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1. Introduction 
 
The research project ”Structural Design of Wave Energy Devices” (SDWED) aims at lowering the 
costs for the structure of wave energy converters (WEC). Two major factors have been identified to 
reduce the costs: The first one is a common design basis which can be used by device developers. 
The second one is a wave to wire simulation toolbox which can be used to 
 
- Improve the design, 
- Identify critical components, 
- Calculate forces on the structure of the WEC, 
- Verify the design of WECs before testing, etc. 
 
In the work package (WP) 3, the generator and energy storage systems for WECs are investigated. 
As both of these subsystems are widely used in other fields like transportation, industrial 
applications and wind energy conversion, a huge number of different generator and energy storage 
systems (including tools to simulate these systems) have been developed. Therefore the scope of 
WP 3 is not to develop new components and simulation technologies for the application in WECs 
but rather to identify and compare the existing systems.  
 
This report covers rotating generator systems. The main aspects considered during the research 
work on the rotating generator systems were the methodology of the design process, the 
requirements for different types of WECs, the identification and benchmarking of different 
candidate generator systems, the impact of the generator system on the overall WEC and the 
different technologies to simulate the generator systems, regarding the impact on the WEC. 
Currently different WEC technologies are under development and it is still not clear which of them 
will prevail. As it was found impossible to investigate all these different WEC types with an 
adequate depth, it was decided to concentrate the research on the two most common types of WECs 
using rotating prime movers – which appear to be the so called oscillating water column (OWC) 
WEC and the so called overtopping WEC. Both systems benefit from a simple structure, which 
suggests that these technologies might be capable of delivering energy at reasonable costs. Another 
crucial aspect for reaching an economical level – besides the choice of technology – is the number 
of installed devices: Production costs of components, hull and others decrease with increasing lot 
size. As the number of possible onshore sites for wave energy conversion is limited, it can be 
assumed that these WECs will be deployed as floating offshore structures – near-shore on the short 
term and maybe even deep-offshore in the future. Having this in mind, the aspects of floating 
structures regarding the generator systems have also been considered in the course of the project. 
 
In other well developed types of WECs rotating generators are also used. In point absorbers (e.g. 
the WaveStar device (see ([1])) the prime movers convert the power of the wave into a translational 
movement. This movement can be directly converted into electrical power by an electrical linear 
generator. One other energy conversion strategy is to apply hydraulic pistons and a hydraulic motor, 
which drives a rotating electrical generator that converts the mechanical into electrical power. Even 
though a lot of the characteristics described in this report also apply for the rotating generators in 
these systems, these rotating generators are not in the scope of this report. 
 
According to the two main goals of the project the report is split into two parts: Part one mainly 
deals with the design of drive train systems. This part is divided into 5 sections. Chapter 2.1 gives a 
methodology for the development of the generator system. In chapter 2.2 an overview of the 
characteristics of the two main types of WECs using rotating generators is given. One major aspect 
in this context is the characteristics of the prime movers used. Additionally the characteristics of 



floating structures and the effects of up-scaling are described. The requirements on the different 
drive train systems are derived from the characteristics of the devices and the floating structures. 
These requirements are compiled in section 2.3. In the following section, different candidate 
systems for the drive train systems are introduced (see chapter 2.4). In chapter 2.5 a final 
comparison/benchmarking of the candidate systems is given. 
 
Summing up, in part one a design basis for the generator system is given. As soon as the drive train 
has been designed and configured, the specific properties such as the mass of the generator, the size 
and the torques can be used as input for the design process of the WEC structure. Besides these 
data, further investigations on the drive train behaviour and interactions with the WEC as a whole 
are necessary in order to calculate the loads on the hull, coming e.g. from drive train oscillations. In 
order to perform the necessary calculations, models for the drive train are required to simulate the 
behaviour under different circumstances. The loads from the power take-off (PTO) system differ 
depending on the state of the drive train (e.g. normal operation, storm protection mode, idle or 
generator fault conditions). Other aspects that should be dealt with regarding the structural design of 
the overall system are the oscillations of the drive train and the drive train/WEC interaction. These 
oscillations cause fatigue loads which have to be addressed when the design of a WEC is 
investigated in order to be able to calculate fatigue loads for a 20-year life span period and also to 
avoid that the drive train and the WEC have modes and excitations in the same time frame. Part two 
covers mainly the simulation techniques.  
 
Note:  
The research activities/investigations carried out in the course of the project are based on the 
knowledge/background of the Institute and the authors in the field of wave energy and also similar 
fields like tidal and wind energy. It shall be stated here that for especially one particular type of 
WEC – namely the OWC WEC – a strong relationship to a former project is present. In the EU-
project “Components for Ocean Energy System” (CORES), the generator system for OWC WECs 
was investigated. Taking the chance of deepening the understanding of these types of WECs, some 
of the results have been used in this project. In order to optimize the synergy effects, the report on 
the generator systems from the CORES project has been used as a basis for parts of this report. So it 
will be found that some sections are based on the report D2.1 from the CORES project. 
 



2. Design of power take-off 

systems applying rotating 

generators  
 
 
 

2.1 Design methodology 
 
The design process of a generator system aims at the specification of an optimal drive train 
configuration for the given application, which is a WEC in this case. As there are a lot of criteria 
which affect the choice of the system (e.g. technical feasibility, economics and complexity, among 
others), the result of the design process is likely to be a compromise between the different 
requirements on the generator system. In order to address the large number of different aspects 
which need to be taken into account, an approach with a systematic design process is recommended. 
In the following the different steps of the design process are described. 
 
The design process starts with investigating the requirements on the generator system, which 
depend on the characteristics of the WEC. From this investigation a list of criteria is compiled, 
which is used later to benchmark different systems. Based on these criteria, it can be investigated 
which components are generally available – e.g. components used in industrial applications or 
similar fields like wind energy conversion – and which components need to be developed for the 
application. The result is a list of candidate systems including the available generator systems, 
which generally meet the requirements of the application. The next step is a thorough benchmark of 
the candidate system according to the list of criteria referring to the generator system. Finally, as 
usually different systems show different characteristics in accordance to the criteria, the results of 
the benchmark have to be summarized and assessed to provide a final decision on the generator 
system. So a systematic approach of the design process could be split up into the following phases:  
 
- Investigation on the requirements of the generator system depending on the application  
 (function principle of the WEC, rated power, installation site, etc.), 
- Compilation of a list of criteria on the generator system, 
- Choice of candidate system,  
- Benchmarking of the candidate systems according to the list of criteria, 
- Specification of the generator system. 
 
