior of self-rectifying turbines has 366

been already investigated in depth, and several reports compare 367

their overall performances in steady-state and irregular wave 368

conditions [51]. An extensive and detailed description of these 369

turbines is beyond the objectives of this review. 370

Despite the large number of research projects addressing 371

turbine design for use in OWC systems, the reported total wave- 372

to-wire efficiencies are often low, compromising the economic 373

feasibility of these energy plants. Thus, in literature, there are a 374

lot of works on turbines to improve the efficiency with respect 375

to Wells turbines, typically used for OWCs. Impulse turbines, 376

however, are becoming more widespread and are designed to 377

accommodate sudden spikes in pneumatic power at the input. 378

The efficiency of impulse turbines can reach 75% [52]. 379

Multichamber OWC, in which more caissons cooperate to 380

generate a unidirectional airflow, should theoretically over- 381

come this limit allowing the use of conventional air turbine, 382

featuring a higher efficiency [53]. However, the devices that 383

have been developed so far are at the prototype stage, and 384

the actual improvement of the overall system efficiency with 385

suitable turbines has not been demonstrated yet. Even though 386

in multi-OWCs the airflow is unidirectional, its magnitudes 387

can show a pulsed or fluctuating behavior. For this reason, the 388

efficiency of conventional air turbines, such as the bulb axial 389

or the Francis, is usually lower than the ones with steady flows 390

[53]. Furthermore, the development of this ducted air turbines 391

has been almost abandoned since the 1980s, while the evolution 392

and the optimization of the self-rectifying ones are still in 393

progress. Then, today, with fluctuating unidirectional flows, 394
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TABLE I
TURBINES FOR OWCS

it is not obvious to assume that the conventional turbine might395

be the best choice.396

IV. GENERATORS397

The task of an OWC is to produce airflow to be converted398

into electricity, as for wind generators. Therefore, the solutions399

adopted for open-field applications can be successfully applied400

to the OWCs as well, but it must be considered that the turbine401

and the converter will face quite harsh environmental condi-402

tions, mainly due to the presence of the saline water, vibrations,403

and, in floating devices, large mechanical stresses due to heavy404

motions during severe sea states. For this reason, although it is405

possible to adopt gearboxes, it is preferable to use direct-drive406

generators that imply the use of multipole machines.407

Until the recent past, the attention of the OWC developers408

was mainly focused on the primary PTO mechanisms because,409

first, it is necessary to validate the concept of wave energy410

to pneumatic energy conversion and then to verify sea411

performance and reliability. Once the primary PTO technology412

has matured, from the point of view of system optimization,413

it is essential to begin a detailed development of the electrical414

PTO [54].415

Compared to that of WECs, the technological evolution of416

turbogenerators for open-field wind energy converters is at a417

stage of relative maturity. Offshore wind farms, for example,418

operate at similar environmental conditions to those of fixed419

OWCs. The experience made for wind systems can be borrowed420

without excessive efforts in WECs. Unfortunately, for floating421

systems, the mechanical constraints are more stringent, and the422

choice of the possible generator is limited [55].423

As reported in [54], there is a convergence to one or two424

electrical machine technologies in wind energy systems. This is425

due to technical and economical consideration. O’Sullivan and426

Lewis tried to seek whether a similar rationale can be identified427

in the case of floating WECs.428

Since the beginning of the OWCs for electricity production429

experimentation, both brushed and brushless induction ma-430

chines [56]–[60], as well as permanent magnet machines [61],431

have been used for such devices.432

Since the airflow produced by the primary PTO shows large433

variations over time intervals of a few seconds or less, a434

Fig. 12. Topology of the electrical PTO used in the Vizhinjam OWC plant [57].

Fig. 13. Variable-speed topology with DFIG.

high-dynamic speed control is necessary in order to optimize 435

the power harvesting. A variable-speed generator-converter is 436

required. 437

Over time, technological change is evident considering the 438

first used topologies, as the one in Fig. 12 and the latest with 439

doubly fed induction generators (DFIGs) [12] and PMSG [62] 440

with a back-to-back converter. 441

The DFIG is an induction machine with the stator directly 442

connected to the mains. The rotor terminals are available owing 443

to a slip-ring connection. In this way, as the rotor currents can 444

be controlled, it is possible to vary the speed of the rotating 445

magnetic field, thus controlling the generator’s speed. 446

The main advantage of this application (Fig. 13) is the high 447

controllability of the generator with respect to the squirrel- 448

cage generator directly connected to the grid. Moreover, the 449

converter that feeds the rotor does not need to be sized for the 450

rated power of the generator, limiting the cost of the converter, 451

especially for high-power applications. Typically, the converter 452

size is 30% of the stator rated power. A DIFIG allows variable AQ3453

speed and active/reactive controls within certain limits [63]. 454

Considering the OWC applications, the main drawback of the 455

DFIG is that the rotor terminals are available through brushes 456

or slip rings that degrade over time. Although brushless DFIGs 457
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Fig. 14. Full converter topology.

Fig. 15. Electrical energy flows in a WEC with energy storage.

are available, the control issue and the optimization of this458

kind of machine [64] have prevented its widespread application.459

Especially for offshore systems, the presence of the brushes460

and of the gearbox represents a reliability issue, and for this461

reason, the choice of a different generator/converter system may462

be preferable.463

In the full-size converter topology (Fig. 14), the back-to-back464

converter has to be designed by considering the overall power465

of the generator. Despite the fact that this solution is commonly466

adopted for the permanent magnet generator (PMSG), it is467

possible to use a wound rotor synchronous generator and also a468

squirrel-cage induction generator.469

The PMSG is one of the most adopted solutions for low-470

power systems due to its higher efficiency with respect to the471

induction generator [65]. In order to smooth the output power472

and improve the injection into the grid, an energy storage473

element could be added to this topology (Fig. 15). Viable tech-474

nologies for this purpose are batteries, flywheels, capacitors,475

and superconducting magnetic energy storage [66].476

For instance, in [67], supercapacitors (SCs) have been con-477

sidered for an energy storage system exploiting the turbine478

inertia in a variable-speed control (variable power at the output479

of the generator). Reliability issues suggest the use of SCs in480

a floating OWC, as the BBDB developed by the OceanEnergy481

(oceanenergy.ie). Fig. 16 shows the scheme of the topology for482

the BBDB proposed in [68] to improve power quality.483

V. POWER ELECTRONICS484

Regardless the OWC topology, the power electronics has to485

extract the energy from the turbogenerator and transfer it to486

the electric grid. Even if it is possible to employ an asynchro-487

nous generator directly connected to the grid without a power488

electronics front-end (fixed speed generator), this choice would489

lead to unacceptable performance of the OWC, and thus, the490

generator has to operate at variable speed.491

Fig. 16. Electrical PTO proposed in [68] for the BBDB OWC.

Fig. 17. AC/AC converter topologies. (a) Diode bridge rectifier followed by
dc/ac converter. (b) Back-to-back. (c) Matrix converter.

The ac/ac conversion has been widely studied, once again be- 492

fore for wind energy power plants, and the most common solu- 493

tions are the ac/dc converter [diode bridge rectifier Fig. 17(a) or 494

active rectifier Fig. 17(b)], followed the by dc/ac converter and 495

the matrix converter [Fig. 17(c)]. 496

The diode bridge rectifier allows the decoupling of the 497

two conversion stages, and standard topologies for the dc/dc 498

converters can be employed to regulate the amplitude of the 499

dc-link voltage. The main drawback of this solution is that 500

the generators’ currents are not directly controlled, depending 501

on the machines’ parameters; thus, the phase displacement 502

between the currents and electromotive forces can decrease the 503

overall system efficiency. 504

The active rectifier is a current-controlled voltage source 505

converter that usually implements a field-oriented control of the 506

machine, like an industrial drive. As in the previous solution, 507
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Fig. 18. Schematic of the electrical PTO of the PICO OWC. A filter reactor
smooths the dc bus current supplied to the CSI and limits the CSI switching
frequency currents that the rotor windings absorb. The ac capacitors are needed
for the CSI commutation. Together with three inductors, they form a low-pass
filter for the CSI output current [71].

the two conversion stages are decoupled, and well-known con-508

trol strategies may be employed. Moreover, with the decreasing509

price of semiconductor devices and digital signal processors,510

recently, multilevel converters have become a feasible solution.511

The matrix converter topology realizes a direct ac/ac con-512

version and does not feature a dc-link. The matrix converter513

control has been a topic of research in recent years. The more514

complex control system with respect to the topologies that515

imply an intermediate dc conversion and the absence of voltage516

boosting have limited its application, but in some cases (e.g.,517

WEC), the absence of a dc-link made by electrolytic capacitors518

can represent an unmistakable advantage in terms of lifetime.519

On the contrary, the system cannot be used to supply reactive520

power, as requested for grid-connected converters by modern521

standards, when power is not extracted from the OWC. In522

addition, multilevel and fault-tolerant matrix converter drives523

have been investigated [69], [70].524

As for the generators, a change of the state of the art over the525

last 20 years can be observed, as the technological evolution of526

power electronics and microprocessors enables us to perform527

increasingly complex functions.528

The use of the bridge rectifier at the generator side is the sim-529

pler solution, which has been used between 1990s and 2000s530

[57], [59], [71]. As an example, in 1997, the use of a variable-531

speed electrical generator was one of the most important and532

innovative features of the PICO OWC plant. The major task of533

the project was the development of the nonconventional (at that534

time) power electronics and control equipment. The power elec-535

tronic converter adopted for this system was a current source536

inverter (CSI), which has a variable dc voltage at its input and537

the grid voltage and frequency at its output. Fig. 18 shows the538

schematic of the power electronics made for the PICO OWC.539

In the last five years, the back-to-back with synchronous540

rectifier has been increasingly adopted because it allows a more541

flexible control. As an example, for the Wavegen’s Mutriku break-542

water OWC, the electrical PTO shown in Fig. 19 has been used.543

VI. CONTROL LAWS544

The performance of the OWCs lies in the combined effi-545

ciency of the different stages of conversion in Fig. 1: 1) wave to546

pneumatic (capture chambers, valves, and ducts); 2) pneumatic547

Fig. 19. Schematic of the electrical PTO of the Wavegen’s Mutriku breakwater
OWC [12].

