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Abstract 
 

Renewable energies have been taking an important role in the disperse generation in the last 

years. A new renewable energy is the wave power, that transports energy by ocean surface 

waves, and capture that energy to do useful work. 

In this project is studied, discussed and designed the electrical parts needed to transform the 

wave power into electrical power as the control of the buoy (reactive and latching control), 

system (electrical or hydraulic), generators (linear or rotating),converter systems (depending on 

generator, speed control and grid), grid connections and transmissions systems, cables and 

transformers. 

The material produced in this report is definitely the beginning of new knowledge which can be 

deeply developed. 

From these studies some conclusions can be done as electrical systems offer excellent prospects 

for superior performance and other benefits compared with hydraulic systems, and the 

development of electrical system prototypes is justified. Phase control avoids the drawback of 

high power peaks keeping the advantage of increased power extraction. The rotating generation 

is preferred against a linear electric power generation in terms of efficiency and cost. In a plant, 

the wave energy converters (base units) can be connected in larger arrays ranging from tenths 

up to thousands of individual converters. The connections of these converters to the grid can be 

implemented in various ways (converters and transformer offshore or onshore and connections 

cables schemes) depending on the size of the farm and the proximity to the grid among other 

criteria as availability or cost. Taking into account cable losses and complexity the better option 

is place these devices onshore for small farms close to the grid and offshore for medium to large 

farms. Comparing connection schemes in terms of cable cost, both material and installation, and 

availability, systems with clusters and subclusters (small amount of base units) and one cable to 

the shore are the better options.  

 

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Ocean_surface_wave
http://en.wikipedia.org/wiki/Ocean_surface_wave
http://en.wikipedia.org/wiki/Mechanical_work
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INTRODUCTION 

 Wave power is the transport of energy by ocean surface waves, and trasform this energy 

into useful work, for example for electricity generation, water desalination, or the pumping of 

water.  

 Ocean waves are caused by the wind as it blows across the sea. Waves are a powerful 

source of energy. It has been estimated that global power potential is around 8,000-

80,000TWh/y (1-10TW), which is the same order of magnitude as world electrical energy 

consumption. [1]  

 Wave energy is produced when electricity 

generators are placed on the surface of the ocean. Energy 

output is determined by wave height, wave speed, 

wavelength, and water density. 

 The problem is that it is not easy to harness this 

energy and convert it into electricity in large amounts. 

  The wave energy has important advantages: 

• The energy is free (fuel is not needed, and there 

is no waste produced). 

• Not expensive to operate and maintain. 

• Can produce a great deal of energy. 

But also some disadvantages and some others important 

aspects to take into account: [2]  

• Depend on the waves (sometimes you'll get lots 

of energy, sometimes almost nothing). 

• Some designs are noisy. 

• There's a lot of energy in waves on the sea. The hard part is getting it. 

• Waves can make something bob up and down, and that can drive a generator. 

• A wave power station needs to be able to stand really rough weather, and yet still be 

able to generate power from small waves. 

• Renewable (the waves will keep on coming whether we use them or not). 

• Needs to be built where there are plenty of reliable, strong waves. 

 To date there are only a handful of experimental wave generator plants in operation 

around the world. The world‟s first commercial wave farm was based in Portugal, at the 

Aguçadoura Wave Park, which consists of three 750 kilowatt Pelamis device, and the main 

counties which are working on the development of this energy are Denmark, India, Ireland, 

Japan, Norway, Portugal, The Netherlands, Australia, UK and USA. [8]  

Figure 1. Buoy. 

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Ocean_surface_wave
http://en.wikipedia.org/wiki/Mechanical_work
http://en.wikipedia.org/wiki/Electricity_generation
http://en.wikipedia.org/wiki/Water_desalination
http://en.wikipedia.org/wiki/Pump
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AIM 

 Wave power is the transport of energy by ocean surface waves, and the challenge is to 

capture that energy and transform it into useful work. 

 The aim of this project is the design of all the electrical parts needed to transform the 

wave power in electrical power. To succeed in this, some essential elements have to be design: 

• Control  

• Power generator 

• Convertors: wave frequency to grid frequency 

• Grid connections 

• Cables 

• Transformer  

 

Figure 2. Sketch of Electrical design of a wave buoy. 

  

http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Ocean_surface_wave
http://en.wikipedia.org/wiki/Mechanical_work
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POWER-BUOY SYSTEM. 

 There are different types of wave power take off systems which use the up-and-down 

motion of waves to generate power. Most of them have a buoy that uses the pitching and 

heaving motions caused by waves, but other systems are also being developed, as a snake-like 

line of tubes floating on the surface of the water in which undulates as waves pass by. In Figure 

3 some models can be seen. 

 

Figure 3. Different types of wave power take off systems. 

 This report will focus on the Power-Buoy system, which is explained in the Figure 4. 

 

Figure 4.Up-and-down Buoy system. 

 The Power -Buoy system works by having a buoy tethered to the ocean floor. As the 

waves come in, the part of the buoy that floats works as a piston against the tethered portion, 

generating mechanical-electric power. But there are several kinds of systems and generators 

used for it, and the difficult task is to know which one is the best. 
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CONTROL OF THE BUOY 

 The power output from wave energy converters may be increased by controlling the 

oscillation in order to approach an optimum interaction between the wave energy converter and 

the incident wave. This will, in a way, avoid the drawback of high power peaks. 

 Significant improvements in the cost-effectiveness of wave energy devices may be 

possible with successful implementation of active control of device dynamics. 

 Two types of phase control have traditionally been considered [12]: 

• Reactive Control: Corresponding to optimum wave interference. There is an upper 

bound to the amount of energy that can be extracted from a wave by means of a 

particular oscillating system, where both the amplitude and phase are made close to 

optimal by reversing the power flow during parts of the cycle.( Continuous control) 

• Latching Control: Taking physical limitations into account, corresponding to sub-

optimum wave interference, but the phase is made optimal by holding the moving part 

fixed during parts of the cycle. Another upper bound, for the ratio of extracted energy to 

the volume of the immersed oscillating system. (Discrete control) 

 

Figure 5. Waveforms of the different types of control.[13] 

 

 The theoretical potential for maximizing energy output of wave-energy converters by 

means of optimum control is quantified for a heaving semi-submerged sphere on deep water. 