By applying such a systematic approach, a high quality of the design process can be achieved. On 
the other hand, the quality depends highly on good knowledge and experience in the field of drive 
train systems. As such, knowledge and experience are crucial factors for identifying the 
requirements of the drive train, candidate systems, weak spots, etc. 
 
Two further aspects shall be mentioned here which should not be underestimated:  
 
One is the interaction of the generator system with the rest of the PTO system and the overall WEC. 
The PTO systems of the WECs considered in this study consist of several parts. Looking at an 
OWC WEC the energy conversion chain consists of three steps: 
 

- In the air chamber the wave energy is converted into a bidirectional airflow through a duct,  
- By the air turbine the kinetic energy from the airflow is converted into rotational mechanical 

energy and  



- The generator system converts the mechanical into electrical energy which is fed into the 
grid. 

 
According to the working principle of an overtopper WEC, the energy conversion chain consists of 
the following steps: 
 

- By the ramp the energy stored in the incident wave front is converted into potential energy, 
- A water turbine is applied to convert the potential to rotational mechanical energy, 
- The generator system converts the rotating mechanical energy to electrical energy. 

 
In the design process of wave energy projects often the following approach is used: The first step is 
the design of the hull and the turbine. Then a suitable generator system is identified. When this 
design approach is followed, constraints of the generator system (such as minimum generator size 
for a given rated power) are not considered during the turbine and hull design. So it is very unlikely 
that the outcome will be an optimal system. Thus it is recommended to assess the impact of the 
generator system on the overall system throughout the whole design process.  Besides considering 
characteristic data of the generator systems (masses, common speed ranges of generators, etc.), 
simulations of the interactions with the hull are recommended. Only by performing simulations 
which take into account factors like predominating sea states, behaviour of the prime mover and 
control, the crucial quantities like the rated/maximum generator speed and torque, the required 
overload capacity and thermal dimensioning of the generator system can be investigated and 
determined in detail.  
 
The second aspect is the evaluation of the final design of the generator system by conducting a 
hardware-in-the-loop (HIL) test. During the design process described above, the most promising 
design of the generator system is chosen. This is done based on the information of the different 
types of generators and the simulations of the overall system. Nonetheless there is still a significant 
risk of the system not performing as expected, which can happen due to wrong or missing 
information about the different parts of the system or shortcomings in the simulation. Therefore it is 
highly recommended to verify the results in a HIL-test. A typical configuration of a HIL test bench 
is depicted in Figure 1. The original generator system components are tested by using a test drive 
which simulates the air or water turbine respectively. In this configuration it’s also possible to test 
the original control unit which will be applied on the WEC. With this procedure, the behaviour of 
the generator system and the interaction with the control unit can be tested and verified under 
realistic conditions. This way the risk of the system not performing as expected can be reduced to a 
reasonable limit and additionally the commissioning time can be reduced.  
 

 
Figure 1: HIL-test bed configuration 
 



 

2.2 Device characteristics 
 
 
As mentioned in chapter 1, this reports deals with generator systems for floating WECs, following 
the working principle of either OWC- or overtopper WECs. As the design of a generator system 
depends on the knowledge of the characteristics of the specific type of WEC, the following chapters 
give an overview of the characteristics of floating offshore structures as well as OWC and 
overtopper WECs. The current development in the wave energy industry aims at moving from 
down-scaled test devices and onshore OWCs towards full-scale offshore applications. This means 
that also the PTO systems and thus the applied generator system have to be scaled, chapter 2.2.4 
deals with the scaling effects on these systems.  
 

 

2.2.1 Floating offshore structures 
 
Looking at any electrical installation, the environmental conditions at the installation site have to be 
taken into account to ensure that the components are capable of working under the specific 
conditions. For common installations the environmental conditions are quite moderate. For instance, 
in domestic installations and many industrial applications both the temperature and humidity ranges 
are quite limited. Therefore a lot of the available electrical components including generators and 
frequency converters are designed for these environmental conditions. At other installations more 
extreme environmental conditions have to be considered – e.g. photovoltaic modules need to be 
protected against rain.  
 
Looking at an offshore WEC it is quite obvious that the environmental conditions are definitely a 
particular challenge. As the economics of a WEC depends on a 15- to 20-year life span, the 
electrical components have to withstand the environmental conditions for this period. This issue is 
addressed i.a. by developing special standards and codes for electrical components and installations 
in offshore applications (see for example [2], [3], [4]). In the following some specific conditions of 
floating offshore structures, which should be taken into account during the design process, are 
described. 
 
 
 
Mechanical loads: 
In order to assess the mechanical loads on both the hull and the components of a WEC, the overall 
WEC has to be taken into account. The forces from mooring lines, the PTO – including the prime 
mover, the generator, the control system/strategy and the brake – as well as the hydrodynamic 
forces sum up and interact with the hull of the WEC, resulting in vibrations, gyroscopic loads and 
transient forces.  
 
Note: 
In detail these forces can only be assessed by performing extensive computational simulations and 
time demanding tests with down-scaled models in test tanks.  
 
The occurring loads can be divided into three categories: 
 

- Low frequency loads, 
- Medium frequency loads, 



- Extreme loads / high transient forces. 
 
Low frequency loads occur in normal weather conditions and normal operation of the WEC. The 
significant wave period time at a sample position in the North Sea ranges from 4.15 to 8.16 seconds 
[see Table 1], which equals a frequency range from 0.12 to 0.22 Hz. The high frequencies of the 
wave spectrum are assumed to be negligible due to their low power content and the very low 
frequencies are considered in the extreme load case. As the control strategy of the WEC reacts on 
the incident wave front and adapts the eigenfrequency of the WEC to the frequency of the incident 
wave front (for maximum energy extraction) [5], the main frequency components of the sum of the 
hydrodynamic forces and the forces from the PTO system can also be assumed to be in the same 
range. This also accounts for the mooring forces, neglecting the case of snapping. The resulting 
heave and surge movements of the WEC have to be considered during the generator design phase as 
they cause gyroscopic loads and inclinations which are not considered in standard designs of 
electrical machines and components. 
 

 
Table 1: Predominating Wave Climate Fino-Borkumriff (source [6]) 
 
Medium frequency loads can derive from the PTO-system. The PTO system consists of several 
rotating masses (prime mover, generator rotor and possibly a gear-box) coupled by shafts, resulting 
in a system that is free to vibrate. In chapter 2.4.1 a rough estimate of the eigenfrequencies of WEC-
PTOs based on a comparison with similar PTOs in wind energy converters is made, showing that 
the first eigenfrequencies can be expected to be in the range of some ten Hz or even higher. If the 
system is mechanically excited in its eigenfrequencies, high oscillations can occur – possibly 
leading to an early failure of the components. Possible sources for excitations in the according 
frequency range are control influences or mass imbalances of the rotating parts. During the design 
process of the PTO-system and the overall WEC this scenario has to be taken into account.   
 