to mechanical (turbine); 3) mechanical to electrical (generator); 548

and 4) electrical to electrical (power electronics). Device limi- 549

tations, such as a mismatch between wave frequencies and the 550

resonance frequency, or airflow oscillations onto the turbine 551

and challenges of the natural environment, such as variations 552

in wave conditions, can affect significantly the efficiency of the 553

overall system. Thus, in real operation, the overall efficiency 554

has not been able to reach the theoretical values anticipated 555

by designers. In order to solve some problems affecting the 556

efficiency of the OWC, a control system has been introduced, 557

applying different strategies and algorithms, with the aim of 558

maximizing the instantaneous power output of the WEC [20]. 559

Newer control systems of OWCs are composed of two sub- 560

systems, a wave converter control and an electrical converter 561

control. The first one controls the rotational speed of the turbine 562

and the airflow [72], and the second one controls the electrical 563

variables as active and reactive powers, or the voltage of the 564

back-to-back dc bus, to interface the generator to the grid. 565

A scheme of a system with control on primary and electrical 566

PTOs can be found in [73] (Fig. 20), which presents the control 567

applied to the Wavegen’s Mutriku breakwater OWC. 568

Generally, a power electronics unit controls the turbogener- 569

ator of a WEC (e.g., the rotor-side converter RSC in Fig. 20), 570

while, as grid interface, another power electronics unit (e.g., the 571

grid-side converter GSC in Fig. 20) can be used. The choice of 572

these units in terms of topology and rating is strongly dependent 573

on the control laws to be applied [74]. The control strategies can 574

increase the complexity of both the mechanical and electrical 575

parts of an OWC. Consequently, the application of a strategy 576

will not affect only the efficiency of the energy conversion 577

but also other requirements such as robustness, survivability, 578

maintenance, and, ultimately, cost of electricity produced by 579

sea waves. 580

In the OWCs, the control has to meet a number of require- 581

ments, such as rotational speed allowable range, electric power 582

quality, and acceptable fluctuations in the power supplied to the 583

grid. Conversely, the turbine’s rotational speed should match 584

the sea conditions as much as possible to achieve an efficient sea 585

wave conversion. Then, the approaches to maximize the power 586

extraction from the waves and satisfy the grid connection rules 587
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Fig. 20. System scheme of the Wavegen’s Mutriku breakwater OWC [73].

Fig. 21. Scheme of the control applied to DFIG proposed in [75].

can be different. Theoretically, as mentioned in Section IV,588

control strategies of wind power plants may be eligible also for589

OWC systems; however, not all of the state of art in this field has590

been applied to this technology yet. For instance, the predictive591

power control has been considered for an OWC application only592

recently [75]. The scheme of the proposed control is shown593

in Fig. 21.594

Referring to the wind power system, classical techniques595

include power, speed, or torque control.596

Depending on the inertia of the turbine, fixed or variable597

speed implementing a maximum power point tracking (MPPT)598

can be the most advantageous strategy. The MPPT for open-599

field wind systems has been the topic of several studies, and600

it can be pursued with different algorithms and techniques,601

such as perturbation and observation (P&O), or laws obtained602

by known mechanical performances of the turbine or neural603

network [76]. The scheme of the neural rotational speed control604

proposed in [76] is shown in Fig. 19, presented in Section V.605

One of the most adopted solutions aims to track the maxi-606

mum power locus depending on the rotational speed with a pre-607

programmed characteristic obtained from the turbine’s model,608

like the torque reference-based MPPT method in [77]. The609

measurement or the evaluation of the air speed is mandatory610

for these methods. In literature, some works were successful611

in estimating the wind speed with a model of the turbine612

Fig. 22. Self-rectifying turbine efficiency [51].

employing neural network [78] or the support-vector-regression 613

theory [79]. 614

In [80], an adaptive algorithm (P&O algorithm widely em- 615

ployed for photovoltaic converters) adjusts the duty cycle of a 616

dc/dc converter to go toward the increasing power. The same 617

approach was followed in [81]. In order to improve the tracking 618

performance of the P&O method, a study of the power coeffi- 619

cient against a new MPPT indicator was performed in [82]. 620

As explained before, in the case of monochamber OWC, the 621

bidirectional wind flow implied the choice of a specific turbine 622

technology, i.e., the Wells turbine. The Wells turbine is the most 623

widespread solution for OWCs. However, it presents the serious 624

issue of the stall phenomenon, which happens when the ratio 625

between the wind velocity and the blade tip speed exceeds a 626

specific threshold, and then, it is necessary to design the control 627

to avoid it [83]. In order to prevent this condition, it must be 628

ensured that the airflow coefficient is between specified limits, 629

as shown in Fig. 22 (where the airflow coefficient φ is defined 630

by the ratio between axial flow velocity VX and circumferential 631

velocity UR), and then, several works in literature are focused 632

on this topic. 633

For example, in [84], a throttle valve mounted in series 634

with the turbine, in the duct connecting the chamber to the 635

atmosphere, is used to control the flow through the turbine, 636

in order to prevent or reduce the stalling losses and then to 637

increase the amount of energy produced by the plant. 638

In [62], two approaches were pursued, comparing the po- 639

tential benefits for low- or high-inertia turbine. In particular, if 640

the pressure measurement inside the chamber is available, the 641

optimum generator speed can be computed to keep the Wells 642

turbine in the maximum efficiency region. This solution implies 643

the presence of torque and speed loops for the generator, so 644

there may be issues in the case of small inertia values. Without 645

the pressure measurement, the locus of the points of maximum 646

efficiency in the torque versus generator’s speed curve can be 647

computed offline. A lookup table linking the reference torque to 648

the actual generator speed is used in order to make the system 649

able to follow the maximum power point. 650
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For multichamber OWC systems, the control issues are simi-651

lar to the ones of the open-field wind energy conversion systems652

if the same unidirectional flow turbines are used [85]. Since653

these kinds of power plants are at early development stages,654

this research area is still to be explored.655

Good summaries of the control strategies to control the rota-656

tional speed of the turbines and the airflow of single-chamber657

OWCs can be found in [20].658

VII. DISCUSSION659

It may be noted that it is difficult to compare the performance660

achieved by the various experiments or operating plants be-661

cause of different solutions and different boundary conditions.662

What is clear is that theoretical performances, in practice, are663

difficult to reach, although in recent years, the implementation664

of new and more complex control techniques is helping in665

reducing this difference. The development of simulation tools666

available to designers leads in the same direction. As a matter of667

fact, the ability to simulate increasingly accurate models allows668

faster improvements of all of the OWC’s components.669

The literature reading made for this work has also shown670

that, even if the number of published works is great, one can671

find more or less detailed information only about few relatively672

mature technologies (e.g., PICO, LIMPET, and Wavegen’s673

Mutriku). Typically, private companies or inventors do not674

publish the results obtained by developments because they care675

to protect their patents or because results, probably considered676

not exiting, may misrepresent their products or ideas.677

To achieve success in WEC’s R&D project, it is essential to678

consider that a long-term development plan is needed, as well679

as the quite large team of experts and facilities. Consequently,680

great investments are unavoidable. The actions taken by gov-681

ernments to finance the R&D projects cannot be enough to682

remove the obstacles to the diffusion of the WECs. The ocean683

energy sector is creating a new industry, but there are not yet684

commercially available machines, although many projects are685

at an advanced stage of development. The risks for this develop-686

ment are large, and then, coordinated efforts and collaboration687

between nations to avoid repetitions and accelerate the progress688

are required. A good example of this kind of cooperation is689

the MArine Renewables Infrastructure Network for emerging690

Energy Technologies (MARINET), made by 29 European part-691

ners, including universities and national government research692

centers, industry research centers, government agencies, and693

industries. Among the objectives of MARINET, there is the dis-694

semination of good practices, collected by highly experienced695

research groups for WEC development and the networking of a696

number of world-class research facilities, which can support the697

R&D of the ocean energy industry at all stages of development.698

In addition, the dissemination of information related to the699

experimental results can contribute to obtaining a higher suc-700

cess rate of the solutions under development.701

VIII. CONCLUSION702

Some developed OWCs have been presented considering five703

issues: structures to convert sea waves to airflows, turbines,704

electric generators, power electronics, and electronic controls.705

By the literature, it can be inferred that, despite decades of 706

studies and tests to ensure features such as reliability, durability, 707

and cost-effectiveness of these technologies, further research 708

and development are required. Because of the hostile environ- 709

ment in which they must operate, the development of these 710

systems, beyond large and advanced facilities, requires long- 711

term projects, relying on teams composed of many people with 712

different skills. In most cases, the need for large-size R&D bud- 713

gets, rather than high costs of construction and maintenance, led 714

to the project decommissioning. To date, the single-chamber 715

OWCs are those in more advanced state of R&D, with the 716

development of different structures with high survival, types 717

of ducted self-rectifying turbines, and customized electronic 718

controls. While the development of these three issues is typical 719

of WECs, the power electronic topologies are borrowed from 720

the solutions adopted for open-field wind energy converters. 721
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3

Abstract—Ocean waves are a huge largely unexploited energy4
resource, and the potential for extracting energy from waves5
is great. Research in this area is driven by the need to meet6
renewable-energy targets, but it is relatively immature compared7
to other renewable-energy technologies. This review introduces8
some device types that represent the state of the art of oscillating9
water column technology, a kind of wave energy converter (WEC).10
Unlike other works in literature, typically limited to specific11
aspects of WECs, in this paper, a system-wide perspective will be12
pursued, from the sea waves to the grid connection.13

Index Terms—Control strategies, ducted air turbines, ocean14
energy, oscillating water column (OWC), wave energy converter15
(WEC).16

I. INTRODUCTION17

18 IN the last decade, the interest on renewable energy has19

grown rapidly, reaching, in some cases, a thriving market20

with excellent perspectives. At present, different types of tech-21

nologies are under the spotlight, joining the more traditional22

ones, such as solar, wind, and geothermal. Among these, the23

exploitation of the huge resources of seas and oceans might be24

a valuable solution to satisfy the electricity demand as much as25

possible by renewables.26

The technology development and the market growth of re-27

newable energies, including the marine one, will contribute28

in realizing significant economic, environmental, and social29

objectives in the early decades of the 21st century. Then, many30

governments are adopting new energy generation strategies and31

guidelines toward an ecologically sustainable society [1]–[7].32

Energy can be extracted from the sea by exploiting sev-33

eral physical phenomena: salinity, temperature gradient, tides,34

waves, and ocean currents [1]. Several devices and equipment35

have been developed to convert sea energy into electricity with36

different outcomes. Only some of them have shown results37

close to the theoretical predictions when tested in real operating38

conditions. Since neither computer simulation nor laboratory39

testing can effectively assess the converters’ performance in40

Manuscript received April 10, 2015; revised July 7, 2015 and September 24,
2015; accepted September 28, 2015. Paper 2015-SECSC-0192.R2, presented
at the 2014 IEEE Energy Conversion Congress and Exposition, Pittsburgh,
PA, USA, September 20–24, and approved for publication in the IEEE
TRANSACTIONS ON INDUSTRY APPLICATIONS by the Sustainable Energy
Conversion Systems Committee of the IEEE Industry Applications Society.