The heave amplitude is constrained to not exceed 0.6 units of the radius. Sinusoidal incident 

waves of amplitudes up to 3 m and period in the range of 6 s to 12 s are considered, when the 

sphere radius is 5 m.[13] 
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Figure 6. Theoretical (numerical) study of heaving semi-submerged sphere.[13] 

Sphere radius a = 5 m 

Diameter  2a = 10 m 

Heave amplitude  smax = 0.6 a = 3 m 

Natural heave period = 4.3 s 

 

 Computed results show that, for a typical wave of 0.5 m amplitude and 9 s period, the 

maximum absorbed power is 24, 137, and 172 kW for the cases of no phase control (passive 

system), sub-optimal latching control, and ideally optimal reactive control, respectively. [15] 

 

Figure 7. Waveforms. Vertical excursion/time. 
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By observing the Figure 8, the differences between using a control method (as a 

latching control) or not (passive control) can be easily appreciated seeing the power extraction 

traces. 

 

Figure 8. Instantaneous and average power extraction with passive loading and with latching control for 

irregular waves.[12] 

 

 Other important parameters as Absorbed Power, (Figure 9) and Absorbed Energy 

(Figure 10) can be compared with and without phase control. 

 

 

Figure 9. Absorbed power (MW) from wave of period T=9 s and Amplitude=0,5 m. [13] 
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Figure 10. Absorbed energy (MJ) from wave of period T=9 s and Amplitude=0,5 m. [13] 

In Figure 11, the Relative absorbed power, plotted as a star (*) and useful power, 

plotted as a circle (Ο) can be compare without and with phase-control versus heave/wave 

amplitude ratio (f=|sˆ/A|). 

 

Figure 11. Relative absorbed power, and useful power, without and with phase-control versus 

heave/wave amplitude ratio. [13] 
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Conclusions.[13] 

• Phase control avoid the drawback of high power peaks keeping the advantage of 

increased power extraction 

• A maximum possible (time-average) absorbed power of 24 kW, 137 kW, or 172 kW for 

the cases of no phase control, sub-optimal latching control, and optimum reactive 

control, respectively can be estimated. 

• Compared to reactive control, latching control is slightly sub-optimum, but avoids the 

necessity for reversing the power flow. 

• The relative benefit of applying control (reactive or latching) is strongly dependent upon 

the width of the resonance curve, that is, upon the size of the oscillating body compared 

to the wavelength 

POWER GENERATOR 

Energy conversion: Electrical or hydraulic systems 

 Hydraulic and pneumatic systems are used since several years ago as a power take off 

system of the wave energy. But they have often required intermediate power conversion stages, 

leading to relatively high capital costs and relatively low efficiencies and reliabilities. 

Nowadays, the new electromagnetic skills and development in permanent magnet materials 

make direct electrical power-take off an option for wave energy devices.[9] 

 In Figure 12 two schemes for wave activated bodies using the heaving motion of the sea 

are shown: a) corresponds to an example of electrical conversion and b) to a hydraulic system 

conversion example. 

 

Figure 12. Conversion schemes. a) electrical system b) hydraulic system. [9] 

Studies had been done comparing some electrical and hydraulic systems to get the 

benefits of one system over another, also taking into account construction and operation. The 

results obtained can be summarizing in: [9] 
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• Although the cost of an electrical machine is higher than the one of a hydraulic cylinder 

with similar capacity, the costs of the overall power take off systems are likely to be 

similar. 

• The electric system is more efficient than the hydraulic system, but, for generate the 

same power output, needs a slightly larger wave power device in terms of volume. 

• The hydraulic system has a smoother power output and lower mass than the electric 

system. 

• The electric system does not require so much periodic maintenance as the hydraulic 

system does. 

• The hydraulic system requires carefully designed seals to ensure that it remains 

watertight. 

• The electric system could be a flooded system and has the potential to be maintenance-

free. 

The overall conclusion is that electrical systems offer excellent prospects for superior 

performance and other benefits compared with hydraulic systems, and that development of 

electrical system prototypes is justified. 

Nowadays, the new development of linear generators in this area is increasing, obtained 

really good results. 

Linear generators. 

 A linear generator is a three phase synchronous machine that consists of insulated 

conductors; NdFeB permanent magnet and steel of different quality like electroplate and 

construction steel.  

 

Figure 14. A linear generator. 

 

 The operation basis of the linear generator is the EMF induced by the vertical piston 

motion caused by the waves, with variable amplitude and variable frequency in the stator 

winding.[6] 

Figure 13. A tilted side-view of a rotor with 

magnets mounted between pole shoes. The 

arrows mark the direction of the magnetic field. 
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A watertight enclosure is used to protect the equipment from the difficult surroundings 

under the water surface. 

 Some different types of linear generators can be found, depending on its manufacture 

characteristic, where they are place in the Buoy-System or how they work. 

 In Figure 15 a permanent magnet linear generator inside the buoy is shown. 

 

Figure 15.Permanent magnet linear generator Buoy.[7]  

 The magnetic shaft is surrounds by an electric coil inside the buoy, and while coil is 

secured directly to the buoy, the magnetic shaft is anchored to the sea floor. With the motion of 

the waves, the coil moves up and down, voltage is induced in the magnetic shaft and electricity 

is generated. 

  Each of these buoys could potentially produce a power of 250 kilowatts.[7]  

 Other type of generator, which is often preferred, is described in Figure 16. 

 

Figure 16. Linear generator. [8] 
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  This wave energy converter consists of a buoy coupled directly by a rope to the rotor of 

a linear generator. At the bottom of the linear generator there is a spring that pulls the rotor 

downwards in order to maintain the tension of the rope. The rotor will move up and down at 

approximately the same speed as the wave.  

 This linear generator is able to generate electricity at slow wave speeds and low wave 

amplitudes  

 When the coils are surrounded by the flux from the piston, induction is produced in the 

generators stator, while the piston is moving ideally up and down. 

 Different voltages with varying frequencies will be induced in the stator windings 

depending on several parameters as generator design, wave shape, buoy size, weight, load and 

springs etc [8] 

Rotating or Linear generator. 

 In the Power -Buoy system, the low loss direct conversion and generation system 

without intermediate hydraulic system permits unprecedented speed and force control flexibility 

of the buoy movement and to obtain a sophisticated torque control of the generator. 

  For these systems, two types of generators are compared: rotating generator and linear 

generator, which are shown in Figure 17. 

 In the Figure 17 it is shown also another option, for the case of having a synchronous 

generator, with a diode rectifier and a DC/DC converter instead of a rectifier with transistors is 

shown. [3]. 

 

Figure 17. Rotating and Linear generator.[3]  

 Theses systems are formed by a body connected to a stationary platform on one side and 

connected to a buoyant body with a rope by the other side. 
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  But despite the similar appearance of both buoy systems, it is difficult for engineers and 

designers make practical comparisons between linear and rotary machines due to the fact that 

several variables have to be discussed such as practicality of using linear power generation for 

that particular system, cost to build and design, efficiency, type of driving force (linear or 

rotational) applied to the generator system, cost to maintain, the system‟s reliability, the relative 

weights, etc.[4] 

 The rotating generator consists of a high pole application-specific permanent magnet 

generator with a belt-pulley that is used for the conversion of the linear motion of the buoy to a 

rotating one for the generator. 