The third category is mechanical loads due to extreme events, resulting in extreme loads on the hull 
and the PTO system. Possible reasons are generator faults (see chapter 2.4.1), snapping of mooring 
lines which result in high transient forces, and also storm events which lead to increased gyroscopic 
loads and inclination of the platform. It has to be considered, that depending on the operation 



control strategy, the PTO-system is usually in stand-by or storm protection mode during a storm 
event. 
 
 Incident wave front PTO-generator system, 

including control 
system/strategy and 
brake 

Mooring 

Low to medium 
frequency loads 

- normal weather 
conditions  

- normal operation - normal weather 
conditions 

Medium to high-
frequency loads 

 - Mass imbalances 
- Control influence 

 

Extreme loads / 
high transient 
forces 

- storm event - generator faults 
- engage of brake 

- snapping 

Table 2: Matrix of possible loads on generator system components 
 
 
In Table 2 a matrix of possible loads on generator system components is given. Throughout the 
design process the impact of these different loads on the generator system should be investigated. 
 
Environmental conditions:  
Additional stress on the electrical equipment is caused by the ambient conditions. The ambient air is 
characterized by high salinity, humidity and spry water, leading to an environment that facilitates 
corrosion. Considering the case of an overtopping WEC the generator system might even be in 
direct contact with the sea-water.  
 
Structural integration of the electrical components: 
In general it can be said that the hull of the WEC is designed for optimized interaction with the 
incident wave front. Thus the design layout and integration of the electrical components follow the 
design of the overall WEC. This can result in limited space for parts of the electrical components 
and therefore in a densely packed installation, where access to components is hindered. Depending 
on the layout, some of the electrical components might also be installed under water. 
 
Platform access: 
The installation site also has an impact on the access to the platform. Due to sea states the access 
can be restricted. This has to be considered for installation and maintenance planning. In any case 
vessels are needed for the installation and to access the WECs. Also, performing mechanical tasks 
on the platform can be hindered by the movements of the platform. 
 

2.2.2 Oscillating water column WEC 
 
The OWC WEC comprises of a partly submerged structure which is open below the surface. The 
pressure inside the chamber is oscillating due to the oscillating water surface, caused by the impact 
of the waves. This way an oscillating air-flow through a duct is generated which is converted into 
electrical power using a self rectifying turbine (e.g. a Wells or an impulse turbine) and a rotating 
generator. In Figure 2 the working principle of an OWC WEC is depicted.  
 



 
Figure 2: Structure of an oscillating water column wave energy converter 
 
As mentioned above, different turbines are used for the primary energy conversion step. In this 
report two types of turbines are taken into account. These are the Wells turbine, which can be 
considered the quasi-standard turbine used for this application at the moment, and the impulse 
turbine, which is a rather new turbine type and overcomes some of the disadvantages of the Wells 
turbine. 
 
In most of the installed OWC devices (see i.e. [7], [8]), Wells turbines were applied. This type of 
turbine suffers from several shortcomings ([9]): 
 
- Narrow flow range at which the turbine operates at useful efficiencies, 
- Poor starting characteristics, 
- High operational speed and consequent noise, 
- High axial thrust. 
 
Two OWCs using Wells turbines are the onshore WECs Pico [7] and Limpet [8]. Both have a rated 
power in the range of some hundreds of Kilowatts. Table 3 shows some key figures of the Pico 
Wells turbine. Some of these figures are of special interest when considering the FC-generator 
system design. These are mainly the rated power (400 kW) and the nominal speed (1,475 rpm). In 
the Limpet WEC two counter rotating Wells turbines, driving two 250 kW generators, are installed. 
By applying a frequency converter, the turbines are operated with variable speed in the range of 700 
to 1,500 rpm ([10]). One further aspect of interest is the structural integration of the generator in the 
PTO-system. Typically the generator is placed in the turbine cone as depicted in Figure 3. 
 
In order to overcome the disadvantages of the Wells turbine, Setoguchi et al. ([11]) developed an 
impulse turbine with pitched guide vanes. The advantages of this type of turbine compared to the 
Wells turbine are ([9]): 
 
- High efficiency over a wide range of flow coefficients (a comparison is depicted in Figure 

4) 
- Good starting characteristics and 
- Low operational speed. 
 
The one major drawback of the impulse turbine with movable guide vanes is the significantly 
increased number of moving parts which have to withstand a large number of oscillations per day. 
An alternative design is an impulse turbine with fixed guide vanes, which might be a good 
compromise between efficiency and mechanical robustness (see Figure 4).  
 
As described above, the air-flow through the turbine is highly fluctuating. In order to adapt the 
turbine to the air-flow and consequently optimize the power output, the PTO-systems of OWCs are 



typically operated with variable speed. Along with the fluctuation of the air-flow there is a 
fluctuation of the power output of the WEC. In [12] results from simulations of a 570kW OWC are 
reported, showing a peak-to-average generator power of 4.6.  
 

 
Figure 3: Pico OWC Wells turbine (source [13]) 
 



 
Table 3: Characteristics of the Pico Wells turbine (source [13])                               
 

 
Figure 4: Efficiency of different self-rectifying air-turbines (source [9]) 
 
Structural integration of turbine and generator for OWC WECs: 
Theoretically the OWC WEC’s duct can be mounted either vertically or horizontally. As depicted in 
Figure 3, the generator is housed in the cone of the turbine and the turbine is directly mounted on 
the generator shaft. Due to the limited space in the cone, usually no gear-box for speed adaption is 
used. 
 



Typically the generator is equipped with two bearings – one movable and one thrust bearing - in the 
A- and B-ending shields of the generator. The movable bearing only accepts radial forces and the 
thrust bearing accepts both radial and axial thrust forces. 
 

2.2.3 Overtopping WEC 
 
Overtopping WECs use the run-up effect of a wall or a ramp to convert wave energy into potential 
energy in a water reservoir. This potential energy is further converted to rotational mechanical 
energy by a low-head water turbine. In Figure 5 the working principle is depicted. 
 