N. Delmonte, D. Barater, F. Giuliani, and P. Cova are with the DepartmentAQ1
of Information Engineering, University of Parma, 43124 Parma, Italy (e-mail:
nicola.delmonte@unipr.it; nicola.delmonte@gmail.com).AQ2

G. Buticchi is with the Lehrstuhl für Leistungselektronik, University of Kiel,
24118 Kiel, Germany.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2015.2490629

any weather, the real condition trials are essential in evaluating 41

the feasibility of wave energy converters (WECs) and their en- 42

durance in a hostile environment such as the sea [8]. Therefore, 43

although many studies were carried out until now, research in 44

this area is still a challenge [9], [10]. During the last 40 years, 45

inventors and scientists have presented many ideas based on 46

different mechanisms to convert wave energy into electricity. 47

The scheme shown in Fig. 1 sums up the power take-off (PTO) 48

mechanisms of WECs that can be found in literature. The 49

energy conversion chain requires many blocks that belong to 50

different areas of expertise, from mechanical and aeronautical 51

engineering to electric and electronic, even in the simplest 52

case of a direct drive, i.e., a WEC with linear generator PTO 53

(for instance, see the authors’ affiliations in [11]). 54

The gray-filled blocks fall in the electric engineers’ expertise 55

area. Technological problems, uncertainty of results, and high 56

costs of installation and maintenance for the power plants 57

are the main barriers to the deployment of these systems. In 58

addition, there is a lack of convergence on the best method of 59

extracting energy from the waves; thus, techniques and/or tech- 60

nologies implemented to optimize the powertrain are extremely 61

diversified. 62

This paper is focused on oscillating water column (OWC) 63

systems because it seems to be one of the most promising 64

technologies among WECs to build power plants of different 65

sizes and power ratings, with acceptable performance and low 66

environmental impact [12]–[16]. Moreover, OWC systems ex- 67

hibit a potential benefit in terms of reliability due to the moving 68

mechanical parts that are not submerged into the seawater [17]. 69

Although OWCs have been under development since the end 70

of the 19th century, to build whistling buoys for navigation 71

aid (Fig. 2), the idea to use this technique in order to pro- 72

duce electricity has been applied starting from 1947 to supply 73

onboard autonomous lights of navigation buoys [19]. Tests 74

to produce electricity with more powerful generators, which 75

can be conveniently connected to the grid, have been started 76

in 1970s, but the high costs of production and maintenance, 77

together with lifetime problems, have limited their diffusion. 78

Unlike other reviews, mainly focused on particular aspects, 79

as [20], where strategies for electrical control of WECs as well 80

as energy storage techniques are the presented topics, or the 81

more cited [17], [19], [21], without discussions about power 82

electronics and/or controls, this paper deals with all of the 83

components of an OWC. 84

This paper is organized as follows. Section II describes the 85

operating principle of OWCs and some design aspects and pro- 86

vides an overview of primary PTO technologies. Sections III–V 87

are dedicated to a survey of turbines, electrical generators, and 88

power electronics, respectively. Sections VI shows some issues 89

0093-9994 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



IE
EE

Pr
oo

f

2 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

Fig. 1. Wave-to-wire power conversion alternatives.

Fig. 2. Whistling buoy by OWC, patented by Courtenay in 1876 [18].

of the control system used to improve as much as possible the90

efficiency of OWCs. In Section VII, a brief discussion is drawn.91

Finally, Section VIII presents the conclusion.92

II. WAVE ENERGY AND OWC SYSTEM OVERVIEW93

The sea waves are mainly shaped by the wind (produced by94

the sun energy) blowing over the water surface. Only a little95

amount of the total solar irradiance on the surface of the Earth96

is transmitted to the seas to produce waves [8]. In oceanic areas,97

wind energy is transferred to waves and locally concentrated at98

Fig. 3. Schematic vertical cross section of a single-chamber OWC.

power levels up to more than 60 kW/m of wave crest length, 99

where relative high wave energy occurs [22]. There is no perfect 100

regularity in sea waves. Their amplitude, energy, and direction 101

vary randomly through the year, the seasons, or the day. While 102

in some conditions they can change slowly from an absolute 103

calm to 1 MW/km, in other places, they can reach 10 MW/km in 104

a short time period (minutes). Variations shorter than a minute 105

are also possible. In addition to this, the wave shapes are heavily 106

affected by the characteristics of the coastlines [22]. 107

Generally, WECs are categorized by location (shoreline, 108

nearshore, and offshore) and type. Although the large variation 109

in designs and concepts, depending on their shape, size, and 110

direction of elongation with respect to the wave propagation 111

direction, WECs can be classified into three main types: atten- 112

uators, point absorbers, and terminators. 113

Offshore WECs have more power at the input, but they must 114

withstand more severe weather conditions, and both connection 115

to the grid and maintenance are more expensive. An OWC is 116

a partially submerged chamber where alternate pneumatic air 117

compression and decompression take place in response to the 118

incident wave. By means of pipes (and valves in some systems), 119

the air can flow into a ducted wind turbine to drive an electric 120

generator (Fig. 3). Then, the main parts of an OWC plant are 121

one or more oscillating chambers with valves and ducts, air 122

turbines, electric generators, and electronic power converters. 123

Starting from this concept, many ideas have been developed. 124



IE
EE

Pr
oo

f

DELMONTE et al.: REVIEW OF OSCILLATING WATER COLUMN CONVERTERS 3

Fig. 4. Schematic of the hydropneumatic part of a single-chamber OWC.
The dashed lines are depicted to represent the optional components.

OWCs can be installed either onshore, embedded in a cliff or125

a harbor wall, or in close proximity to the shore, standing on the126

seabed, or offshore in deep waters. They can be point absorbers127

as the Spar-buoy OWC [23], terminators as the LIMPET [24],128

and attenuators as the iVEC Floating Power Plant [15].129

Starting from standard symbolism, the schematic of the130

hydropneumatic part of a single-chamber OWC can be drawn131

as in Fig. 4. Beyond the oscillating chamber, which acts as a132

piston pump, and the self-rectifying air turbine, a controlled133

valve to regulate the airflow can be mounted in the duct between134

the chamber and the turbine. To avoid the freewheeling of the135

turbogenerator when the electrical load is disconnected (e.g.,136

during extreme sea conditions), one or more bypass valves can137

be added at the top of the oscillating chamber or just before the138

inlet duct of the turbine.139

A. Design Aspects140

The OWC concept differs from other WECs for a number141

of technological features. The most relevant of these features142

is associated with the oscillating chamber, which works as a143

pneumatic converter to obtain high-speed airflow through the144

air turbine by the slow internal free surface water motion. Initial145

design featured a vertical uniform column; then, to improve the146

capture efficiency (i.e., the ratio of the pneumatic energy to the147

hydrodynamic wave input energy [25]), many solutions were148

tested to reduce the entrance turbulence and internal sloshing149

and to increase the water plane area for a given chamber cross-150

sectional area. Some examples of solutions are the inclined151

chamber in LIMPET [24], the parabolic-shaped collector of152

the Oceanlinx Mark 1 [26], and the backward bent duct of the153

backward bent duct buoy (BBDB) [27]. The increase of the154

water plane area allows the coupling of the primary water col-155

umn resonance to the major period of the incoming wave [28],156

which has a random envelop. Most OWCs operate optimally157

at resonance, and a key point to obtain higher efficiencies is158

the chamber design. Typically, the chamber sizes and shapes159

are chosen to produce a column whose natural frequency of160

oscillation coincides with that of the most occurring wave161

at the location where the OWC will be installed [29]. The162

variability of sea state conditions can affect the OWC feasibility163

because the size and shape of the structure cannot be modified.164

Phase-locking mechanisms were developed to improve the165

Fig. 5. OWCs’ characteristics used in [33].

performance when the devices are out of resonance [30], [31]. 166

Dynamic tuning devices have been developed to maintain a 167

resonant condition despite the variations in the wave spectra 168

to the most occurring waves [32], but in this case, the OWC 169

is used for a kinetic–kinetic conversion, instead of converting 170

kinetic energy into electricity. 171

Another key point of the OWC design is the coupling be- 172

tween the chamber and the turbogenerator. The overall plant 173

efficiency is the product of the efficiencies of each stage in the 174

conversion chain of Fig. 1. As the turbine serves as a damping 175

for the chamber, the overall plant efficiency is affected by the 176

turbine and its state of rotation, which, in turn, depends on 177

the electrical generator and its working state. As an example, 178

in [33], the graph of Fig. 5 can be found, which reports the 179

result of the tests done on a prototype based on the Indian Wave 180

Energy plant with regular waves, for various values of damping. 181

The graph shows the dependence of the capture efficiency on 182

the turbine damping and the incident wave. 183

The operating state of the electrical generator can be influ- 184

enced by a control applied to the power electronics used as 185

interface to the grid, and this has been addressed by a number 186

of works in the literature [20]. 187

B. Power Plants 188

The literature review has been organized into two categories: 189
190

1) the more mature onshore and nearshore OWCs; 191

2) the floating OWCs, which are designed to operate at a 192

wide variety of nearshore and offshore sites where higher 193

wave energy is available. 194

As can be seen in the following, the second-generation 195

systems are at the early R&D stage. The development of 196

floating OWCs allows designing large-scale offshore devices, 197

both in terms of physical size and power rating, which can be 198

considered as the third-generation systems. 199
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Fig. 6. Shoreline OWCs. (a) Pico OWC Plant [34]. (b) Demonstration plant at
Toftestallen (photograph courtesy of Johannes Falnes).

1) Shoreline Power Plants: The most famous developed200

systems are based on a concrete caisson built on the coast, with201

the bottom side open to the sea in order to create an air chamber.202

In these OWCs, the air can be channeled through a bidirectional203

turbine. Depending on the size and the volume of the waves,204

such shoreline power plants may have power ratings from a few205

hundred kilowatts up to a few megawatts. Good examples of206

this technology are the following.207208

1) The Pico OWC [Fig. 6(a)], built as a pilot plant, to209

demonstrate the technical feasibility of wave energy. The210

project started in 1992, and its construction was ended211

in 1999. Nevertheless, several technical problems caused212

the interruption of the project until 2005, when the first213

test ran. Significant improvements have been obtained214

only after 2009. The main problem comes from the215

vibrations generated by the turbogenerator.216

2) The LIMPET, the first commercial-scale grid-connected217

wave energy plant. It was commissioned in November218

2000, off the Scottish Isle of Islay, and it is still operating219

today. Originally, LIMPET was equipped with a 500-kW220

Wells turbine, which was later downgraded to 250 kW.221

Before Pico and LIMPET onshore OWCs, in 1985, a 500-kW222

demonstration plant was built at Toftestallen, Norway [Fig.6(b)].223

This plant operated for around three years before being partly224

destroyed by a severe winter storm, and it was subsequently225

decommissioned.226

Fig. 7. Breakwaters with OWC. (a) Wavegen’s Mutriku breakwater [4].
(b) REWEC prototype (photograph courtesy of wavenergy.it).