 When the buoy is moved by the waves, an up and down movement is created, that is 

transmitted to the belt drive and consequently to the gear which makes the generator moves with 

a rotating motion. That converts the low speed linear motion into rotating motion of a higher 

speed.  

Advantages of both generators in wave energy can be compared, as it is shown in Table 

1.[4][5] 

Table 1. Advantages of linear and rotating generator. 

Advantages of the linear generator: Advantages of the rotating generator: 

• No gearbox is needed as the buoy is 

directly coupled to the piston, 

• Reduces maintenance and less 

frequent required for it 

• Provides more reliable working 

conditions. 

• High force (depending on the size of 

the wave energy converter) 

• Less losses of the system 

 

• That rotating motion is, usually, via a 

gearbox adjusted to the optimal speed of 

the generator  

• Higher efficient of generator 

• Less cost 

• Higher facility to increase the induced 

voltage (using a high speed of rotation, 

large rotor diameter or high flux) 

 

 

Conclusions 

 It is a difficult process to know when to use linear or rotating generator. Even if a linear 

generator appears to be preferred in a specific application, it must be designed, simulated, built 

and tested. 

 Several variables have to be discussed when comparing both types of generators such as 

practicality of using linear power generation for that particular system, cost to build and design, 

efficiency, cost to maintain, the system‟s reliability, the relative weights, etc. 

Linear electric power generation has obvious advantages in specific applications, but 

these advantages may be outweighed by their high cost, so, taking into account efficiency and 

cost as the most important criteria, the rotating generation should be preferred. 

  Additionally, due to the effect of system size on both cost and efficiency, these 

considerations should be evaluated over a complete range of system output power and 

mechanical driving speeds. [4] 
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Selection of the generator. 

 For a relatively small wave energy converter that produces around 10–20 kW the buoy 

will have a diameter of three to five meters depending on wave climate and power rating. The 

weight of the buoy will be in the regime of a few hundred kg to one metric ton depending on 

size and material. The buoy, can be built from different materials and in different forms. 

However, a cylindrical shape is preferred if a uni-directional point absorber is desired. 

For the rope used to connect the buoy to the generator, a modern synthetic rope 

(possible of stretched polyethylene) with trade names such as Dyneema and Spectra can be 

selected, with an optional cover for handling of fouling.  

The rotating system can be equipped with several types of generators.  

 

Figure 18.Different kinds of generators. [11] 

INDUCTION GENERATOR 

 The induction generator is the most robust, it has simple mechanical construction and it 

is cheap to manufacture. Despite these advantages, the induction generator possesses the 

disadvantage that the stator must have a reactive excitation current. Since it is not equipped with 

permanent magnets or is separately magnetized, the induction generator must receive its 

exciting current from another source such as a power electronic system or a power grid. 

 In the AC excitation case, the created excitation field rotates with the synchronous 

speed, which is determined by the current frequency and the number of poles in the winding. If 

the rotation speed of the rotor is higher than the synchronous speed, an electric field is induced 

between the rotating stator field and the rotor by a relative motion, also called slip. The slip 

causes a current in the rotor windings. The interaction between the stator field and the magnetic 

field in the rotor creates torque that sets the rotor in motion. The rotor of the induction generator 

can be designed as either a squirrel cage rotor or a wound rotor.[11] 
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SYNCHRONOUS GENERATOR 

 The synchronous generator is more expensive and complicated than the induction 

generator. Despite this, it possesses a large advantage compared to the induction generator; it 

requires no reactive excitation current.  

 The magnetic field in the synchronous generator can be created by permanent magnets 

or by regular field windings.  

 Since the synchronous generator is connected to the power grid through a power 

electronic converter, it is best suited for full power control. 

 Two types are appropriate for use with variable rotor speed, wound rotor synchronous 

generator and permanent magnet synchronous generator.[11]  

WOUND ROTOR SYNCHRONOUS GENERATOR, WRSG 

 The WRSG is widely used in the electric power industry. The stator windings are 

directly connected to the grid, which results in a rotation well suited to the grid frequency. The 

rotor windings get magnetized through slip rings and brushes with direct current or by a 

brushless exciter with a rotating rectifier. 

 Unlike the induction generator, the synchronous generator does not need any extra 

system for reactive power compensation. A DC flows through the rotor windings, which creates 

the magnetic field. The magnetic field rotates with synchronous speed. The synchronous speed 

is determined by the number of poles in the rotor and the frequency of the rotating field.[11]  

PERMANENT MAGNET SYNCHRONOUS GENERATOR, PMSG 

 Permanent magnet synchronous generators can self magnetize. They can operate at high 

efficiency and power factor. The efficiency is higher in a permanent magnet machine compared 

to an induction machine, since excitation takes place without any supply of energy. Still, the 

materials used in the PM machines are more expensive and more difficult to handle during the 

manufacturing process. When PM machines are used, a full-scale power converter also must be 

used in order to adapt voltage and frequency to the power grid, which is an added cost.  

 One large advantage is produced power at any speed. The stator of the PMSG is wound, 

and the rotor is provided with a permanent magnet pole system and may have salient poles or 

may be cylindrical. Salient poles are more common in the use of slow-speed machines.[11] 

 The main advantages and disadvantages of some of these generators are shown in Table 

2  
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Table 2. Advantages and disadvantages of some generator types. [17] 

 Advantages Disadvantages 

Permanent magnet 

synchronous generator 

Flexibility in design for smaller 

and lighter designs 

Higher initial cost due to the 

high price of the magnets 

 Higher output level is possible 

without increase the generator 

size 

Permanent magnets can be 

demagnetized due to high 

temperatures or overloading 

or short circuit conditions 

 Generator speed can be regulated 

without the need of gears or 

gearbox 

Use of diode rectifier in 

initial stage of power 

conversion reduces the 

controllability of all system 

 Lower maintenance and operating 

costs 

 

 No significant losses in the rotor  

Asynchronous 

generator 

Lower capital cost for the 

generator construction 

Generator requires reactive 

power and therefore increases 

cost of initial AC-DC 

conversion stage of converter 

 Rugged machine with a very 

simple design 

May experience a large input 

current when first connected 

to the grid 

 Higher availability especially for 

large scale grid connected designs 

Increased control complexity 

due to increased number of 

switchers in converters 

 Relatively low contribution to 

faults in the system 

Increased losses through the 

converter due to it large size 

  Increased converter cost 

Wound field 

synchronous generator 

Minimum mechanical wear due to 

slow machine rotation 

Magnets needed for 

synchronization are expensive 

 Allow for independent control of 

both reactive and real power 

Magnets tend to be 

demagnetized while working 

in the powerful magnetic 

fields inside the generator 

 Direct drive applicable further 

reducing cost since gearbox not 

needed 

Requires synchronizing relay 

in order to properly 

synchronize with the grid 

  Higher maintenance costs 
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It is possible to complement the generator with power electronics (converters) in order 

to this produces alternating current or direct current, to match the power grid. 