 
Figure 5: Working principle of an overtopping WEC (source: [14]) 
 
In conventional hydro power different types of water turbines are used. The type of turbine used is 
mainly determined by the water head. Compared to conventional hydro power, the head of an 
overtopping WEC is at or even below the very low end. In hydro power the head ranges from above 
1,000 m down to some metres. At possible installation sites in the North Sea around 98% of the 
occurring sea states can be expected to show significant wave heights between 0 and 5 m ([14]). So 
the water head in an overtopping WEC can be expected to be in roughly the same range. In hydro 
power so called Kaplan bulb turbines are used for applications with very low head. So this type of 
turbine is also used in overtopping WECs. Another aspect which needs to be addressed is that 
compared to conventional hydro power the range of the head (minimum to maximum head) is quite 
big and changes can occur very quickly. It is possible to change from minimum to maximum head 
range within one wave period ([14]), which results in a high power fluctuation. In order to optimize 
the energy yield, a turbine with a flat efficiency curve is desirable. In general a flat efficiency curve 
can be achieved by using adjustable guide- and runner blades or by adjusting the turbine speed 
according to the water head. The use of adjustable guide- and runner blades result in increased costs 
and maintenance efforts, which is especially problematic in case of offshore structures. 
 
One of the best documented overtopping WECs under development is the Wave Dragon WEC 
([15]). In 2003 a 1:4.5-scale (related to a typical North Sea wave climate) prototype was installed at 
the Nissum Bredning test site in Denmark. This prototype has been tested successfully in the period 
from 2003 to 2005 ([16]). One of major parts of the overall project was the development of a 
suitable PTO-system for the Wave Dragon. In total, two different runners (3- and 4-bladed) and two 
different configurations (cylinder gate and syphon type, which mainly differ in the start/stop 
procedure) have been developed. The design of the turbines for the Wave Dragon adjusted to a 
North Sea wave climate is described in [14] and [17]. Following results were documented: In order 
to get simple and rugged turbines, a design with fixed guide and runner blades was chosen. A 
relatively high efficiency over the full head range from 0.4 to 3 m is achieved by operating the 
turbines at variable speed. In order to cope with the wide discharge range, 16 relatively small 
turbines are used, all of which can be switched off and on individually. Each turbine is rated at 
250 kW and the operating speed ranges between 120 and 260 rpm ([17]). The mechanical power is 



converted to electrical power by permanent magnet synchronous generators which are directly 
mounted on the turbine shaft; no gear box is used. The operation with variable speed is achieved 
with frequency converters. In [16] an overview of different versions of the Wave Dragon designed 
for different wave climates can be found. 
 

 
Table 4: Versions of the Wave Dragon WEC for different design wave climates (source [16]) 
 

 
Figure 6: Cylinder gate and siphon type model turbine for the Wave Dragon WEC (source [17]) 
 
Another project which relies on the overtopping principle is the Sea-wave Slot-cone Generator 
(SSG) technology [18], under development by Wave Energy AS [19]. The SSG is designed for 
integration into breakwaters and is therefore a technology for shoreline devices. The SSG uses a 
multi-stage reservoir and a multi stage turbine (see Figure 7). As a first full-scale demonstration 
project, a breakwater at the island of Kvitsoy, Norway, was planned to be built in the period from 
2005 to 2008. Originally it was planned to equip the plant with one multi-stage turbine rated at 
150 kW and a corresponding generator. As the development of the turbine was delayed due to 
technical problems - which were solved in the course of the project but caused significant delays - 
the design was changed and several Kaplan turbines were incorporated in the design.  



 
Figure 7: Sea-wave Slot-cone Generator (source [18]) 
 
In the final report to the EU ([20]) the design of the corresponding generator system is described: 

- 6-pole asynchronous generators for the upper and middle reservoirs, 
- 8-pole asynchronous generators for the lower reservoir, 
- Generator coupled to turbines by belt drives, 
- Generators are directly coupled to the grid, no frequency converter is used and thus the 

generators operate at fixed speed, 
- Soft starter used to avoid high inrush currents. 

 
Due to an official complaint to the construction approval which couldn’t be turned down in the 
project timeline, the development had to be stopped. 
 

2.2.4 Effects of scaling 
 
Several down-scaled WECs have been or are currently being tested by different device developers 
in real sea trials. Examples of down-scaled prototypes are the OEBuoy ([21]) and the Nissum 
Bredning Wave Dragon rated at 15 kW and 20 kW respectively. In order to produce electricity at 
reasonable costs, these devices have to be scaled up to full-sized devices, designed for installation at 
sites like the Irish Atlantic coast (average wave power: 75 kW/m) or the Danish North Sea coast 
(average wave power: 21 kW/m) ([22]). Based on the results from sea trials and simulations, several 
developers propose and advertise full-scale version of their devices. In Table 5, relevant data of 
some proposed full-scale devices is listed. The rated power of these devices ranges from 1 to 
11 MW. The relevant feature regarding the generator system is the rated power of the applied 
turbines. As can be seen below, the turbine power is in the range between 0.5 and 1 MW for the air 
turbines and between 0.25 to max 0.7 MW for the water turbines. This can be seen as a good 
indicator  for the power range of turbines applied in other projects (short term). A reasonable 
estimation of the maximum size of future turbines for OWC WECs with an upper limit of 2 MW is 
given in [23] (p.110). 
 



Table 5: Example of proposed full-scaled devices (sources [24], [25], [26]) 
 
From the data above two important facts for the generator systems can be derived: Firstly the rated 
power of the single generators can be expected to be in the range from some hundred kilowatts to 
ca. 1MW and maybe up to 2 MW in the long term. There are exceptions from this power range like 
in the case of the Mutriku breakwater OWC WEC ([27]), which is equipped with 16 turbines rated 
at 18.5kW each and is said to be the first commercial wave energy plant by the developers. 
Nonetheless as the specific costs (€/kW) of these small-scale turbine-generator systems can be 
assumed to be well above the specific costs of turbine-generator systems in the range of some 
100 kW, this is unlikely to be a competitive design for future offshore WECs. Secondly, a rough 
estimation of the rated speeds of future turbines can be derived: Kaplan turbines and the more 
recent air-turbine designs – impulse- and Dennis-Auld turbine [28] – have rather low operational 
speeds and the scaling up of the rated power of turbines normally brings reduced speed due to 
limitations in the maximum tip speed. So the rated speeds of future turbines can be assumed to be in 
a range of some hundred rpm – as mentioned above this should be considered as a rough estimation. 
 
 

2.3 Requirements on the generator system 
 
As described above, the starting point for the design process is a list of criteria, which includes all 
crucial requirements on the generator system. The requirements are derived from 
 
- Dynamic simulations of the system, 
-  Safety of the device and operating/maintenance staff, 
- Review of the characteristics of the device, 
- General aspects like economics. 
 