2) Breakwater Power Plants: In this kind of systems, the 227

power plant is integrated into a newly build coastal structure, 228

such as a harbor breakwater or a coastal protection. The main 229

advantage of this approach is the significant reduction of the 230

power plant cost. 231

The world’s first built breakwater wave power plant was 232

commissioned in 2011 on the Spanish Atlantic coast at Mutriku 233

[Fig. 7(a)]. It consists of 16 single-chamber OWCs, each one 234

with a Wells turbine, and the total nominal output power is 235

around 300 kW (the power rate could be much higher in loca- 236

tions where waves are more powerful) [35]. It was built into the 237

breakwater around a harbor, which was rebuilt by the local mu- 238

nicipality. This enabled the use of existing infrastructure (mains 239

connection, access roads, etc.), resulting in a cost savings. The 240

Mutriku power plant has been operated successfully since its 241

opening and is currently the only commercially operated power 242

station by OWC in the world. 243

Another interesting breakwater OWC, named REWEC3 244

[Fig. 7(b)], is under development in Italy. The OWC structure 245

has been integrated in new docks. It employs an additional 246

vertical duct (U-OWC) that achieves an eigenperiod greater 247

than that of a conventional OWC [36], [37]. 248

3) Floating OWCs: Other examples of OWC devices include 249

the Australian Oceanlinx (Fig. 8), the Irish floating OE buoy, 250

the Japanese Mighty Whale, the Osprey, and the Portuguese 251

Spar Buoy. These devices are not located on the shoreline but 252

just in shallow water (less than 20 m deep), so they are classified 253

as nearshore point absorber plants. These have the advantage of 254

larger waves, but they are in a more challenging environment. 255
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Fig. 8. Floating OWC: Oceanlinx MK1 full-scale prototype [34].

Fig. 9. Scaled prototype of a three-chamber segmented OWC for wave flume
tests [40].

As an example, the first Osprey prototype, made of steel, was256

destroyed during a storm in 1995.257

Except for Oceanlinx, which was successfully tested and258

which is now getting precommercial products, all of the other259

projects have been dismissed or suspended after a period of260

testing in the sea.261

4) Multichamber OWCs: The last kind of technology con-262

sidered here is that of OWCs based on the array of chambers.263

Under this category, three types of plants can be distinguished.264265

1) OWC array, many chambers, everyone with its own266

turbine generator, mounted in a single frame, as in the267

Orecon MRC, or the Oceanlinx MK3.268

2) Segmented OWC, some chambers, each one with its own269

turbine, mounted in a single frame connected to a single270

electric generator [38], [39]. Fig. 9 shows a photograph271

of a scaled prototype of this kind of WEC.272

3) Modular OWC, many chambers cooperate to produce273

a unidirectional airflow. Although ad hoc valves are274

required, this solution allows the use of conventional275

turbines instead of the self-rectifying ones adopted for the276

other OWC plants.277

The first ideas of multichamber OWCs have been exper-278

imented from the late 1980s. Some examples are the fol-279

lowing: 1) the Japanese breakwater at Sakata Port based on280

four caissons that produce airflows feeding two Wells turbines281

connected to the same electric generator [41]; 2) the 30-kW282

multi-OWC built in 1987 in the Kujukuri (Japan) harbor [42],283

which uses pressure storage vessels to supply conventional284

Fig. 10. Leancon’s scale 1:10 offshore test (photograph courtesy of Kurt Due
Rasmussen).

turbines without reversing the airflow; and 3) the Twin-OWC 285

composed of two adjacent chambers producing unidirectional 286

airflows through the same conventional air turbine [43]. 287

An Italian OWC described by Martinelli et al. [13], the 288

ShoreSWEC (South Africa) [44], [45], the Leancon, and the 289

iVEC Floating Wave Power (FWP) plant (Australia) [46] can 290

be cited as newer multi-OWCs. 291

The OWC in [13] and the FWP are based on a modular and 292

scalable design, promoted to be assembled with a total power 293

rate ranging from a few kilowatts to greater than 50 MW. The 294

OWC in [13] and the ShoreSWEC performances have been 295

simulated and/or tested only in wave flumes or tanks, while 296

the FWP has been experimented also in a real environment 297

in 2009. In spite of the initial encouraging results, no new 298

developments in the FWP project are reported in literature. In 299

addition, the Leancon’s WEC [47] was tested in wave flume 300

and tank. Leancon completed offshore tests using a 1 : 40 scaled 301

prototype. In July 2015, Leancon had also launched offshore 302

tests with a 1 : 10 scaled prototype (Fig. 10). 303

The multichamber OWCs mentioned in this paper can be 304

considered as the second generation of this kind of WEC. 305

Even if today it is not possible to foresee their commercially 306

operating phase, they are hypothetically more promising than 307

the previous chamber OWCs. The PTO schematics inferred by 308

literature are drawn in Fig. 11. They can be useful is comparing 309

the different solutions. 310

The segmented multi-OWC does not require nonreturn 311

valves, and then, possible less head losses, together with the 312

simpler structure, can be the advantages, with respect to the 313

other solutions. A disadvantage arises from the use of self- 314

rectifying turbines that usually are less efficient than the stan- 315

dard ones working with unidirectional airflows. 316

In order to compare the other three solutions, let us assume 317

that the chamber arrays are equal, as well as the ducts, the 318

valves, and the efficiencies of the turbines. 319

As it can be noted by the patent [45], in the ShoreSWEC, the 320

pneumatic circuit is closed, and then, the mass balance requires 321

that the total airflow of the chambers where the water column is 322

moving up has to be equal to the total one of the chambers where 323

the column is moving down. Thus, compared to the multi-OWC 324

in [44] and the FWP, where the mass balance takes into account 325

airflows getting to and from the atmosphere, there are matching 326

losses between the high-pressure and low-pressure duct flows. 327
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Fig. 11. Pneumatic circuits of multi-OWCs. (a) Segmented. (b) ShoreSWEC.
(c) Multi-OWC in [13]. (d) FWP.

In comparison with the FWP, the multi-OWC in [13] has328

two valves more and then has more pressure drops. However,329

the absence of these balancing valves in the FWP is paid by330

doubling the turbogenerator. The design of both has to consider331

not only the chamber design to get resonance but also the332

overall length of the array, which have to match an integer333

number of wavelength of the most energetic incident waves.334

The ShoreSWEC is an array of chambers mounted on the335

seabed to form a pair of submerged collectors coupled in a336

“V”-formation to a conventional unidirectional air turbine337

generator mounted above the water level, in a tower at the338

apex of the V. The oblique angle orientation to the incident 339

waves enables its capture chambers to be activated sequentially, 340

providing, by means of the collectors, smooth unidirectional 341

airflow to the turbine [14]. 342

The KNSWING is a multichamber attenuator OWC, whose 343

first concept validation tests have been recently presented in 344

[48] and [49]; it can be considered as a device of the third gener- 345

ation because it is suitable for large-scale offshore systems. The 346

target installation site of the KNSWING is the Danish North 347

Sea. The full-scale chamber measures are set to give a resonant 348

period of 5.9 s. The total device length is 150 m. The PTO 349

efficiency and rated power estimated for the chosen installation 350

site are 65% and 2.9 MW, respectively. 351

III. TURBINES 352

Single-chamber OWC plants should be equipped with the 353

so-called self-rectifying turbines, which are able to keep the 354

same rotation direction despite the alternating airflows. Among 355

these turbines, the Wells is the most common, but many other 356

different designs have been developed over the last 30 years to 357

overcome some of its drawbacks when compared to conven- 358

tional turbines, such as lower efficiency, poorer starting, stall, 359

and higher noise level [50]. Some of the main proposed exam- 360

ples of suitable turbines for OWC devices are listed in Table I. 361

Also, some open-field vertical axis wind turbines, such as the 362

Savonius or the cross-flow turbine, which do not need reorien- 363

tation when the flow comes from multiple directions, can be 364

suitable for OWC systems and have been used for test purposes 365

[38]. The hydrodynamic behavior of self-rectifying turbines has 366

been already investigated in depth, and several reports compare 367

their overall performances in steady-state and irregular wave 368

conditions [51]. An extensive and detailed description of these 369

turbines is beyond the objectives of this review. 370

Despite the large number of research projects addressing 371

turbine design for use in OWC systems, the reported total wave- 372

to-wire efficiencies are often low, compromising the economic 373

feasibility of these energy plants. Thus, in literature, there are a 374

lot of works on turbines to improve the efficiency with respect 375

to Wells turbines, typically used for OWCs. Impulse turbines, 376

however, are becoming more widespread and are designed to 377

accommodate sudden spikes in pneumatic power at the input. 378

The efficiency of impulse turbines can reach 75% [52]. 379

Multichamber OWC, in which more caissons cooperate to 380

generate a unidirectional airflow, should theoretically over- 381

come this limit allowing the use of conventional air turbine, 382

featuring a higher efficiency [53]. However, the devices that 383

have been developed so far are at the prototype stage, and 384

the actual improvement of the overall system efficiency with 385

suitable turbines has not been demonstrated yet. Even though 386

in multi-OWCs the airflow is unidirectional, its magnitudes 387

can show a pulsed or fluctuating behavior. For this reason, the 388

efficiency of conventional air turbines, such as the bulb axial 389

or the Francis, is usually lower than the ones with steady flows 390

[53]. Furthermore, the development of this ducted air turbines 391

has been almost abandoned since the 1980s, while the evolution 392

and the optimization of the self-rectifying ones are still in 393

progress. Then, today, with fluctuating unidirectional flows, 394
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TABLE I
TURBINES FOR OWCS

it is not obvious to assume that the conventional turbine might395

be the best choice.396

IV. GENERATORS397

The task of an OWC is to produce airflow to be converted398

into electricity, as for wind generators. Therefore, the solutions399

adopted for open-field applications can be successfully applied400

to the OWCs as well, but it must be considered that the turbine401

and the converter will face quite harsh environmental condi-402

tions, mainly due to the presence of the saline water, vibrations,403

and, in floating devices, large mechanical stresses due to heavy404

motions during severe sea states. For this reason, although it is405

possible to adopt gearboxes, it is preferable to use direct-drive406

generators that imply the use of multipole machines.407

Until the recent past, the attention of the OWC developers408

was mainly focused on the primary PTO mechanisms because,409

first, it is necessary to validate the concept of wave energy410

to pneumatic energy conversion and then to verify sea411

performance and reliability. Once the primary PTO technology412

has matured, from the point of view of system optimization,413

it is essential to begin a detailed development of the electrical414

PTO [54].415

Compared to that of WECs, the technological evolution of416

turbogenerators for open-field wind energy converters is at a417

stage of relative maturity. Offshore wind farms, for example,418

operate at similar environmental conditions to those of fixed419

OWCs. The experience made for wind systems can be borrowed420

without excessive efforts in WECs. Unfortunately, for floating421

systems, the mechanical constraints are more stringent, and the422

choice of the possible generator is limited [55].423

As reported in [54], there is a convergence to one or two424

electrical machine technologies in wind energy systems. This is425

due to technical and economical consideration. O’Sullivan and426

Lewis tried to seek whether a similar rationale can be identified427

in the case of floating WECs.428

Since the beginning of the OWCs for electricity production429

experimentation, both brushed and brushless induction ma-430

chines [56]–[60], as well as permanent magnet machines [61],431

have been used for such devices.432

Since the airflow produced by the primary PTO shows large433

variations over time intervals of a few seconds or less, a434

Fig. 12. Topology of the electrical PTO used in the Vizhinjam OWC plant [57].