A system consisting of a power generator of 50 kW with a maximum speed of 10.000 

rpm, complemented with a converter with a power of 100 kW can produce a maximum power 

of 100kW.And with these data the torque can be calculated as: 

  
 

 
 

 

  
  
  

 
      

       
  
  

          

 For every motor, there is a specific Torque/Speed curve and Power curve. Figure 19 

shows the Torque/Speed curve for an induction generator (IG) and for a Synchronous generator 

(SG). 

 

Figure 19. Torque/Speed curve for a induction generator (IG) and for synchronous generator (SG). 

INTERFACE TECHNOLOGY: CONVERTERS 

An interface technology with power electronics is needed to complement the generator 

due to the fact that the wave buoy is working with variable speed and in order to produce 

alternating current or direct current, to match the power grid. 

The power electronics more used in these cases are: 

• Converters: Converts alternating current into direct current or vice versa. 

• Inverters: Converter that converts direct current into alternating current. 

• Frequency converters: Circuit, device, or machine that changes an alternating current 

from one frequency to another 

• Rectifier: Electrical devices that convert alternating current, which periodically 

reverses direction, to direct current , which is in only one direction. 

 This energy conversion can be done in several ways depending on the grid and 

generator characteristics and the interconnection to the network.  

 

http://en.wikipedia.org/wiki/Alternating_current
http://en.wikipedia.org/wiki/Direct_current
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Figure 20.Schematic representation of the system. [12] 

Depending on Generator and Speed Control. 

Partial speed control (lower converter rating) 

 The partial speed control is done by a partial scale frequency converter. The 

configuration in Figure 21 is known as the DFIG concept, and its interface technology consists 

of a back-to-back converter connected in shunt on the grid side and in series with the rotor 

windings of the generator on the other side 

  It has variable rotor speed, which increases the efficiency and allows the system to 

operate during optimal circumstances. Since variable speed is used, a frequency converter is 

needed. 

 The advantage of this topology over the full converter in series is the lower rating of the 

converters [11][12] 

 

Figure 21. Generator with partial scale frequency converter as grid interface technology. 

Full speed control (weak grids) 

 The full speed control is done with a full converter connected in series .The system has 

variable rotor speed and a full-scale frequency converter taking care of reactive power, resulting 

in a smooth grid connection.. 

 If the DC link can be provided with energy storage capability, as it is shown in Figure 

22, it can be used for power flow control when large fluctuations in power occur at the power 

source, but energy storage involves full size converters and that is more expensive.[11][12] 
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Figure 22. Induction generator with full converter in series as grid interface technology. 

Diode rectifier 

 The diode rectifier is the most common rectifier due to its simplicity, its low cost and 

low losses. It is nonlinear in nature and, consequently, it generates harmonic currents. Also the 

diodes only allow power to flow in one-direction; it cannot control the generator voltage or 

current. Thus, it can be used only with a generator that can control the voltage and with an 

inverter that can control the current. 

 The generator and the rectifier must be selected as a combination. A diode rectifier can 

be used together only with a synchronous generator.  

 

Figure 23. Synchronous generator with diode rectifier. 

Depending on the Grid. 

Pure AC 

 For Pure AC internal grid, the DC voltage at the rectifier of the wave energy converter 

is directly converted to an AC voltage with an inverter. 

 In Figure 24 is illustrated a normal way of connected several wave energy converters to 

a pure AC grid.[3] 

http://www.windturbines.net/wiki/Voltage_Fluctuations
http://www.windturbines.net/wiki/Generators
http://www.windturbines.net/wiki/Power_Control
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Figure 24. Connection of several WECs to a pure AC grid. 

 

DC/AC 

 For this case, the DC-links of the wave energy converters are directly connected to a 

common DC-bus. A DC/AC converter is used to transform the DC voltage to an AC voltage, 

and complemented with a transformer to adapt to an AC-voltage level suitable for transmission. 

An illustration of this can be seen in Figure 25.[3] 

 

Figure 25. Connection of several WECs to a DC/AC grid. 
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Pure DC 

 For pure DC system, the same system as for the DC/AC is used. . The only difference is 

that it is a DC/DC converter that connects the platform to the collecting system instead of an 

inverter for the case with the DC/AC platform. In Figure 26 the connection system is shown for 

the pure DC system.[3] 

 

Figure 26. Connection of several WECs to a pure DC/DC grid. 

Discussion. 

 For all the connection grids showed, see Figure 24,Figure 25and Figure 26, the 

converters are the components that contribute the most to the energy production cost , with 7 % 

to 32 % depending on the system, control method and wave type. 

  Comparing the systems with an AC connection, the Pure AC and the DC/AC system, it 

can be seen that the converters have a much larger contribution for the Pure AC system.  

 The common large converter for the DC/AC platform is cheaper per kVA than the small 

converters for the Pure AC platform, and it is also more efficient than the small converters. 

Since the converters are the most expensive component, the Pure AC platform system is more 

expensive than the DC/AC platform system. 

 When comparing the DC/AC system with the Pure DC system it can be noticed that the 

Pure DC system is cheaper. This is due to the fact that the DC/DC converter is cheaper and 

more effective than the DC/AC converter. But to date, it is not possible to buy these DC/DC 

converters to a company as they are not so much developed yet.[3] 

 The DC/AC system is the more common used for the companies. 
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GRID CONNECTIONS 

Connection and Transmission systems 

 In a plant, the wave energy converters (base units) can be connected in larger arrays 

ranging from tenths up to thousands of individual converters. The connections of these 

converters to the grid can be implemented in various ways, as for example the ones showed in 

Figure 27, Figure 28, Figure 29 and Figure 30.  