From chapter 2.2.2 and 2.2.3 it can be seen that the main characteristics of the turbines used in 
OWC and overtopping WEC (rated speed, requirement of variable speed operation, etc.) are quite 
similar in both types of the investigated WECs. Therefore it was possible to compile a list of 
generic requirements on the generator system accounting for OWC and overtopping WECs, which 
is given in the following. This list does not claim completeness and should be regarded as a rough 
guideline. For each new design a thorough investigation on possible changes in the criteria and 
additional requirements is essential. The need to adapt the requirements can for instance derive 
from changes in the turbine design. Furthermore it shall be stated here that scaling the device is 

 blueWave greenWave WaveDragon  
(24 kW/m wave 
climate)  

WaveDragon 
(48 kW/m wave 
climate) 

Developer Ocean Lynx Ltd. OceanLynx Ltd. Wave Dragon 
ApS 

Wave Dragon 
ApS 

Structure Floating  Fixed Floating Floating 
Function 
principle 

OWC OWC Overtopping Overtopping 

Turbine type airWave (Dennis-
Auld) 

airWave (Dennis-
Auld) 

Low-head Kaplan  Low-head Kaplan 

Rated power of 
device 

Approx. 2.5 MW Approx. 1 MW 4 MW 11 MW 

Rated power per 
turbine 

420 kW 1 MW 250 kW 460-700 kW 

Number of 
turbines 

6 1 16 16-24 



likely to show effects on the generator system solution. In the following, the different fields of 
requirements are described. 
 
General requirements 
Installation and operation of a WEC aims at producing electricity economically. Therefore, the 
basic requirements are 
 
- Low investment and O&M costs and 
- High efficiency, 
-  Reliability. 
 
Variable speed operation 
In order to allow a full control of the turbine by the generator, a 4-quadrant frequency converter 
(FC) is required (see chapter 2.4.1 for further explanation). The FC-generator system should allow 
operation at or close to zero speed, so stopping of the turbine can be performed without applying the 
mechanical brake, reducing the brake wear significantly. 
 
Speed increaser 
The use of gear boxes for speed adaption should be avoided due to issues such as structural 
integration, additional losses, increased maintenance afford and reduced reliability. 
 
Main characteristics of the FC-generator system / optimum sizing 
Key features like nominal and maximum speed, torque and power can be derived from simulations 
as described above. Especially for the maximum values, reasonable safety margins should be 
chosen. Due to the power fluctuations (see chapter 2.2.2 and 2.2.3) high demands on overload 
capacity and part-load efficiency are placed. 
 
Grid connection 
Considering a single WEC, the interface to the local grid is the line side inverter of the frequency 
converter, which means the line side electrical parameters have to match the requirements of the 
applying grid code. As the guidelines specified by the grid code can differ from country to country 
(see [29] as an example) and also depend on the rated power and rated voltage of the device, the 
grid connection should be treated individually for each situation. Some possible examples for grid 
code guide lines are given here: 
 
Fault ride through: 
This specifies the behaviour of the device in case the line voltage drops to zero. Normally a 
minimum time is specified in which the device has to stay active. According to some grid codes 
during this time the device has to deliver reactive power to the grid. 
 
Tolerance range: 
The plant has to stay in operation as long as the grid frequency stays within a specified range (e.g. 
48 to 52 Hz). 
 
Power quality: 
The interference emissions of a device feeding into the grid by the means of an inverter must lie 
below a certain limit. Only if the WEC meets the guidelines of the grid code, a type-approval will 
be granted. As currently only a small number of prototype WECs are being tested – from which a 
significant portion is not grid connected - the guide lines for these prototypes might turn out to be 
less strict than for other systems like wind energy converters. Nonetheless it should be taken into 
account that WECs have the disadvantage of having an oscillating power input. This might become 
a major drawback for systems in which large farms of WECs are installed. Thus it is essential to 



assess different possibilities of power smoothing (optimized control strategies, energy storage in 
flywheel or super-capacitors). 
 
Brake: 
The system brake is needed for two reasons: First, a brake is required to hold the system in parking 
position when the device is stopped. This is particularly important during maintenance. Second, the 
brake is needed to stop the turbine in case of a system fault (e.g. frequency converter fault) during 
operation. To ensure both functionalities, two worst-case scenarios have to be taken into account: 
 
- Full brake operation cycle from maximum speed to zero at maximum sea states, 
- Starting torque at maximum sea-states. 
 
Again, the requirements can be derived from simulations. The brake torque must be sufficient to 
stop and park the device in all cases. Additionally, the thermal capacity must be sufficient for a full 
brake operation cycle. Further aspects that should be addressed are the structural integration and the 
power demand of the brake in operation. For safety reasons the brake system should be fail-safe, i.e. 
the brake is released when it is powered. Thus in case of a cable break the brake closes and the 
safety of operational staff and the device itself is ensured.  
 
Bearings  
Additional to the stress caused by rotor weight and turbine/generator vibrations, the bearings have 
to withstand the loads described in chapter 2.2.1. In order to address this issue, the applied generator 
should be certified by a certification society like Germanischer Lloyd [30] or Det Norske Veritas 
[31] for operation on a floating offshore structure or a ship. 
 
Further stress on the generator bearings can be caused by the turbines axial thrust. If this thrust is 
not taken off the turbine by a thrust bearing, the generators thrust bearing has to take this additional 
load. In this case it has to be ensured that the generators thrust bearing is capable of withstanding 
the additional loads. 
 
Structural Integration 
As described above the available space for the integration of the generator system is likely to be 
limited due to the overall design of the WEC, which can affect the choice of the generator system. 
Additional possible issues which should be addressed already during the design process are: 
 
- Installation procedure, 
- Access to generator and brake for maintenance, repair, etc., 
- Generator/brake cooling in operation. 
 
Protection class 
On the one hand the environmental conditions for the overall device are characterized by high 
humidity, salinity, etc. On the other hand at least some of the components of the generator system 
are likely to be located in sheltered areas of the device. Therefore it has to be investigated which 
protection classes are required. As the frequency converter is most likely located in some kind of 
machinery room, it seems reasonable that a rather low protection class will be sufficient. 
Nonetheless in an environment characterized by high salinity, special coatings for corrosion 
protection should be considered. Furthermore, it should be taken into account that during 
installation and maintenance some of the components might be exposed to further weather 
influences. See [4] for examples of required protection classes of electrical components on offshore 
structures in several locations. The required protection classes cover the range from IP20 up to 
IP68. 
 