Fig. 13. Variable-speed topology with DFIG.

high-dynamic speed control is necessary in order to optimize 435

the power harvesting. A variable-speed generator-converter is 436

required. 437

Over time, technological change is evident considering the 438

first used topologies, as the one in Fig. 12 and the latest with 439

doubly fed induction generators (DFIGs) [12] and PMSG [62] 440

with a back-to-back converter. 441

The DFIG is an induction machine with the stator directly 442

connected to the mains. The rotor terminals are available owing 443

to a slip-ring connection. In this way, as the rotor currents can 444

be controlled, it is possible to vary the speed of the rotating 445

magnetic field, thus controlling the generator’s speed. 446

The main advantage of this application (Fig. 13) is the high 447

controllability of the generator with respect to the squirrel- 448

cage generator directly connected to the grid. Moreover, the 449

converter that feeds the rotor does not need to be sized for the 450

rated power of the generator, limiting the cost of the converter, 451

especially for high-power applications. Typically, the converter 452

size is 30% of the stator rated power. A DIFIG allows variable AQ3453

speed and active/reactive controls within certain limits [63]. 454

Considering the OWC applications, the main drawback of the 455

DFIG is that the rotor terminals are available through brushes 456

or slip rings that degrade over time. Although brushless DFIGs 457
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Fig. 14. Full converter topology.

Fig. 15. Electrical energy flows in a WEC with energy storage.

are available, the control issue and the optimization of this458

kind of machine [64] have prevented its widespread application.459

Especially for offshore systems, the presence of the brushes460

and of the gearbox represents a reliability issue, and for this461

reason, the choice of a different generator/converter system may462

be preferable.463

In the full-size converter topology (Fig. 14), the back-to-back464

converter has to be designed by considering the overall power465

of the generator. Despite the fact that this solution is commonly466

adopted for the permanent magnet generator (PMSG), it is467

possible to use a wound rotor synchronous generator and also a468

squirrel-cage induction generator.469

The PMSG is one of the most adopted solutions for low-470

power systems due to its higher efficiency with respect to the471

induction generator [65]. In order to smooth the output power472

and improve the injection into the grid, an energy storage473

element could be added to this topology (Fig. 15). Viable tech-474

nologies for this purpose are batteries, flywheels, capacitors,475

and superconducting magnetic energy storage [66].476

For instance, in [67], supercapacitors (SCs) have been con-477

sidered for an energy storage system exploiting the turbine478

inertia in a variable-speed control (variable power at the output479

of the generator). Reliability issues suggest the use of SCs in480

a floating OWC, as the BBDB developed by the OceanEnergy481

(oceanenergy.ie). Fig. 16 shows the scheme of the topology for482

the BBDB proposed in [68] to improve power quality.483

V. POWER ELECTRONICS484

Regardless the OWC topology, the power electronics has to485

extract the energy from the turbogenerator and transfer it to486

the electric grid. Even if it is possible to employ an asynchro-487

nous generator directly connected to the grid without a power488

electronics front-end (fixed speed generator), this choice would489

lead to unacceptable performance of the OWC, and thus, the490

generator has to operate at variable speed.491

Fig. 16. Electrical PTO proposed in [68] for the BBDB OWC.

Fig. 17. AC/AC converter topologies. (a) Diode bridge rectifier followed by
dc/ac converter. (b) Back-to-back. (c) Matrix converter.

The ac/ac conversion has been widely studied, once again be- 492

fore for wind energy power plants, and the most common solu- 493

tions are the ac/dc converter [diode bridge rectifier Fig. 17(a) or 494

active rectifier Fig. 17(b)], followed the by dc/ac converter and 495

the matrix converter [Fig. 17(c)]. 496

The diode bridge rectifier allows the decoupling of the 497

two conversion stages, and standard topologies for the dc/dc 498

converters can be employed to regulate the amplitude of the 499

dc-link voltage. The main drawback of this solution is that 500

the generators’ currents are not directly controlled, depending 501

on the machines’ parameters; thus, the phase displacement 502

between the currents and electromotive forces can decrease the 503

overall system efficiency. 504

The active rectifier is a current-controlled voltage source 505

converter that usually implements a field-oriented control of the 506

machine, like an industrial drive. As in the previous solution, 507
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Fig. 18. Schematic of the electrical PTO of the PICO OWC. A filter reactor
smooths the dc bus current supplied to the CSI and limits the CSI switching
frequency currents that the rotor windings absorb. The ac capacitors are needed
for the CSI commutation. Together with three inductors, they form a low-pass
filter for the CSI output current [71].

the two conversion stages are decoupled, and well-known con-508

trol strategies may be employed. Moreover, with the decreasing509

price of semiconductor devices and digital signal processors,510

recently, multilevel converters have become a feasible solution.511

The matrix converter topology realizes a direct ac/ac con-512

version and does not feature a dc-link. The matrix converter513

control has been a topic of research in recent years. The more514

complex control system with respect to the topologies that515

imply an intermediate dc conversion and the absence of voltage516

boosting have limited its application, but in some cases (e.g.,517

WEC), the absence of a dc-link made by electrolytic capacitors518

can represent an unmistakable advantage in terms of lifetime.519

On the contrary, the system cannot be used to supply reactive520

power, as requested for grid-connected converters by modern521

standards, when power is not extracted from the OWC. In522

addition, multilevel and fault-tolerant matrix converter drives523

have been investigated [69], [70].524

As for the generators, a change of the state of the art over the525

last 20 years can be observed, as the technological evolution of526

power electronics and microprocessors enables us to perform527

increasingly complex functions.528

The use of the bridge rectifier at the generator side is the sim-529

pler solution, which has been used between 1990s and 2000s530

[57], [59], [71]. As an example, in 1997, the use of a variable-531

speed electrical generator was one of the most important and532

innovative features of the PICO OWC plant. The major task of533

the project was the development of the nonconventional (at that534

time) power electronics and control equipment. The power elec-535

tronic converter adopted for this system was a current source536

inverter (CSI), which has a variable dc voltage at its input and537

the grid voltage and frequency at its output. Fig. 18 shows the538

schematic of the power electronics made for the PICO OWC.539

In the last five years, the back-to-back with synchronous540

rectifier has been increasingly adopted because it allows a more541

flexible control. As an example, for the Wavegen’s Mutriku break-542

water OWC, the electrical PTO shown in Fig. 19 has been used.543

VI. CONTROL LAWS544

The performance of the OWCs lies in the combined effi-545

ciency of the different stages of conversion in Fig. 1: 1) wave to546

pneumatic (capture chambers, valves, and ducts); 2) pneumatic547

Fig. 19. Schematic of the electrical PTO of the Wavegen’s Mutriku breakwater
OWC [12].

to mechanical (turbine); 3) mechanical to electrical (generator); 548

and 4) electrical to electrical (power electronics). Device limi- 549

tations, such as a mismatch between wave frequencies and the 550

resonance frequency, or airflow oscillations onto the turbine 551

and challenges of the natural environment, such as variations 552

in wave conditions, can affect significantly the efficiency of the 553

overall system. Thus, in real operation, the overall efficiency 554

has not been able to reach the theoretical values anticipated 555

by designers. In order to solve some problems affecting the 556

efficiency of the OWC, a control system has been introduced, 557

applying different strategies and algorithms, with the aim of 558

maximizing the instantaneous power output of the WEC [20]. 559

Newer control systems of OWCs are composed of two sub- 560

systems, a wave converter control and an electrical converter 561

control. The first one controls the rotational speed of the turbine 562

and the airflow [72], and the second one controls the electrical 563

variables as active and reactive powers, or the voltage of the 564

back-to-back dc bus, to interface the generator to the grid. 565

A scheme of a system with control on primary and electrical 566

PTOs can be found in [73] (Fig. 20), which presents the control 567

applied to the Wavegen’s Mutriku breakwater OWC. 568

Generally, a power electronics unit controls the turbogener- 569

ator of a WEC (e.g., the rotor-side converter RSC in Fig. 20), 570

while, as grid interface, another power electronics unit (e.g., the 571

grid-side converter GSC in Fig. 20) can be used. The choice of 572

these units in terms of topology and rating is strongly dependent 573

on the control laws to be applied [74]. The control strategies can 574

increase the complexity of both the mechanical and electrical 575

parts of an OWC. Consequently, the application of a strategy 576

will not affect only the efficiency of the energy conversion 577

but also other requirements such as robustness, survivability, 578

maintenance, and, ultimately, cost of electricity produced by 579

sea waves. 580

In the OWCs, the control has to meet a number of require- 581

ments, such as rotational speed allowable range, electric power 582

quality, and acceptable fluctuations in the power supplied to the 583

grid. Conversely, the turbine’s rotational speed should match 584

the sea conditions as much as possible to achieve an efficient sea 585

wave conversion. Then, the approaches to maximize the power 586

extraction from the waves and satisfy the grid connection rules 587



IE
EE

Pr
oo

f

10 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

Fig. 20. System scheme of the Wavegen’s Mutriku breakwater OWC [73].