 In system option 1 (Figure 27), a number of base units are connected on the DC side, 

and thereafter a transmission cable connects the cluster (small amount of base units) to land. A 

converter onshore forms a 50 or 60 Hz AC, which can be connected to the grid with a 

transformer. [18] 

 

Figure 27.System option 1.[18]  

 The second system option only differs from the first one in the fact that the converter 

has been placed offshore. But this system is more complex as the maintenance will depend more 

on the weather conditions and it will be less available. The converter can be placed on a 

platform or enclosed in a watertight container on the seabed. [18] 

 

Figure 28. System option 2. [18] 

 A transformer has also been installed offshore in system option 3, as shown in Figure 

29. Resistive transmission losses, I
2
R, will be lower, compared with system 2, as with the 

transformer placed in the ocean, the transmission voltage is higher and the current is lower.[18] 
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Figure 29. System option 3.[18] 

 In Figure 30 the fourth system option includes a high voltage DC, HVDC( which stands 

for High Voltage Direct Current, and is useful for the transmission of large amounts of power 

over long distances. Complex equipment is required for the installation of an HVDC circuit, and 

does not compete economically with an Alternating Current (AC) transmission line over short 

distances transmission.) With this system, the degree of complexity is high, but transmission 

losses are kept at a minimum. The power components‟ losses will, however, be added. A 

platform or watertight enclosure is also an option here for the electrical power components.[18] 

.  

Figure 30. System option 4.[18] 

 In Table 3 , the pros and cons are identified for each system option along with a possible 

installation condition interval. 

Table 3. Evaluation of system options.[18] 

 Option 1 Option 2 Option 3 Option 4 

Pros Few 

components 

Simple 

components 

Lower resistive 

losses 

 

Simple components 

 

Very low 

transmission 

losses 

Cons 

 

High 

transmission 

losses 

Complex 

components 

offshore 

Transformer and 

complex 

components 

offshore 

Many converters 

 

Converters 

installation 

offshore 

 

Possible 

installation 

interval 

Small farm 

close to grid 

Small farm very 

close to grid 

Medium to large 

farm quite close to 

grid 

Large farm far 

from grid 
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 It is preferable situating as less controllers as possible in the sea. Therefore, the system 

option 4 is used to very large installations where the distance from the grid connection point is 

big. 

 If for some reason, to fit the equipment near the grid connection becomes a difficult or 

impossible task, or a condition from the customer states that all equipment have to be on the 

same location, the system option 2 and the system option 3 could be interesting. 

Connection schemes 

 There are different ways to connect the wave converters between them and with the 

grid, as examples, the ones illustrated in Figure 31, Figure 32, Figure 33 and 

Figure 34.[18]  

 Each base unit can have its own cable to shore (a), Figure 31.That system leads to a 

high cable installation costs but on the other hand it has a very high availability. 

 

Figure 31. One cable from base unit to shore (a).[18] 

  Other option is that all the base units can be connected at one point, with one cable to 

grid (b),Figure 32.The main disadvantage for this system is that in case that the transmission 

cable or grid connection equipment fail could lead to availability problems in the whole farm. 

 
Figure 32. One cable from farm to shore (b).[18] 

 As it can be seen in Figure 33, another system is to connect a small amount of base 

units, in so called clusters, each with its own transmission cable (c),  
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Figure 33. One cable from cluster to shore (c). [18] 

 An intermediate option is to have clusters, which are connected offshore to one 

transmission cable (d), Figure 34. With this solution the complexity is quite high, while the cost 

for transmission cables is lower than for the cluster-to-shore (c) approach. The availability is 

also higher than for the farm-to-shore (b) solution. 

 

Figure 34. Subclusters and clusters with cable to shore (d).[18] 

Table 4 indicates pros and cons for the different connection schemes. The risk presented in the 

„„Possible installation interval‟‟ in the table, indicates risk of incident. If a cable has to be 

installed in a highly trafficked area, with many fishing vessels, the risk will be high. The 

opposite, a cable installed in a remote area, far from any harbors, with low traffic, will have a 

low risk installation. 

Table 4. Evaluation of connection schemes.[18] 

 Scheme a Scheme b Scheme c Scheme d 

Pros Very high 

availability 

 

Low losses 

 

Very simple 

configuration 

 

Very low 

installation cost 

 

Simple 

maintenance 

High availability Low installation 

cost 

Cons High installation 

cost 

 

Connections 

onshore necessary 

 

Low availability 

 

Many imply high 

losses 

Connections 

onshore necessary 

Difficult to find 

faults  

 

Complex system 

Possible 

installation 

interval 

Very small farms 

close to grid 

Small farms with 

low risk 

Large farms with 

high risk 

Large farms 

with low risk 

 



25 

 

 But parallel connections as the ones shown before are not especifically required. The 

wave converters can be also connected one by one to the interface, in a star connection (1 

platform per radial), or connected in a radial way between too many options more. 

 In Figure 35 is shown three possible cases with the same distribution of wave energy 

converters; the star configuration, the case with 4 platforms per radial and the case with 8 

platforms per radial.[3] 

 

Figure 35. Different kinds of configurations. Star configuration, and 4-8 platforms per radial.[3] 

 For the connections between the wave energy converter platforms (WECP), it is 

preferable to avoid diagonal connections as connecting the WECP directly between them is 

cheaper because the amount of cable used is reduced. Taking this into account, the radial 

connection is a good option as the total cable length of the internal collection grid is reduced 

and thereby the cost is less.[3] 

 As an example, in Figure 36, three different layouts are shown for a platform with 21 

wave energy converters (WEC).The amount of radials is also object to study. In Figure 36 the 

systems shown have 4, 7 and 10 radials. All of these layouts have been selected to reduce the 

total length of the cables. 

 In the figure, the square in the center of the platform, around WEC number 11 

represents the interface transformer.[3]  
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Figure 36. Connections of the 21 WECs to the interface with 4, 7 or 10 radials. P1, P2, P3, P4 and P5 

indicates the position in the radial, P1 is position 1.[3] 

 The position of the cable in the radial is also indicated with P1, P2, P3, P4 and P5 in the 

figure. P1 means position 1 and shows that this cable carries the produced power of one WEC, 

P2 means position 2 and shows that this cable carries the produced power of two WECs 

 Other practical examples would be the ones shown in Figure 37, with 12 WECs with 2, 

4 and 6 radials, which distribution has been made also in order to reduce cable length.[3] 

1

2

3

456

7

8

9

10 12

Interface WEC

4 radials

P1P2

P3

11

1

2

3

456

7

8

9

10 12

6 radials

P1

P2

11

1

2

3

456

7

8

9

10 12

2 radials

P1

P2

P3

11

P4P5

P6

 

Figure 37. Connections of the 12 WECs to the interface with 2, 4 and 6 radials. P1, P2 and P3 indicates 

the position in the radial, P1 is position 1. [3] 

 Comparing the platforms with 12 WECs and 21 WECs, it can be noticed that the buoys 

will interfere with each other and affect the power capture. For the platform with 12 buoys the 

interference and the effect on the power capture should be less due to the distribution of the 

buoys. Because of this and the fact that the difference between the platforms with 12 WECs and 

21 WECs is not large, it could be better to have a platform with only 12 WECs with respect to 

the cost of the electrical system for the platform.[3] 
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CABLES 

 In the systems of wave energy converters, the cables are an important component to 

take into account. As they will live in submersed environments, some considerations have to be 

considered: [19] 

• Materials must be compatible with fluid 

environment.  