Maintenance requirements 
At floating offshore structures both the access and working on the device are restricted. Therefore 
the maintenance intervals should be extended as much as possible. The use of components which 
need regular replacement (e.g. brake disc, hydraulic oil, slip rings, carbon brushes, etc.) should be 
avoided as much as possible. This applies in particular if the replacement is significantly more 
difficult on a floating platform or if the parts to be replaced are not easy to access. 
 
Standard versus tailored components  
As wave energy harvesting is still an immature technique, the devices which are under development 
or to be built in the near future will still be prototype devices. Aiming at reducing the risks that 
come with the development, deployment and testing of a WEC the “central rule of avoiding 
prototypes within prototypes” [32] should be regarded. The components applied should be off-the-
shelf components which have proven their reliability – preferably under similar conditions. If 
modifications are necessary, e.g. for the structural integration, they should be reduced to a 
minimum.   
 
System Monitoring/Sensors 
To ensure smooth operation of the WEC it is essential to identify possible issues and monitor 
device operation by applying suitable sensors. Considering critical events, it is recommended to 
have redundancy in the sensor equipment. In [33] (see chapter 10.2) a description of the safety 
monitoring system for wind energy converters is given, which is also a good starting point for the 
safety system of a WEC. According to this, the following parameters should be measured and 
monitored: 
 

- Turbine speed 
- Generator torque and power 
- Oscillations on critical components 
- Temperature of critical components (generator, bearings, etc.) 
- Electrical components concerning the grid connection  
- Malfunction of power and rotation speed control  
- Incorrect cable routings. 

 
Possible additional parameters to be monitored in OWC and overtopping WECs could be for 
instance:   

- WEC inclination, 
- Chamber pressure (OWC), 
- Water height, etc. 

 
 

2.4 Generator characteristics 

2.4.1 General aspects 
 
Considering the PTO-system for OWC- and overtopper WECs, two preconditions have to be taken 
into account: 
 
- The use of gear-boxes should be avoided and 
- Variable speed operation is required for optimizing the power output.  
 
Considering these constraints, there is a range of generators that are technically adequate for these 
applications. Possible candidate generator systems are: 
 



- Doubly fed induction generators (DFIG), 
- Asynchronous Generators (ASG), 
- Permanent magnet synchronous generators (PMG), 
- Separately excited synchronous generators (SG). 

 
Independently of the type of generator used, the generator has to be coupled to the grid by a FC to 
achieve a variable speed system. Before the specific characteristics of the different types of 
generators are described (see chapters 2.4.2-5), some general aspects of the state-of-the-art 
generator systems, valid for all generator types listed above, are discussed in the following. 
 
Frequency converter 
By the use of an FC, the electrical connection of the generator – the generator terminals – are 
decoupled from the electrical grid regarding frequency, phase and voltage. Figure 8 shows a typical 
configuration of a drive train used in industrial applications. The mechanical parts of the drive train 
consist of the driven machine and the electrical machine (an asynchronous machine (ASM) in this 
example). The electrical terminals of the ASM are coupled to the grid by means of an FC. As the 
FC decouples the terminal voltages of the ASM from the grid voltage, the ASM can spin the driven 
machine in both directions with variable speed. By the use of a full FC, which uses controlled 
semiconductor-bridges at both the grid and the machine side, regenerative braking in both directions 
is also possible. Therefore this type of FC is called 4-quadrant or full FC. In the following the term 
FC always means full FC as in the case of WECs regenerative braking is required to feed energy 
into the grid. 
 

 
Figure 8: Drive train configuration for industrial application 
 
Grid connection: 
Besides the fact that by means of the FC variable speed operation and regenerative braking is 
possible, several other aspects are of interest: The current state-of-the-art FC technology - so called 
IGBT-FCs - have two positive characteristics in terms of grid connection. Firstly the power factor 
can be controlled independently from the generator and secondly the power delivered to the grid 
contains almost no harmonics. 
 
Dynamic response of generator system control: 
Besides the possibility of operating the generator in variable speed operation, the dynamic response 
of the control system is also of interest. In Figure 9 a possible configuration of the control system is 
depicted. 
 
 

Driven machine  Asynchronous motor / generator  Frequency converter  



 
Figure 9: PTO control system configuration 
 
A Programmable Logic Controller (PLC) or similar control hardware is used as central control unit 
for the operation control of the WEC. The PLC is connected to sensors to measure quantities like 
generator speed, wave elevation, chamber pressure (in an OWC WEC) or water level (in an 
overtopper WEC). Besides functionalities like data acquisition and storage, monitoring of the plant 
and visualization, the control strategy is implemented in the PLCs software. Normally a reference 
value for the generator torque is calculated from the control strategy, which is used to control the 
generator. The torque reference value is transmitted to the FC via an analogue signal path or via a 
BUS connection. The FC is equipped with its own control unit which controls the torque according 
to the reference value of the generator by adjusting the terminal voltages. Due to the use of fast 
switching IGBTs, high performance computers and improved control strategies, modern state-of-
the-art FC-generator systems show high accuracy and very low response times of the torque control 
circuit. The control response time is expected to be in the range of some milliseconds, which is 
several orders of magnitude less than the period time of the incident waves. So for investigations of 
the control strategy of the overall WEC, the control response time of the torque control is likely to 
be negligible. The situation changes if the whole control circuit is considered: the PLC-cycle time, 
the filtering time for the output of the reference value and the cycle time of the FC inputs sum up to 
a total response time which can lie above 100 ms. This can be a problem if high dynamic control 
schemes are to be used. 
 
Steady operating performance: 
One important aspect of the FC-generator system is the torque versus speed curve of the system. As 
in both cases (FC and generator) the terminal voltages and currents are limited, the torque and thus 
the power is also limited. The general behaviour of the system is depicted in Figure 10, it can be 
seen that up to a certain frequency the torque of the generator is constant - limited by the maximum 
terminal currents of the generator and the FC. Above this speed, the torque is limited by the 
maximum terminal voltage. As the voltage needed for a constant current and thus a constant torque 
increases linear with the speed, the current and thus the torque decreases reciprocally to the 
generator speed. The principle described applies for all FC-generator systems listed above. 
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Figure 10: Torque vs. speed characteristic of FC-generator systems 
 
Considering the overload capacity, the maximum current has to be looked at in-depth. When the 
generator is taken into account, there are actually two limiting factors for the current. Firstly there is 
a current limit due to the maximum temperature of the generator, caused by the current heat losses 
in the windings of the generator. Secondly there is a maximum current limit due to the magnetic 
forces in the generator, which is higher than the thermal current limit. The thermal capacity is quite 
large, so the generator can be overloaded periodically. In this case the limit is given by the magnetic 
forces. For standard electric machines, the maximum current is several times larger than the thermal 
maximum current. The thermal time constants of electric machines are in the range of around ten 
minutes, depending on the cooling, surface painting, etc. The maximum temperature of an electrical 
machine mainly depends on the insulation materials; typical maximum temperatures are in the 
range of 90° to 180°C. In the relevant standards and regulations (see for instance [34]), different 
operation cycles are defined which can be used to support the design process of the generator. FCs 
show the same behaviour as generators but the ratio of maximum current to nominal current and the 
thermal time constant are significantly lower. 
 