Fig. 21. Scheme of the control applied to DFIG proposed in [75].

can be different. Theoretically, as mentioned in Section IV,588

control strategies of wind power plants may be eligible also for589

OWC systems; however, not all of the state of art in this field has590

been applied to this technology yet. For instance, the predictive591

power control has been considered for an OWC application only592

recently [75]. The scheme of the proposed control is shown593

in Fig. 21.594

Referring to the wind power system, classical techniques595

include power, speed, or torque control.596

Depending on the inertia of the turbine, fixed or variable597

speed implementing a maximum power point tracking (MPPT)598

can be the most advantageous strategy. The MPPT for open-599

field wind systems has been the topic of several studies, and600

it can be pursued with different algorithms and techniques,601

such as perturbation and observation (P&O), or laws obtained602

by known mechanical performances of the turbine or neural603

network [76]. The scheme of the neural rotational speed control604

proposed in [76] is shown in Fig. 19, presented in Section V.605

One of the most adopted solutions aims to track the maxi-606

mum power locus depending on the rotational speed with a pre-607

programmed characteristic obtained from the turbine’s model,608

like the torque reference-based MPPT method in [77]. The609

measurement or the evaluation of the air speed is mandatory610

for these methods. In literature, some works were successful611

in estimating the wind speed with a model of the turbine612

Fig. 22. Self-rectifying turbine efficiency [51].

employing neural network [78] or the support-vector-regression 613

theory [79]. 614

In [80], an adaptive algorithm (P&O algorithm widely em- 615

ployed for photovoltaic converters) adjusts the duty cycle of a 616

dc/dc converter to go toward the increasing power. The same 617

approach was followed in [81]. In order to improve the tracking 618

performance of the P&O method, a study of the power coeffi- 619

cient against a new MPPT indicator was performed in [82]. 620

As explained before, in the case of monochamber OWC, the 621

bidirectional wind flow implied the choice of a specific turbine 622

technology, i.e., the Wells turbine. The Wells turbine is the most 623

widespread solution for OWCs. However, it presents the serious 624

issue of the stall phenomenon, which happens when the ratio 625

between the wind velocity and the blade tip speed exceeds a 626

specific threshold, and then, it is necessary to design the control 627

to avoid it [83]. In order to prevent this condition, it must be 628

ensured that the airflow coefficient is between specified limits, 629

as shown in Fig. 22 (where the airflow coefficient φ is defined 630

by the ratio between axial flow velocity VX and circumferential 631

velocity UR), and then, several works in literature are focused 632

on this topic. 633

For example, in [84], a throttle valve mounted in series 634

with the turbine, in the duct connecting the chamber to the 635

atmosphere, is used to control the flow through the turbine, 636

in order to prevent or reduce the stalling losses and then to 637

increase the amount of energy produced by the plant. 638

In [62], two approaches were pursued, comparing the po- 639

tential benefits for low- or high-inertia turbine. In particular, if 640

the pressure measurement inside the chamber is available, the 641

optimum generator speed can be computed to keep the Wells 642

turbine in the maximum efficiency region. This solution implies 643

the presence of torque and speed loops for the generator, so 644

there may be issues in the case of small inertia values. Without 645

the pressure measurement, the locus of the points of maximum 646

efficiency in the torque versus generator’s speed curve can be 647

computed offline. A lookup table linking the reference torque to 648

the actual generator speed is used in order to make the system 649

able to follow the maximum power point. 650
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For multichamber OWC systems, the control issues are simi-651

lar to the ones of the open-field wind energy conversion systems652

if the same unidirectional flow turbines are used [85]. Since653

these kinds of power plants are at early development stages,654

this research area is still to be explored.655

Good summaries of the control strategies to control the rota-656

tional speed of the turbines and the airflow of single-chamber657

OWCs can be found in [20].658

VII. DISCUSSION659

It may be noted that it is difficult to compare the performance660

achieved by the various experiments or operating plants be-661

cause of different solutions and different boundary conditions.662

What is clear is that theoretical performances, in practice, are663

difficult to reach, although in recent years, the implementation664

of new and more complex control techniques is helping in665

reducing this difference. The development of simulation tools666

available to designers leads in the same direction. As a matter of667

fact, the ability to simulate increasingly accurate models allows668

faster improvements of all of the OWC’s components.669

The literature reading made for this work has also shown670

that, even if the number of published works is great, one can671

find more or less detailed information only about few relatively672

mature technologies (e.g., PICO, LIMPET, and Wavegen’s673

Mutriku). Typically, private companies or inventors do not674

publish the results obtained by developments because they care675

to protect their patents or because results, probably considered676

not exiting, may misrepresent their products or ideas.677

To achieve success in WEC’s R&D project, it is essential to678

consider that a long-term development plan is needed, as well679

as the quite large team of experts and facilities. Consequently,680

great investments are unavoidable. The actions taken by gov-681

ernments to finance the R&D projects cannot be enough to682

remove the obstacles to the diffusion of the WECs. The ocean683

energy sector is creating a new industry, but there are not yet684

commercially available machines, although many projects are685

at an advanced stage of development. The risks for this develop-686

ment are large, and then, coordinated efforts and collaboration687

between nations to avoid repetitions and accelerate the progress688

are required. A good example of this kind of cooperation is689

the MArine Renewables Infrastructure Network for emerging690

Energy Technologies (MARINET), made by 29 European part-691

ners, including universities and national government research692

centers, industry research centers, government agencies, and693

industries. Among the objectives of MARINET, there is the dis-694

semination of good practices, collected by highly experienced695

research groups for WEC development and the networking of a696

number of world-class research facilities, which can support the697

R&D of the ocean energy industry at all stages of development.698

In addition, the dissemination of information related to the699

experimental results can contribute to obtaining a higher suc-700

cess rate of the solutions under development.701

VIII. CONCLUSION702

Some developed OWCs have been presented considering five703

issues: structures to convert sea waves to airflows, turbines,704

electric generators, power electronics, and electronic controls.705

By the literature, it can be inferred that, despite decades of 706

studies and tests to ensure features such as reliability, durability, 707

and cost-effectiveness of these technologies, further research 708

and development are required. Because of the hostile environ- 709

ment in which they must operate, the development of these 710

systems, beyond large and advanced facilities, requires long- 711

term projects, relying on teams composed of many people with 712

different skills. In most cases, the need for large-size R&D bud- 713

gets, rather than high costs of construction and maintenance, led 714

to the project decommissioning. To date, the single-chamber 715

OWCs are those in more advanced state of R&D, with the 716

development of different structures with high survival, types 717

of ducted self-rectifying turbines, and customized electronic 718

controls. While the development of these three issues is typical 719

of WECs, the power electronic topologies are borrowed from 720

the solutions adopted for open-field wind energy converters. 721

REFERENCES 722

[1] Marine and Hydrokinetic Energy Projects, U.S. Dept. of Energy, 723
Washington, DC, USA, DOE/EE-0710, Apr. 2015. 724

[2] Water Power for a Clean Energy Future, U.S. Dept. of Energy, 725
Washington, DC, USA, GPO DOE/EE-1058, Mar. 2014. 726

[3] A. H. Clément et al., “Wave energy in Europe—Current status and per- 727
spectives,” Renew. Sustainable Energy Rev., vol. 6, no. 5, pp. 405–431, 728
Oct. 2002. 729

[4] J. Fernandez and H. C. Sørensen, “State of the art of wave energy in 730
Spain,” in Proc. IEEE EPEC, Montreal, QC, Canada, Oct. 2009, pp. 1–6. 731

[5] Global Ocean Energy Markets and Strategies: 2010–2030, IHS Emerging 732
Energy Research, Cambridge, MA, USA, Oct. 2010. 733

[6] Implementing Agreement on Ocean Energy Systems: Annual Report 734
2014, Executive Committee of the OES-IA, Lisbon, Portugal, 2014. 735

[7] J. G. Vining and A. Muetze, “Economic factors and incentives for 736
ocean wave energy conversion,” IEEE Trans. Ind. Appl., vol. 45, no. 2, 737
pp. 547–554, Mar./Apr. 2009. 738

[8] G. Buigues, I. Zamora, A. J. Mazón, V. Valverde, and F. J. Pérez, “Sea 739
energy conversion: Problems and possibilities,” in Proc. Int. Conf. REPQ, 740
2006, vol. 4, pp. 1–8. 741

[9] H. Titah-Benbouzid and M. Benbouzid, “Ocean wave energy extraction: 742
Up-to-date technologies review and evaluation,” in Proc. IEEE PEAC, 743
Shanghai, China, Nov. 2014, pp. 338–342. 744

[10] G. Beaudoin et al., “Technological challenges to commercial-scale appli- 745
cation of marine renewables,” Oceanography, vol. 23, no. 2, pp. 32–41, 746
2010. 747

[11] D. Elwood et al., “Design, construction, and ocean testing of a taut- 748
moored dual-body wave energy converter with a linear generator power 749
take-off,” Renew. Energy, vol. 35, no. 2, pp. 348–354, Feb. 2010. 750

[12] A. J. Garrido et al., “Robust control of oscillating water column (OWC) 751
devices: Power generation improvement,” in Proc. Oceans, San Diego, 752
CA, USA, 2013, pp. 1–4. 753

[13] L. Martinelli, P. Pezzutto, and P. Ruol, “Experimentally based model to 754
size the geometry of a new OWC device, with reference to the Mediter- 755
ranean Sea wave environment,” Energies, vol. 6, no. 9, pp. 4696–4720, 756
Sep. 2013. 757

[14] J. R. Joubert, “Design and development of a novel wave energy con- 758
verter,” Ph.D. dissertation, Faculty Eng., Stellenbosch Univ., Stellenbosch, 759
South Africa, 2013. 760

[15] [Online]. Available: http://www.ivec.com.au/Home/wave 761
[16] [Online]. Available: http://www.oceanlinx.com 762
[17] B. Drew, A. R. Plummer, and M. N. Sahinkaya, “A review of wave energy 763

converter technology,” Proc. ImechE A, J. Power Energy, vol. 223, no. 8, 764
pp. 887–902, Dec. 2009. 765

[18] J. M. Courtnay, “Improvement in automatic signal-buoys,” U.S. Patent 766
178 911 A, Jun. 20, 1876. 767

[19] T. V. Heath, “A review of oscillating water columns,” Philos. Trans. Roy. 768
Soc. London A, Math. Phys. Sci., vol. 370, no. 1959, pp. 235–245, Jan. 2012. 769

[20] Y. Hong et al., “Review on electrical control strategies for wave 770
energy converting systems,” Renew. Sustain. Energy Rev., vol. 31, 771
pp. 329–342, Mar. 2014. 772

[21] A. F. de O. Falcão, “Wave energy utilization: A review of the technologies,” 773
Renew. Sustain. Energy Rev., vol. 14, no. 3, pp. 899–918, Apr. 2010. 774

http://www.ivec.com.au/Home/wave
http://www.oceanlinx.com


IE
EE

Pr
oo

f

12 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS

[22] G. Mørk, S. Barstow, A. Kabuth, and M. T. Pontes, “Assessing the global775
wave energy potential,” in Proc. OMAE, Shanghai, China, Jun. 2010,776
pp. 447–454.777