• Strandings and platings 

• Insulating options 

• Electrical performance requirements 

• Shielding necessities and jacketing options 

• Strength members may be desirable to 

isolate stress from electrical components.  

• Temperature of liquid environment.  

• Special Markings on Cable (for depth for 

example)  

 Flexibility in power cables is also other important aspect, as it is needed between 

devices and transformer/converter stations The limit for flexible elastomeric cables is about 33 

kV AC (for loads of 10 MW). The flexing fatigue behavior of the cables and armoring will not 

only influence cable survival but also the mooring systems of floating devices. For the link from 

the transformer/converter station to shore is normally used a conventional DC submarine 

cable.[20]  

System Options 

 Cables are components that lead to cost, that is why a good analysis of their distribution 

in the system is preferred. 

 For the system options considered and analyzed before, depending on the connections to 

the grid, ( Figure 27, Figure 28, Figure 29 and Figure 30) the cable losses and the complexity 

had been compared for the four systems as it is shown in Figure 39 . 

 

Figure 39. System option cable losses vs. complexity.[18] 

 The systems with more cables losses are the second and the first option.( Figure 28 and 

Figure 27) This is due to the placement of the transformer, in the land instead of the sea, while 

Figure 38. Underwater cables.[19] 
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the options number 3 and 4( Figure 29 and Figure 30 )avoid some losses for that reason but 

increase the complexity of the system, specially the system option 4.( Figure 30). Also the place 

of the converters and power electronics influence in both losses and complexity 

 The best system cable is the one which meet better the requirements of the client, 

depending on the criteria chosen as the one which more importance. But taking into account 

both, cable losses and complexity, the system options 1 and 3 would be the better options. 

(Figure 27 and Figure 29). 

 For the connection schemes considered and analyzed before, (a), (b), (c) and (d) (Figure 

31, Figure 32, Figure 33 and Figure 34) an attempt to indicate cable cost, both material and 

installation, as a function of expected availability is shown in Figure 40. This figure refers to 

cable connection schemes only. 

 

Figure 40. Cable cost vs. availability for cable connections. [18]  

 While the systems (b) and (d) ,( Figure 32 and Figure 34), has a low cost, due to the 

WECs are connected in one single point that is connected to shored only with one cable, the 

systems (c) and (a) ,(Figure 33 and Figure 31),does not have this advantage but their WECs are 

more available due to this reason. 

 The best system cable is the one which meet better the requirements of the client, 

depending on the criteria chosen as the one which more importance. But taking into account 

both, cable cost and availability, the system options (d) and (c), (Figure 34 and Figure 33) 

would be the better options. 

Cross Section, Cable Capacitance and Inductance. 

 Some studies and models have been done to know, for example, which the most 

efficient section of the cable depending on the current rated is, or the capacitance and 

inductance depending on cross section or voltage rated. 

CROSS SECTION 

 In Figure 41 and Figure 42 solid black lines shows the model and the grey dashed lines 

shows the data from the data sheets of the cross section of a cable depending on the current 

rated. AC stands for an AC cable, DC for a DC cable, AL for aluminum conductor, CU for 

copper conductor, air for installation in air and ground for installation in ground.[3] 
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Figure 41. Current ratings and cross section for the cables, a) is for AC cables and b) for DC cables.[3]  

 

Figure 42. Current ratings and cross section for the cables, a) is for AC cables and b) for DC cables.[3] 
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CABLE CAPACITANCE 

 In Figure 43 the cable capacitance per km as 

function of the area for different rated voltages is 

shown. The black point represent the capacitance 

for a rated voltage of 10 kV, squares are for 45 kV, 

circles for 110 kV and x for 220 kV cable rating. It 

can be appreciated how the capacitance increases 

with a high cross section, especially for the 10KV 

rated voltage, where the difference of capacitance 

varies a lot with the increment of area.[3] 

 In Figure 44 the cable capacitance per km 

as function of the rated voltage for areas is shown. 

The black point represent the capacitance of a cross 

section of 95 mm
2
, square 240 mm

2
, circles 500 

mm
2
 and x 1000 mm

2
. It can be appreciated how 

the capacitance decreases with a high rated voltage, 

especially from 0 to 50KV rated voltage, and for 

1000 mm
2
, where the difference of capacitance is 

very big.[3] 

 

 

 

Figure 44. Cable capacitance per km as function of rated voltage for areas, black points 95 mm
2
, square 

240 mm
2
, circles 500 mm

2
 and x 1000 mm

2
.[3] 

Figure 43. Cable capacitance per km as function of 

area for different rated voltages, black points 10 kV, 

square 45 kV, circles 110 kV and x 220 kV.[3] 
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CABLE INDUCTANCE 

 In Figure 45 the cable inductance per 

km as function of the area for different rated 

voltages is shown. The black point represent 

the capacitance for a rated voltage of 10 kV, 

squares are for 45 kV, circles for 110 kV and 

x for 220 kV cable rating. It can be 

appreciated how the inductance decreases 

with a high cross section, especially with 

higher rated voltages, where the difference of 

capacitance varies more with the increment of 

area.[3] 

 In Figure 46 the cable inductance per 

km as function of the rated voltage for areas is 

shown. The black point represent the 

inductance of a cross section of 95 mm
2
, 

square 240 mm
2
, circles 500 mm

2
 and x 1000 

mm
2
. It can be appreciated how the 

inductance increases with a high rated 

voltage, especially for small areas where the 

difference of inductance is very big.[3] 

 

 

Figure 46. Cable inductance per km as function of rated voltage for areas, black points 95 mm
2
, square 

240 mm
2
, circles 500 mm

2
 and x 1000 mm

2
.[3] 

Figure 45. Cable inductance per km as function of 

area for different rated voltages, black points 10 kV, 

square 45 kV, circles 110 kV and x 220 kV.[3] 
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Cable Cost model 

 In Figure 47 and Figure 48 a developed cable cost model for AC and DC cables 

respectively is shown as function of rated voltage and cross section. The markers in the figures 

shows the cost obtained from companies. The cost model for the AC cable with copper 

conductor in M€/km as function of area for different rated voltages,( a ), can be seen in Figure 

47, where the black points represent a rated voltage of 10 kV, square 33 kV, circles 132 kV and 

x 220 kV, while the cost model for the DC cable with copper conductor in M€/km as function of 

rated voltage for areas,( b ),can be seen in Figure 48, where the black points represent a cross 

section of 120 mm
2
, square 240 mm

2
, circles 500 mm

2
 and x 800 mm

2
.[3] 

 For both AC and DC cables can be appreciated how the price increases with bigger 

sections. It also increases with bigger rated voltages, but for AC cables the increment of the cost 

with higher rated voltage is bigger than for DC cables. 