System efficiency 
There are also differences between the different types of generators regarding the efficiency. It can 
be said that in general the system efficiency of an FC-generator system is quite high compared to 
other systems like hydraulics, etc. Looking at a generator system in the power range of some 
100kW or higher, an efficiency of well above 80% or possibly up to 95% can be achieved. 
 
Transients / Unsteady operating performance: 
The switching of a generator directly coupled to the grid can cause transients in voltages and 
currents in the line connection. Therefore, soft starters or synchronization devices are normally used 
in this case. If the generator is coupled to the grid by means of an FC, the generator can be started in 
a controlled way, eliminating these kinds of transients. 
 
Another type of transients are caused by generator short circuits, which produce high transient 
torques. These torques lead to high transient loads on the PTO and on the mechanical coupling of 
the generator with the WEC-hull anchorage. Depending on the type and the specific design of the 

Current Limit 

Voltage Limit 



generator, the maximum torques in generator short circuits can reach a level of up to 15 times the 
rated torque of the generator ([35], p.133 and 158ff).  
 
Drive train oscillations 
The PTO system consists of several rotating masses (generator rotor, turbine) and torsion elastic 
couplings (shaft) and is therefore a system that is free to vibrate. This system can be excited by 
several oscillating sources, e.g. the incident wave front, the influences from the control system, the 
mass imbalances of the PTO drive train systems, etc. Therefore drive train oscillations have to be 
addressed. The dominating eigenfrequencies have to be analysed and resonances have to be 
avoided. Resonance in the PTO drive train causes high loads on the components. Also the power 
quality and the noise can be affected. 
 
The behaviour is determined by the inertias of the rotating parts and the torsion stiffness as well as 
the damping coefficients of the elastic couplings (see for example [36] as literature reference). As 
these quantities depend on the construction and the characteristics of the used materials, they are 
often hard to determine. A rough estimation of the range of the eigenfrequencies can be achieved by 
the comparison with drive trains of wind energy conversion systems. Looking at large wind energy 
converters (some MW) the first eigenfrequency of the drive train can be expected to be in the range 
of some Hertz ([33]). As the diameters and thus the inertia of the considered turbines for WECs are 
significantly below the inertia of wind energy converter turbines, the first eigenfrequencies can be 
expected to be at least one order of magnitude higher. This assumption needs to be validated by 
accurate calculation or vibration measurements. Due to the higher eigenfrequencies, mainly effects 
from the control and inner excitations are likely to cause resonance. 
 
If possible, the oscillation behaviour should be taken into account during the design process. During 
the operation of the plant, vibrations and oscillations should be monitored by appropriate vibration 
and acceleration sensors. If strong oscillations occur, appropriate measures have to be taken. These 
include for example an adaption of control strategy, the avoiding of critical speeds and the 
integration of dampers in the turbine-generator coupling,  

2.4.2 Doubly fed induction generators 
 
Doubly fed induction generators (DFIG) are widely used in wind energy applications. The layout of 
such a system is depicted in Figure 11. The stator of the machine is directly coupled to the grid. The 
rotor windings, accessible via carbon brushes running on slip rings, are fed through a FC. The 
advantage of this configuration is that the power through the FC is proportional to the speed 
variation. As the speed variation is limited typically in the range of around 30 - 50 %, the FCs rated 
power is only 30 to 50 % of the generators rated power. This leads to reduced costs compared to 
other possible systems. Typical pole numbers of DFIGs are 2 to 8 poles, which equals a 
synchronous speed of 3,000 to 750 rpm. In wind energy typically a gear-box is used to adapt the 
generator speed to the turbine speed. A further advantage is the efficiency of a DFIG: At rated 
power and speed, almost 100 % of the power is directly fed from the stator to the grid, avoiding the 
losses in the FC. Therefore the DFIG shows the highest full-load efficiency of all systems. 
 
The major drawback of DFIGs is the applied slip rings which wear out due to mechanical friction 
and electrical erosion. The average slip ring life time under normal environmental conditions is 
around 6,000 hrs, meaning a replacement of the slip ring every two to three years. In [37] results of 
investigations on the application of machines with slip rings in OWC WECs are presented. The 
results show that due to effects like corrosion caused by the saline atmosphere and an increased 
wear caused by the power/current oscillations, the slip rings would have to be replaced every six 
months. Taking into account that due to rough sea states the access to the WEC is restricted and 
working on the platform is hindered by the heave and surge movement even in low sea states, 



machines applying slip rings do not appear to be a feasible solution for WECs. This might change in 
the future if slip rings consisting of new materials with improved characteristics become available. 
 
 

 
Figure 11: Double feed induction generator  
 

2.4.3 Squirrel cage induction generators 
 
Squirrel cage induction machines or asynchronous generators (ASG) in combination with an FC are 
widely used in all kinds of applications like industry, transportation and also wind energy.  Thus 
induction machines are available off-the-shelf in a wide range of rated powers up to 1 MW. Due to 
the relatively simple mechanical structure, induction machines are very robust. The rated speed of 
the machines depends on the pole number. Typical pole numbers are 2, 4, 6 and 8, corresponding to 
rated speeds of 3,000, 1,500, 1,000 and 750 rpm. ASGs with higher pole numbers have the 
disadvantage of increased specific size and weight, which results in higher costs. Because machines 
with higher pole numbers are significantly more expensive in applications like wind and hydro 
power, normally gear boxes are used if the rated speed of the turbine is too low. Only for some 
special applications like axial pumps, tailored ASGs with very high pole numbers are built. The 
efficiency both at full- and part load of an ASG is rather poor compared to the other generator 
technologies considered.  
Standard induction generators have a cost minimum between 100 and 200 kW. Above this level the 
specific costs increase again. At around 1 MW the specific costs of ASGs equal the specific costs of 
synchronous generators with separate excitation (see below). 
 