[23] R. P. F. Gomes, J. C. C. Henriques, L. M. C. Gato, and A. F. O. Falcão,778
“Testing of a small-scale floating OWC model in a wave flume,” in Proc.779
4th Int. Conf. Ocean Energy, Dublin, Ireland, Oct. 2012, pp. 1–7.780

[24] C. B. Boake, T. J. T. Whittaker, M. Folley, and H. Ellen, “Overview781
and initial operational experience of the LIMPET wave energy plant,” in782
Proc. 12th Int. Offshore Polar Eng. Conf., Kitakyushu, Japan, May 2002,783
pp. 586–594.784

[25] R. Curran, T. J. T. Whittaker, S. Raghunathan, and W. C. Beattie, “Perfor-785
mance prediction of contra-rotating Wells turbines for wave energy con-786
verter design,” J. Energy Eng., vol. 124, no. 2, pp. 35–53, Aug. 1998.787

[26] T. Finnigan, “Development of a 300 kW ocean wave energy demonstra-788
tion plant,” in Proc. Pac. Int. Maritime Conf., Sydney, Australia, 2004,789
pp. 187–196.790

[27] Y. Imai, K. Toyota, S. Nagata, and M. A. H. Mamun, “Duct extension791
effect on the primary conversion of a wave energy converter ‘backward792
bent duct buoy’,” J. OTEC, vol. 15, pp. 33–35, 2010.793

[28] T. Heath, T. J. T. Whittaker, and C. B. Boake, “The design, construction794
and operation of the LIMPET wave energy converter (Islay, Scotland),”795
in Proc. 4th Eur. Wave Energy Conf., 2000, pp. 49–55.796

[29] A. Olvera, E. Prado, and S. Czitrom, “Parametric resonance in an oscillat-797
ing water column,” J. Eng. Math., vol. 57, no. 1, pp. 1–21, Jan. 2007.798

[30] O. Malmo and A. Reitan, “Development of the Kvaerner multiresonant799
OWC,” in Hydrodynamics of Ocean Wave-Energy Utilization. Berlin,800
Germany: Springer-Verlag, 1985, pp. 57–67.801

[31] P. A. P. Justino, N. K. Nicols, and A. F. de O. Falcão, “Optimal phase con-802
trol of OWCs,” in Proc. EWES, Edinburgh, U.K., Jul. 1993, pp. 145–149.803

[32] S. P. R. Czitrom, R. Godoy, E. Prado, P. Pérez, and R. Peralt-Fabi,804
“Hydrodynamics of an oscillating water column sea-water pump:805
Part I: Theoretical aspects,” Ocean Eng., vol. 27, no. 11, pp. 1181–1198,806
Nov. 2000.807

[33] S. Anand et al., “Turbines for wave energy plants,” in Proc. 8th Int.808
Symp. Experimental Comput. Aerothermodynamics Internal Flows, Lyon,809
France, Jul. 2007.AQ4 810

[34] M. S. Lagoun, A. Benbouzid, and M. E. H. Benbouzid, “Ocean wave811
converters: State of the art and current status,” in Proc. IEEE Int. Energy812
Conf. Exhib., 2010, pp. 636–641.813

[35] Y. Torre-Enciso, I. Ortubia, L. L. I. de Aguileta, and J. Marqués, “Mutriku814
wave power plant: From the thinking out to the reality,” in Proc. EWTEC,815
Uppsala, Sweden, Sep. 2009, pp. 319–329.816

[36] P. Boccotti, “Design of breakwater for conversion of wave energy into817
electrical energy,” Ocean Eng., vol. 51, pp. 106–118, Sep. 2012.818

[37] F. Arena, A. Romolo, G. Malara, and A. Ascanelli, “On design and build-819
ing of a U-OWC wave energy converter in the Mediterranean Sea: A case820
study,” in Proc. OMAE, Nantes, France, 2013, Art. ID. V008T09A102.821

[38] D. G. Dorrell, M. Hsieh, and C. Lin, “A multi-chamber oscillating water822
column using cascaded Savonius turbines,” IEEE Trans. Ind. Appl.,823
vol. 46, no. 6, pp. 2372–2380, Nov./Dec. 2010.824

[39] M. F. Hsieh, I.-H. Lin, D. G. Dorrell, M.-J. Hsieh, and C.-C. Lin, “De-825
velopment of a wave energy converter using a two chamber oscillating826
water column,” IEEE Trans. Sustain. Energy, vol. 3, no. 3, pp. 482–497,827
Jul. 2012.828

[40] C. Lin, D. G. Dorrell, and M. Hsieh, “A small segmented oscillating water829
column using a Savonius rotor turbine,” IEEE Trans. Ind. Appl., vol. 46,830
no. 5, pp. 2080–2088, Sep./Oct. 2010.831

[41] S. Takahashi, H. Nakada, H. Ohneda, and M. Shikamori, “Wave power832
conversion by a prototype wave power extracting caisson in Sakata Port,”833
in Proc. Conf. Coastal Eng., Venice, Italy, 1992, pp. 3440–3453.834

[42] J. Brooke, “Wave power activities in the Asia-Pacific region,” in Wave835
Energy Conversion. Oxford, U.K.: Elsevier, 2003, pp. 79–82.836

[43] J. Falnes, “Research and development in ocean-wave energy in Norway,”837
in Proc. Int. Symp. Ocean Energy Develop., Muroran, Japan, 1993,838
pp. 27–39.839

[44] J. R. Joubert and J. L. Van Niekerk, “Designing the ShoreSWEC as a840
breakwater and wave energy converter,” in Proc. CRSES Annu. Student841
Symp., Lynedoch, South Africa, Nov. 2011, pp. 1–9.842

[45] J. L. van Niekerk and G. de Fallaux Retief, “Wave energy convertor,”843
Patent WO 2011116100 A2, Sep. 22, 2011.844

[46] K. Roebuck, “Floating wave power plant,” Wave Power: High-Impact845
Strategies—What You Need to Know: Definitions, Adoptions, Impact, Ben-846
efits, Maturity, Vendors. Brisbane, Australia: Emereo Publishing, 2012,847
pp. 18–19.848

[47] J. P. Kofoed and P. B. Frigaard, “Hydraulic evaluation of the Leancon849
wave energy converter,” AAU Dept. Civil Eng., Aalborg Univ., Aalborg,850
Denmark, Tech. Rep. 45, Oct. 2008.851

[48] K. Nielsen, “Attenuator Development Phase I,” Marine Renew. 852
Infrastruct. Netw., Tech. Rep. ID: MARINET-TA1-KNSWING, 853
FP7-MARINET, Jul. 2013. AQ5854

[49] H. B. Bingham and R. Read, “Linearized potential flow analysis of a 855
40 chamber, oscillating water column wave energy device,” in Proc. 856
IWWWFB30, Bristol, U.K., Apr. 2015, pp. 1–4. 857

[50] T. Setoguchi and M. Takao, “Current status of self-rectifying air tur- 858
bines for wave energy conversion,” Energy Convers. Manage., vol. 47, 859
no. 15/16, pp. 2382–2396, Sep. 2006. 860

[51] T.-H. Kim, M. Takao, T. Setoguchi, K. Kaneko, and M. Inoue, “Perfor- 861
mance comparison of turbines for wave power conversion,” Int. J. Therm. 862
Sci., vol. 40, no. 7, pp. 681–689, Jul. 2001. 863

[52] S. Natanzi, J. A. Teixeira, and G. Laird, “A novel high-efficiency impulse 864
turbine for use in oscillating water column devices,” in Proc. EWTEC, 865
Southampton, U.K., Sep. 2011. AQ6866

[53] A. N. Neal, “Air turbines for use with alternating flows: The choices,” 867
in Proc. EWES, Edinburgh, U.K., Jul. 1993, pp. 175–180. 868

[54] D. L. O’Sullivan and A. W. Lewis, “Generator selection for off- 869
shore oscillating water column wave energy converters,” in Proc. 13th 870
EPE-PEMC, Poznan, Poland, Sep. 2008, pp. 1790–1797. 871

[55] L. H. Hansen et al., “Generators and power electronics technology for 872
wind turbines,” in Proc. IEEE Ind. Electron. Conf., Denver, CO, USA, 873
2001, pp. 2000–2005. 874

[56] V. Jayashankar et al., “Maximizing power output from a wave energy 875
plant,” in Proc. IEEE Power Eng. Soc. Winter Meet., 2000, vol. 3, 876
pp. 1796–1801. 877

[57] D. R. Kiran, A. Palani, S. Muthukumar, and V. Jayashankar, “Steady grid 878
power from wave energy,” IEEE Trans. Energy Convers., vol. 22, no. 2, 879
pp. 539–540, Jun. 2007. 880

[58] S. S. Yegna Narayanan, B. K. Murthy, and G. Sridhara Rao, “Dynamic 881
analysis of a grid-connected induction generator driven by a wave-energy 882
turbine through hunting networks,” IEEE Trans. Energy Convers., vol. 14, 883
no. 1, pp. 115–121, Mar. 1999. 884

[59] G. D. Marques, “Stability study of the slip power recovery generator 885
applied to the sea wave energy extraction,” in Proc. IEEE Power Electron. 886
Spec. Conf., Toledo, Spain, 1992, vol. 1, pp. 732–738. 887

[60] T. J. T. Whittaker et al., “The LIMPET wave power project—The first year 888
of operation,” Renewable Energy, 2004. [Online]. Available: http://web. 889
sbe.hw.ac.uk/staffprofiles/bdgsa/shsg/Documents/2004sem/limpet.PDF 890

[61] T. F. Chan and L. L. Lai, “Permanent-magnet machines for distributed 891
power generation: A review,” in Proc. IEEE PES, Tampa, FL, USA, 2007, 892
pp. 1–6. 893

[62] S. Ceballos et al., “Efficiency optimization in low inertia Wells turbine- 894
oscillating water column devices,” IEEE Trans. Energy Convers., vol. 28, 895
no. 3, pp. 553–564, Sep. 2013. 896

[63] D. O’Sullivan, “Electrical generators in ocean energy converters,” in 897
Electrical Design for Ocean Wave and Tidal Energy Systems, 1st ed. 898
London, U.K.: Inst. Eng. Technol., 2013, pp. 4–7. 899

[64] R. A. McMahon, P. C. Roberts, X. Wang, P. , and J. Tavner, “Performance 900
of BDFM as generator and motor,” Proc. Inst. Elect. Eng.—Elect. Power 901
Appl., vol. 153, no. 2, pp. 289–299, Mar. 2006. 902

