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Abstract  

Huge quantities of clean energy can be obtained from the waves of the oceans and seas. A direct 
driven wave power conversion system to be placed in the Black Sea near the Romania shores was 
proposed. The paper focuses on its power electronic and control system.  
 

1 Introduction 
The energy consumption is rising continuously, 
while the classical resources (coal, petrol, etc.) 
are getting fewer and fewer. Meanwhile serious 
environmental problems have to be faced by the 
mankind. Many countries, mainly in view of their 
commitment to the Kyoto Protocol, have seen 
the urgent need for pollution-free unconventional 
power generation. 
Hence, the energy sector has been forced into a 
renovating process that sees an opening toward 
renewable energy. Its main advantage is the 
more sustainable use of energy resources. 
Beside this, the so-called green energy 
resources can be used repeatedly without 
depleting them; they do not contribute to global 
warming of the Earth and do not pollute the 
environment. 
As the energy of the oceans and seas is a huge, 
yet unexploited renewable energy source on our 
planet the dynamic evolution of the ocean energy 
industry is emerging. 
Although this technology is relatively new, and 
currently not economically competitive with more 
mature technologies (e.g., wind energy), the 
interest in ocean energy conversion from 
governments and industry is steadily increasing. 
An important feature of ocean energy resources 
is their high density, the highest one among the 
renewables [1].  
The most well developed technologies for 
deriving electrical power from the ocean include 
tidal power, wave power and ocean thermal 
energy conversion. From these possibilities, the 
wave energy conversation seems to have the 
greatest general application [2]. 
The World Energy Council has estimated the 
global ocean wave power over 2 TW (which 

means 17,500 TWh/year). From this, it has been 
estimated that the practical economic 
contribution of the wave energy converters could 
be 2,000 TWh/year, similar to current installed 
nuclear or hydroelectric generation capacity. 
Such generating capacity could result in up to 
2 billion tones of CO2 emissions being displaced 
from fossil fuel generation per year, similar to 
current emissions from electricity generation in 
the US [3]. 
There are several compelling arguments for 
using the wave energy technology [4]: 
i.) By its high power density, it is one of the 

lowest cost renewable energy sources. 
ii.) The wave energy is more predictable than 

solar and wind energy, offering a better 
possibility of being dispatched to an electrical 
grid system. 

iii.) The conversion of ocean wave energy to 
electricity is believed to be one of the most 
environmentally benign ways to generate 
electricity; hence, it does not render any 
waste that has to be stored or destroys the 
environment. 

iv.) The wave energy conversion devices can be 
located far enough away from the shore 
(offshore) that they are generally not visible. 

The power potential for waves can be described 
as units of power per meter of wave crest length. 
The greatest power in the wave fronts is about 
100 kW/m in the Atlantic Ocean South-West of 
Ireland, in the Southern Ocean and off Cape 
Horn.  
Large portions of the world's potential wave 
energy resources are also found in sheltered 
waters and calmer seas, which often exhibit a 
milder, but still steady wave climate, as the 
Baltic, the Mediterranean, or the Black Sea. 
In [5] the way of computing the monthly mean 
power density of the wave energy in the Black 



Sea near the Romanian shores was presented in 
details (see Fig. 1). 

As it can be seen, the wave energy density is the 
highest winter and autumn, fortunately coinciding 
with the periods with the greatest energy 
demands. 

2 The direct driven wave power 
conversion system 

The design requirement of a wave energy 
converter is to generate useful electricity supply 
from the kinetic and potential energy of irregular 
ocean waves. Numerous wave energy 
conversion (WEC) devices have been proposed, 
that rely on different modes of wave motion or 
electrical generation systems to achieve these 
design objectives [6]. 
The direct driven power take off system, which is 
intended to be used by us is the simplest 
possible. It uses a floating buoy joined together 
with no intermediate mechanical systems with a 
linear generator. It works upon the difference in 
height between wave top and wave bottom [7]. 

The buoy, floating on the water's surface follows 
the motion of the wave [8]. The buoy is 
connected to a linear generator fixed on a 
concrete foundation, which stands on the bottom 
of the ocean (see fig. 2). 
The system is mechanically simple, with a few 
moving parts. By optimizing the shape and 
operation of the buoy 90% absorption efficiency 
can be achieved [9]. 
Based on the particularities of the waves in the 
Black Sea, respectively on the selected wave 
power take off system the following main design 
data was established for the linear generator of 
the direct driven power take off system to be set 
up near the Romania shore of the Black Sea: 
20 kW power, 120 V maximum voltage, 1 m/s 
speed and 1 m maximum stroke. 

3 The linear generator 
Based on the previous experiences and the 
given requirements a novel permanent magnet 
tubular linear generator was designed and 
analyzed. Its main structure is given in Fig. 3 
[10]. 

Its mover consists of iron core rings fixed on a 
shaft alternated with permanent magnet rings 
magnetized in alternated radial direction. In the 
outer part is placed the winding and the stator 
iron core. This part of the generator is built up 
modularly in order to easy adapt the construction 
to different working conditions.  
Each module has a ring type iron core having 
U-shaped cross-section having inside a coil. By 
correctly shifting different number of modules 
and coupling together their coils, various output 
voltages and different phase numbers can be 
obtained.  
In the structure given in Fig. 3 four coils are 
coupled together forming a single phase of the 
machine. Mounting three correctly shifted such 
groups of modules together a three-phase 
generator can be built up. By moving the 
armature with the permanent magnets, a varying 
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Fig. 1 The monthly mean power density of 

the waves in the Black Sea 

 
Fig. 2 The WEC system 

 
Fig. 3 The structure of the proposed tubular 

linear generator 



magnetic flux will pass through the windings, 
generating emf. The main characteristics of the 
linear generator in study were obtained via 
precise numeric field computations [11]. 