 

Figure 47. Cost model for the AC-cable with copper conductor in M€/km as function of, a) area for 

different rated voltages, black points 10 kV, square 33 kV, circles 132 kV and x 220 kV, b) rated voltage 

for areas, black points 120 mm
2
, square 240 mm

2
, circles 500 mm

2
 and x 800 mm

2
.[3] 
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Figure 48. Cost model for the DC-cable with copper conductor in M€/km as function of, a) area for 

different rated voltages, black points 10 kV, square 33 kV, circles 132 kV and x 220 kV, b) rated voltage 

for areas, black points 120 mm
2
, square 240 mm

2
, circles 500 mm

2
 and x 800 mm

2
.[3] 

TRANSFORMER 

 Transformers allow the voltage level of a network to be increased to transfer large 

amounts of power over long distances, and then bring the voltage level back down to a level 

useable by consumers. 

 Transformers serve two purposes: they can transfer power across two systems of 

different voltages; and/or they can provide electrical isolation between electrical systems. 

 The most common transformers has 2 windings that connect a network of a determinate 

voltage level to the primary winding, and one network to the secondary winding with another 

different voltage level. Transformers commonly contain all 3 phases in the same enclosure, so 

there are 3 primary windings (one for each phase), and 3 secondary windings. The ratio between 

the number of turns on the primary and secondary windings determines the voltage conversion 

ratio. 

 As transmission voltages can vary depending on network loading, the voltage 

conversion ratio of a transformer can be fine-tuned using a tap changer. A tap changer can 

increase or decrease the number of turns on one side of a transformer to change the voltage 

conversion ratio. The significance of this is that the voltage of the primary network can vary 

while the transformer regulates the voltage of the secondary network. 

 The electrical isolation between the primary and the secondary network is achieved by 

having no direct electrical connection between the conductors on the primary and secondary 
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sides. Furthermore, the magnetic coupling resists changes in the amount of current flowing 

(presented as an impedance), which limits the magnitude of fault current.[21] 

 There are three main types of transformers that are used for power transfer between 

transmission networks: 

• Generator step-up (or generator transformer) – a generator transformer is made to 

accept the large currents generated at medium voltage and transfer the power to the 

transmission system at a high voltage level, and relatively low current. Generator 

transformers typically have a large voltage ratio and have a delta connection on the 

generator side. 

• Interconnection transformer– an interconnection transformer transfers power between 

transmission networks of different voltages. These transformers have a small voltage 

ratio. 

• Step-down transformer – a step-down transformer reduces the voltage from one level 

to another.  

 Other types of transformers are used in the power systems such as earthing transformer, 

current transformers and voltage transformers.[21] 

Equivalent Circuit. 

 The physical limitations of the practical transformer may be brought together as an 

equivalent circuit model (Figure 49) built around an ideal lossless transformer. Power loss in the 

windings is current-dependent and is represented as in-series resistances Rp and Rs. Flux leakage 

results in a fraction of the applied voltage dropped without contributing to the mutual coupling, 

and thus can be modeled as reactances of each leakage inductance Xp and Xs in series with the 

perfectly coupled region. 

 Iron losses are caused mostly by hysteresis and eddy current effects in the core, and are 

proportional to the square of the core flux for operation at a given frequency. Since the core flux 

is proportional to the applied voltage, the iron loss can be represented by a resistance RC in 

parallel with the ideal transformer. 

 A core with finite permeability requires a magnetizing current Im to maintain the mutual 

flux in the core. The magnetizing current is in phase with the flux; saturation effects cause the 

relationship between the two to be non-linear, but for simplicity this effect tends to be ignored 

in most circuit equivalents. With a sinusoidal supply, the core flux lags the induced EMF by 90° 

and this effect can be modeled as a magnetizing reactance (reactance of an effective inductance) 

Xm in parallel with the core loss component. Rc and Xm are sometimes together termed the 

“magnetizing branch” of the model. If the secondary winding is made open-circuit, the current 

I0 taken by the magnetizing branch represents the transformer's no-load current.  

 The secondary impedance Rs and Xs is frequently moved (or "referred") to the primary 

side after multiplying the components by the impedance scaling factor (Np/Ns)
2
. 

 The parameters of equivalent circuit of a transformer can be calculated from the results 

of two transformer tests: open-circuit test and short-circuit test. 

http://en.wikipedia.org/wiki/Leakage_inductance
http://en.wikipedia.org/wiki/Permeability_(electromagnetism)
http://en.wikipedia.org/wiki/Sinusoidal
http://en.wikipedia.org/wiki/Series_and_parallel_circuits
http://en.wikipedia.org/w/index.php?title=No-load_current&action=edit&redlink=1
http://en.wikipedia.org/wiki/Electrical_impedance
http://en.wikipedia.org/wiki/Open_circuit_test
http://en.wikipedia.org/wiki/Short_circuit_test
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Figure 49. Equivalent circuit for a single phase transformer with NP turns in the primary winding and NS 

in the secondary. 

Transformer Loss model 

 Some studies and models have been done to get a transformer loss model. In Figure 50 

the results of one of them are shown, where the losses at rated operation in per cent of the rated 

power is shown as function of the rated power. The line shows the calculated losses from a 

developed model and the markers the losses from data sheets.[3] 

 

Figure 50. Transformer losses at rated operation in per cent of rated power. Solid line for the developed 

model and the markers losses from data sheets.[3] 

 In Figure 50 it can be seen that the losses decreases with increasing rated power and for 

a 10 kVA transformer it is 2.2 % and for a 100 MVA it is 0.46 %. 

 

 

 

 

http://upload.wikimedia.org/wikipedia/commons/d/d1/Transformer_equivalent_circuit.svg
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Transformer Cost model 

 Some studies and models have been done to get a transformer cost model. In Figure 51, 

the results of one of them are shown, where the solid line shows the cost model results and the 

cost data used for developing the model is shown by circles. Some of the data is from 2001 and 

have therefore been increased by 80 % to take the increase into account. [3] 

Figure 51. The cost of the transformer in € for different Rated power [MVA].The solid line the model and 

the markers the cost data used to develop the model.[3] 

In Figure 51 it can be seen that the cost increases with increasing rated power and for a 10 kVA 

transformer it is 10
-3

 MEUR and for a 50 MVA it is 1 MEUR. 