[65] A. O. Di Tommaso, R. Miceli, G. Ricco Galluzzo, and M. Trapanese, 903
“Efficiency maximization of permanent magnet synchronous generators 904
coupled to wind turbines,” in Proc. IEEE PESC, Orlando, FL, USA, 905
Jun. 2007, pp. 1267–1272. 906

[66] D. Murray, J. Aubry, B. Multon, and H. B. Ahmed, “Electrical en- 907
ergy storage systems,” in Electrical Design for Ocean Wave and Tidal 908
Energy Systems, 1st ed. London, U.K.: Inst. Eng. Technol., 2013, 909
pp. 227–241. 910

[67] D. B. Murray, J. G. Hayes, D. L. O’Sullivan, and M. G. Egan, “Superca- 911
pacitor testing for power smoothing in a variable speed offshore wave 912
energy converter,” IEEE J. Ocean. Eng., vol. 37, no. 2, pp. 301–308, 913
Apr. 2012. 914

[68] S. Ceballos et al., “Control strategies for combining local energy storage 915
with Wells turbine oscillating water column devices,” Renew. Energy, 916
vol. 83, pp. 1097–1109, Nov. 2015. 917

[69] M. J. Lee, P. Wheeler, and C. Klumpner, “Space-vector modulated 918
multilevel matrix converter,” IEEE Trans. Ind. Electron., vol. 57, no. 10, 919
pp. 3385–3394, Oct. 2010. 920

[70] S. Khwan-on, L. de Lillo, L. Empringham, P. Wheeler, and C. Gerada, 921
“Fault-tolerant, matrix converter, permanent magnet synchronous motor 922
drive for open-circuit failures,” IET Elect. Power Appl., vol. 5, no. 8, 923
pp. 654–667, Sep. 2011. 924

[71] European Wave Energy Pilot Plant on the Island of Pico, Azores, 925
Portugal. Phase Two: Equipment, Contract JOR3-CT95-0012, 926
Non Nuclear Energy Programme JOULE III, Karlsruhe, Germany, 927
Jan. 1996–Oct. 1998. 928

http://web.sbe.hw.ac.uk/staffprofiles/bdgsa/shsg/Documents/2004sem/limpet.PDF
http://web.sbe.hw.ac.uk/staffprofiles/bdgsa/shsg/Documents/2004sem/limpet.PDF


IE
EE

Pr
oo

f

DELMONTE et al.: REVIEW OF OSCILLATING WATER COLUMN CONVERTERS 13

[72] A. F. de O. Falcão, L. C. Vieira, P. A. P. Justino, and J. M. C. S. Andre,929
“By-pass air-valve control of an OWC wave power plant,” Trans. ASME,930
J. Offshore Mech. Arctic Eng., vol. 125, no. 3, pp. 205–210, Jul. 2003.931

[73] M. Alberdi et al., “Complementary control of oscillating water column-932
based wave energy conversion plants to improve the instantaneous power933
output,” IEEE Trans. Energy Convers., vol. 26, no. 4, pp. 1021–1032,934
Dec. 2011.935

[74] M. Molinas and E. Tedeschi, “Implications of control schemes for elec-936
trical systems design in wave energy converters,” in Electrical Design937
for Ocean Wave and Tidal Energy Systems, 1st ed. London, U.K.:938
Inst. Eng. Technol., 2013, pp. 286–301.939

[75] M. S. Lagoun, A. Benalia, and M. E. H. Benbouzid, “A predictive power940
control of doubly fed induction generator for wave energy converter in941
irregular waves,” in Proc. Int. Conf. Green Energy, Sfax, Tunisia, Mar.942
2014, pp. 26–31.943

[76] M. Alberdi, M. Amundarain, A. J. Garrido, and I. Garrido, “Neural control944
of OWC-based wave power generation plant,” in Proc. ICOE, Bilbao,945
Spain, Oct. 2010, pp. 1–6.946

[77] B. Neammanee, K. Krajangpan, S. Sirisumrannukul, and S. Chatrattana,947
“Maximum peak power tracking-based control algorithms with stall reg-948
ulation for optimal wind energy capture,” in Proc. PCC, Nagoya, Japan,949
Apr. 2007, pp. 1424–1430.950

[78] M. Pucci and M. Cirrincione, “Neural MPPT control of wind genera-951
tors with induction machines without speed sensors,” IEEE Trans. Ind.952
Electron., vol. 58, no. 1, pp. 37–47, Jan. 2011.953

[79] A. G. Abo-Khalil and D.-C. Lee, “MPPT control of wind generation954
systems based on estimated wind speed using SVR,” IEEE Trans. Ind.955
Electron., vol. 55, no. 3, pp. 1489–1490, Mar. 2008.956

[80] E. Koutroulis and K. Kalaitzakis, “Design of a maximum power track-957
ing system for wind-energy-conversion applications,” IEEE Trans. Ind.958
Electron., vol. 53, no. 2, pp. 486–494, Apr. 2006.959

[81] C. Liu, K. T. Chau, and X. Zhang, “An efficient wind—Photovoltaic960
hybrid generation system using doubly excited permanent-magnet brush-961
less machine,” IEEE Trans. Ind. Electron., vol. 57, no. 3, pp. 831–839,962
Mar. 2010.963

[82] Y. Xia, K. H. Ahmed, and B. W. Williams, “Wind turbine power coeffi-964
cient analysis of a new maximum power point tracking technique,” IEEE965
Trans. Ind. Electron., vol. 60, no. 3, pp. 1122–1132, Mar. 2013.966

[83] M. Amundarain, M. Alberdi, A. J. Garrido, I. Garrido, and J. Maseda,967
“Wave energy plants: Control strategies for avoiding the stalling behaviour968
in the Wells turbine,” Renew. Energy, vol. 35, no. 12, pp. 2639–2648,969
Dec. 2010.970

[84] M. Alberdi, M. Amundarain, A. J. Garrido, I. Garrido, and F. J. Sainz,971
“Control of oscillating water column-based wave power generation plants972
for grid connection,” in Proc. Control Autom. MED, Barcelona, Spain,973
Jul. 2012, pp. 1485–1490.974

[85] N. A. Orlando, M. Liserre, R. A. Mastromauro, and A. Dell’Aquila,975
“A survey of control issues in PMSG-based small wind-turbine systems,”976
IEEE Trans. Ind. Informat., vol. 9, no. 3, pp. 1211–1221, Aug. 2013.977

Nicola Delmonte (M’15) was born in Manfredonia,978
Italy, in 1967. He received the Laurea degree in979
electronic engineering and the Ph.D. degree in in-980
formation technology from the University of Parma,981
Parma, Italy, in 2002 and 2006, respectively.982

Since 2002, he has been with the Department983
of Information Engineering, University of Parma,984
where he became a Research Fellow in 2005 and985
Assistant Professor in 2013. He also currently col-986
laborates with the Istituto Nazionale di Fisica Nu-987
cleare on thermal studies of power electronics for988

the ATLAS Experiment at CERN. His research activities have covered the989
study of breakdown phenomena and high-field accelerated stress of pHEMTs;990
the technological processing for RF test structures on thin ceramic films; the991
electrical and thermal characterization, modeling, and reliability evaluation of992
power devices and hybrid modules; and the design of renewable-energy plants.993

Davide Barater (S’11–M’XX) was born in Italy on AQ7994
August 13, 1983. He received the Master’s degree in 995
electronic engineering and the Ph.D. degree in infor- 996
mation technologies from the University of Parma, 997
Parma, Italy, in 2009 and 2014, respectively. 998

He was an Honorary Scholar with the University 999
of Nottingham, Nottingham, U.K., in 2012. He is 1000
currently a Postdoctoral Research Associate with the 1001
Department of Information Engineering, University 1002
of Parma. He is the author or coauthor of more 1003
than 20 international papers. He is the holder of 1004

one international patent. His research is focused on power electronics for 1005
renewable-energy systems and motor drives. 1006

Francesco Giuliani (S’14) was born in Varese, Italy, 1007
in 1985. He received the B.S. and M.S. degrees in 1008
electronic engineering from the University of Parma, 1009
Parma, Italy, in 2008 and 2012, respectively, where 1010
he is currently working toward the Ph.D. degree in 1011
the Department of Information Technology. 1012

He served as a Visiting Researcher with the Power 1013
Electronics, Machines and Control Group, Univer- 1014
sity of Nottingham, Nottingham, U.K. His main 1015
research interests include renewable-energy sources 1016
(photovoltaic and ocean energy) and power electron- 1017

ics, with a special focus on high-switching-frequency dc–dc converters and 1018
wide-bandgap device applications. 1019

Paolo Cova was born in Milan, Italy, in 1966. He 1020
received the M.S. degree in electronic engineering 1021
and the Ph.D. degree in information technology from 1022
the University of Parma, Parma, Italy, in 1992 and 1023
1996, respectively. 1024

Since 2000, he has been an Assistant Professor 1025
with the University of Parma. He has worked on 1026
characterization and reliability evaluation of elec- 1027
tronic and optoelectronic III–V compound semicon- 1028
ductor devices, thermal modeling, and reliability of 1029
power devices and converters. He collaborates with 1030

the Istituto Nazionale di Fisica Nucleare on thermal studies of power electronics 1031
for the ATLAS Experiment at CERN. He has been involved in teaching with 1032
the School of Engineering, University of Parma, since 1995. He is currently 1033
teaching industrial electronics in the electronics engineering Master’s course. 1034
Since 2011, he has been an ERASMUS delegate for the Department of 1035
Information Engineering, University of Parma. 1036

Giampaolo Buticchi was born in Parma, Italy, in 1037
1985. He received the Master’s degree in electronic 1038
engineering and the Ph.D. degree in information 1039
technologies from the University of Parma, Parma, 1040
in 2009 and 2013, respectively. 1041

He was a visiting Ph.D. student at the University 1042
of Nottingham, Nottingham, U.K., in 2012, working 1043
on aerospace drive applications. He is currently 1044
a Postdoctoral Research Associate with the Chair 1045
of Power Electronics, University of Kiel, Kiel, 1046
Germany. His research is focused on power electron- 1047

ics for renewable-energy systems, grid integration, and smart grids. 1048



IE
EE

Pr
oo

f

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES

AQ1 = Please provide e-mail addresses of all authors.
AQ2 = Please confirm which email address should you wish to include, or, if you wish to include both.
AQ3 = Please check if there is a need to change “DIFIG” to “DFIG.”
AQ4 = Please provide page range in Ref. [33].
AQ5 = Please provide location of issuing organization in Ref. [48].
AQ6 = Please provide page range in Ref. [52].
AQ7 = Please provide membership history of author “Davide Barater.”

END OF ALL QUERIES