4 Power electronics circuits 
selection 

One of the main problems regarding the 
proposed wave power conversion system is the 
design of its power electronics. 
As the movement of the waves is irregular both 
concerning the distance between two wave 
crests (which influences the frequency of the 
generated voltage) and the wave's 
height / speed (having effect over the magnitude 
of the induced voltage in the coils) also the 
amplitude / frequency of the voltage obtained 

from the linear generator varies between 
relatively large limits. 
Therefore, it can be stated out that the primary 
source for the power electronics is the AC one 
with a stochastic evolution of the amplitude and 
frequency, according to the irregular movement 
of the waves. The mathematical model of the 
phase voltage given by the linear generator is a 
stochastic signal with both amplitude and 
frequency modulation. 
On the other hand, it seems to be economically 
reasonable to connect together more linear 
generators in order to obtain a higher output 
power. A higher output voltage is possible by 
series connection of the linear generators (LG), 
but due to the stochastic variation of the AC 
parameters, a DC addition must be chosen, like 
in Fig. 4 [12]. 

In order to reduce the fluctuations of the DC 
voltage, a power boost converter, based on IGBT 
transistor (Tc) is necessary, so that,  
 .)(2 consttu ≅  (1) 

despite the variations of the voltages 
( 11 ;,..., uuu rnr ). The selection of the boost 
DC/DC converter is motivated by its ability to 
give an output voltage, )(2 tu  higher than )(1 tu , 
and the possibility to maintain, within certain 
limits, a constant )(2 tu  voltage. 
Finally, the connection to the public power grid is 
possible by use of an adapted industrial 3-phase 
power inverter with internal voltage and 
frequency (U / f) control, Fig. 4. 
The main problems of the inverter are related to 
line synchronization and to the active power 
control.  

The synchronization is a common problem of the 
power system solved in different ways (automatic 
synchronization). 
The delivered active power (P) is controlled 
indirectly, through the inverter output voltage 
( lineu~ ), and must be correlated with the extracted 
power from waves.  
By a constant value of the line voltage ( 0,

~
lineu ), 

variation of the wave-power will change the 1u  
voltage. 
The boost converter operates only in a strict 
domain of the difference: 
 12 uuu −=Δ  (2) 

The power electric circuit presented above has 
to be completed with an active power control 
system, such as given in Fig. 5. 

 
Fig. 4 Simplified structure of the power electric circuit 



The behaviour of the proposed power electronic 
system was studied by means of simulations. 

5 Simulation of the power 
electronic circuits 

The simulation of the power electric circuit was 
performed in Simulink® using the 
SimPowerSystems™ blocksets [13]. 
The structure of the program follows the 
configuration of the power electric system given 
in Fig. 4 (see its main window in Fig. 6). 

Due to the lack of space here only two 
subsystems can be presented, that of the 

coupled linear generator group and of the boost 
converter (see Fig. 7) 

The IGBT's gate is commanded by a PID 
controlled pulse generator by changing the duty 
cycle of the pulses. 
Next in Figs. 8, 9 and 10 the main results of the 
simulations are given. 

 
Fig. 5 Control of the delivered active power 
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Fig. 6 The main window of the program 
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a) the linear generator's subsystem 
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b) the boost converter's model 

Fig. 7 Two subsystems of the model  
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Fig. 8 Voltage waveforms at the output of the linear generators 



 

 

The voltage produced by a single phase of a 
linear generator is given in the first plot of Fig. 8. 
It can be clearly seen the sinusoidal envelope of 
the induced voltage due to the sinusoidal 
variation of the mover's speed due to the 
rise / fall of the buoy floating on the sea surface. 
In the next plot all the three phases of a single 
generator can be seen. The sinusoidal waveform 
is modulated by the poles of the linear generator. 
In the next plot of the same figure, the rectified 
output of a single linear generator unit can be 
seen. It was obtained by passing through a 
three-phase rectifier of the three voltages 

induced in the phases of the permanent magnet 
linear generator.  
Finally, the rectified voltages of the five linear 
generators forming a group were added resulting 
the voltage shown in the last plot of Fig. 8. 
For a better view a zoom (of 0.02 s period long) 
on the plots given in Fig. 8 is shown in Fig. 9. 
In the last figure (Fig. 10) the waveforms 
regarding the inverter, which connects to the grid 
the electrical system of the linear generators, are 
given. In the first plot the input dc voltage 
(obtained from the boost converter) of the 
inverter is shown. As it can be seen, the boost 
converter assures for it an acceptable constant 
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Fig. 9 Zoom on the waveforms given in Fig. 8  
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Fig. 10 Voltage waveforms of the inverter 



level, despite of the irregularly varying generator 
output voltages connected together. 
In the last plots of Fig. 10 the chopped output 
voltage of the inverter, respectively the voltage 
drops on the three-phased load can be seen. As 
it can be observed, the voltage drops are near 
sinusoidal due to the efficient control of these 
waveforms. 

6 Conclusions 
A direct driven wave power conversion system to 
be placed in the Black Sea near the Romania 
shores was proposed. Its permanent magnet 
tubular linear generator was studied formerly [5], 
[10], [11].  
In the paper, the results of the power electronics 
circuit's selection were detailed. These precisely 
controlled circuits enable the grid connection of 
the WEC's linear generators. 
All the obtained results emphasize the correct 
concept of the proposed linear generators and of 
the power electronic system connected together. 
The overall performances of the proposed wave 
energy converters exploiting the huge clean 
electric energy of the oceans and of seas were 
proved to be those excepted by the designers. 
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