ELECTRICAL DESIGN FOR HYDRAULIC SYSTEMS 

 Taking into account all explained above and the possible electrical design, two 

hydraulic systems will be compared; one with storage system and the other without. In Figure 

52 the schemes of both systems are shown: 

 

Figure 52. Schemes of hydraulic systems  without and with energy storage system. 
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 For these systems the main different taking into account the electrical design are shown 

in Table 5. 

Table 5.Differences in electrical design for hydraulic systems with and without storage system. 

Without Storage system With Storage system 

• Variable speed 

•  Peaks of Power 

•  Power full Generators 

•  Complex Power electronics 

•  Higher cable cost 

•  Higher  losses 

•  Control in a better way with 

electrical machines  

 

• Variable speed 

•  Power more stable  

•  Reduce the complexity of the 

electrical system 

•  Low Maintenance 

•  Lower capital equipment cost (not 

taking into account the storage 

system) 

 

 

 Both systems need variable speed. The system without storage system needs much more 

generated power than the system with storage system to get the same amount of power, which 

lead to power full generators and this to complex power electronics and higher cable cost. In a 

system without energy storage the peaks of power are not avoided and that produces higher 

losses. But the control can be done in a better way with electrical machines. For the same 

reasons, a system with a energy storage system that has a power more stable, reduces the 

complexity of the electrical system, has lower maintenance and a lower capital equipment cost. 

 

CONCLUSIONS 

From the research reported on in this project, some conclusions can be made: 

 

 The material produced in this report is definitely the beginning of new knowledge 

which can be deeply developed. 

 There's a lot of energy in waves on the sea, 8,000-80,000TWh/y (1-10TW). The hard 

part is getting it 

 The demand of electricity produced by renewable energy is increasing.  

 The WEC concept researched is feasible in the sense that can convert wave energy to 

electric energy and this, converted to useful form and transmitted to shore for further 

use. 

 The direct drive buoy wave energy collection system is presented as one possible 

alternative to more mechanically complex hydraulic systems. 

 Significant improvements in the cost-effectiveness of wave energy devices may be 

possible with successful implementation of active control of device dynamics such as 

Reactive control and Latching control. 

 Phase control avoids the drawback of high power peaks keeping the advantage of 

increased power extraction 

 A maximum possible (time-average) absorbed power of 24 kW, 137 kW, or 172 kW for 

the cases of no phase control, sub-optimal latching control, and optimum reactive 

control, respectively can be estimated. 
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 Electrical systems offer excellent prospects for superior performance and other benefits 

compared with hydraulic systems, and that development of electrical system prototypes 

is justified. 

 Linear electric power generation has obvious advantages in specific applications, but 

these advantages may be outweighed by their high cost, so, taking into account 

efficiency and cost as the most important criteria, the rotating generation should be 

preferred. 

 The applications of power electronics in various kinds of generation systems and 

offshore farms make that their behavior/performance was very much improved. They 

are able to act as a contributor to the frequency and voltage control by means of active 

and reactive power control. 

 It is possible to use an underwater collector substation to connect offshore energy 

converters on the seabed for further transmission of electricity to shore. 

 In a plant, the wave energy converters (base units) can be connected in larger arrays 

ranging from tenths up to thousands of individual converters. The connections of these 

converters to the grid can be implemented in various ways, (converters and transformer 

offshore or onshore and connections cables schemes), depending on the size of the farm 

and the proximity to the grid among other criteria as availability or cost. 

 Radial connection is better than star configuration for the connections between the 

wave energy converter platforms (WECP), as it is preferable to avoid diagonal 

connections as connecting the WECP directly between them is cheaper because the 

amount of cable used is reduced. 

 Comparing the platforms with 12 WECs and 21 WECs, it can be noticed that the buoys 

will interfere with each other and affect the power capture. For the platform with 12 

buoys the interference and the effect on the power capture should be less due to the 

distribution of the buoys. Because of this and the fact that the difference between the 

platforms with 12 WECs and 21 WECs is not large, it could be better to have a platform 

with only 12 WECs with respect to the cost of the electrical system for the platform 

 For the system options considered and analyzed in the report, depending on the 

connections to the grid, ( Figure 27, Figure 28, Figure 29 and Figure 30)comparing the 

cable losses and the complexity, the system options 1 and 3 would be the better options 

(Figure 27 and Figure 29), due to the placement of the transformer, converters and 

power electronics. 

 For the connection schemes considered and analyzed in the report, (a), (b), (c) and (d) 

(Figure 31, Figure 32, Figure 33 and Figure 34) comparing cable cost, both material and 

installation, and availability; the system options (d) and (c), (Figure 34 and Figure 33) 

would be the better options. 
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FUTURE DEVELOPMENT 

 There are several things that could be done as future work. In Table 6 the main wave 

energy research topics are shown. 

Table 6. Wave Energy Research Topics 

 Wave Energy Research Topics  

Mechanical Electrical Other Areas 

Hydrodynamic characteristics 

Indirect power take-off 

methods 

Mechanical reliability 

Long term fatigue of: 

• Moorings 

• Foundation 

• Anchorage 

 

Mechanical maintenance 

Installation 

Direct power take-off methods 

Power conversion 

Power controls 

Power transmission 

Electrical reliability 

Grid connection requirements 

Weather forecasting for 

real-time wave behavior 

Standardized testing of 

devices 

Cost effective: 

• Waterproofing 

• Corrosion resistant 

materials 

• Offshore access 

 

 
 It makes sense to investigate also some others topics: 

 

 Large possibilities for immersion, especially in the fields regarding electrical system 

and connection to the power grid. 

 Some areas of research would benefit all WEC types. For example, developing high 

pressure underwater electrical cables with improved flexibility and strength would 

increase the reliability of every wave and offshore energy farm. 

 With regards to power electronics, constructing an inverter especially for WEC 

applications would enhance operation. Since waves are irregular in direction and size, 

induced voltages in the generator vary in magnitude and frequency. Thus, the power 

developed by any of the wave energy converters will be irregular. For this reason, an 

inverter is needed to smooth the output power and correct the power factor.  

 Maximizing power output and stabilizing grid connections. 

 The area of hydrodynamic response of wave energy converters and their influence on 

the surroundings. When laying out a wave energy farm, how the wave climate changes 

when the WECs are introduced and how the WECs affect each other will need further 

investigation. 

 Generator types with higher force densities and possibly better efficiencies, such as 

transverse flux permanent magnet machines. 

 Reduction in the overall machine envelope. 

 The use of capacitor compensation  

 Energy storage unit, considering power smoothing, would be an interesting approach to 

further even out power fluctuations  

 Optimal control and loss reduction.  

 DC Breakers and DC fuses in order to safely isolate the battery and the inverters among 

other components.  
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