  
Figure 12: Squirrel cage induction generator in combination with a frequency converter 
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2.4.4 Permanent magnet synchronous generators 
 
As mentioned above, the common generator systems applied in wind energy suffer from some 
drawbacks: With both ASG and DFIG a gear box for speed adaption is necessary, which reduces 
the overall system reliability and efficiency and increases the maintenance costs. Furthermore, the 
maintenance costs for the DFIG are additionally increased by the slip rings and the initial efficiency 
of an ASG is rather poor. Thus since the early 1990’s two alternative generator types with “high 
torque-low rotation speed”-characteristics were proposed for application in wind energy converters 
to overcome these drawbacks: These generator types are the synchronous generator (SG) with 
separate excitation (see below) and the permanent magnet excitation synchronous generator (PMG). 
Both types of generators can be built with high pole numbers and correspondingly low rotation 
speeds, avoiding a gear box for speed adaptation. As opposite to ASGs, the pole number has no 
significant effect on weight and sizing of the synchronous machines. In general, the specific weight 
and size of these types of generators is lower than that of ASGs and DFIGs. In PMGs the rotor 
excitation is generated by rare earth permanent magnets. 
The current status of the PMG can be described as intermediate. Some companies have already 
successfully tested PMG system in wind energy (see for example [38]). Other companies are 
currently developing such systems. So it can be said that on one hand the working principle has 
been proven and that key features like system efficiency can be corroborated by track records over 
medium periods. On the other hand there is no long term field experience on the application of this 
system so far and PMGs with a power rating of around 1 MW or above are still not off-the-shelf 
products. 
The PMG shows several advantages: Due to the simple structure of the rotor, the PMG is very 
robust. Furthermore as both slip rings and a gear box are avoided, the reliability is higher and 
maintenance costs are lower when compared to the ASG and the DFIG. The PMG shows high 
efficiency at full- and part-load: It outperforms the ASG in all cases and the DFIG at part-load. At 
full-load the DFIG efficiency is slightly higher than the efficiency of a PMG. The main 
disadvantage of the PMG is the high initial costs. But as the PMG has not yet reached the stage of 
an off-the-shelf product and the main cost driver is the price for rare earth materials (which is 
approx. 20% of the entire costs [33] and is difficult to foresee), a final comparison of the overall 
costs is not possible at the current stage.  Another disadvantage of the PMG are the high terminal 
voltages at high speeds e.g. due to loss of load. Because of the permanent magnets these voltages 
cannot be avoided. In conclusion additional circuit breakers might be necessary to disconnect the 
generator from the FC in the event of a system fault.  
 

 
Figure 13: Permanently excited synchronous generator 
 

2.4.5 Synchronous generators with separate excitation 
 
In traditional fossil fuel based power generation, the synchronous generator with separate excitation 
(SG) is the most widely used type of generator. Its main advantage is that the active and reactive 
power can be controlled independently of each other, which is important to balance the power in the 
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grid. However, in an OWC WEC the SG has to be coupled to the grid by the means of a FC to 
allow for variable speed operation. With a FC applied, the reactive power at the line side converter 
can still be controlled independently from the active power. But as all considered systems comprise 
a FC, all systems have this feature. The main remaining advantage of the SG compared to the ASG 
is the efficiency: Both at part- and full-load the efficiency of the SG outperforms the ASG 
efficiency significantly. 
In a SG with separate excitation the rotor has to be supplied with a direct current (DC), which is 
used to form a constant magnetic field. Two different technologies are available to transfer the DC 
current to the rotor: The first option is to use slip rings. The drawbacks of this technology have 
already been explained above and thus this option is excluded here. The second option is to transfer 
the power through the air gap by the means of a magnetic field. As this results in an alternating 
current (AC)-voltage in the rotor, a diode bridge has to be installed on the rotor to rectify the 
voltage. These “rotating diodes” have to be designed to withstand the high rotation forces and 
vibrations at high speeds. In terms of the mechanical design of the rotor, the so called pole shoes 
also have to be considered: The pole shoes are iron blocks, mounted on the generator shaft, which 
carry the coils used to generate the magnetic field. In summary, the mechanical rotor construction 
of the SG is by far the most complicated of all types of generators considered in this report. 
Therefore the mechanical reliability of these machines needs to be addressed. On one hand, SGs 
have proven to be capable of withstanding the high rotation and vibration forces. On the other hand 
the heave and surge motions of a floating structure causes additional loads which differ significantly 
in their characteristics. This should be addressed if SGs are applied on WECs. Of course the 
complexity of the system also has an impact on the costs: SGs at lower power ratings are more 
expensive than the other systems considered. But at higher power ratings this changes: At around 
1 MW ASGs and SGs are similar in price. Above that level ASGs are more expensive than SGs. 
 
 

 
Figure 14: Separately excited synchronous generator with rotating diode bridge 
 

 

2.5 Generic Generator System Specifications 
 
As described in chapter 2.2.2 and 2.2.3 ASGs are applied in many/ probably most of the WECs 
built so far. Due to many aspects like availability, reduced costs and reduced development risks, this 
may also be a reasonable choice for future down-scaled prototype development projects. This would 
give the opportunity to focus on other aspects of the WEC, like the hull design or the prime movers, 
amongst others. But in the long term ASGs will not be a feasible solution both technically (rated 
speed) and economically (efficiency). 
 
Based on the derived requirements on the generator system and the review of the existing generator 
technologies, mainly PMG and SG qualify for the application in future full-scale OWC and 
overtopping WECs (see Table 6). Both types of generator systems show good performance values 
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in terms of efficiency. Especially the high part load efficiency meets the requirements resulting 
from the fluctuating wave power. So probably even if the slip-ring problem is solved in the future, 
PMG and SG will still outperform the DFIG. The main drawback of the PMG is the price, which is 
difficult to calculate and thus can become a problem if larger lot sizes of WECs are installed. 
Additionally PMGs have not yet reached the state of a fully mature technology. But it is very likely 
that driven by other applications – like wind energy conversion – this state will be reached in the 
near future. The disadvantages of the SG – compared to the PMG - are mainly due to its robustness. 
Considering the environmental conditions (see e.g. chapter 2.2.1) – increased mechanical loads and 
the increased costs in case of a repair or a replacement - one can assume that in conclusion the PMG 
is the most promising technology currently available.  
 
 

Table 6: Overview of generator characteristics 

 DFIG  ASG PMG SG 
Costs +  + - +/- 
Robustness - - (slip rings) ++ + +/- (?) 
Controllability 
(speed range) 

- (not fully  
  speed variable) 

+ + + 

Controllability 
(dynamic response) 

+ + + + 

Full-Load 
Efficiency 

++ - + + 

Part-Load Efficieny + - ++ ++ 
Overload capacity + + + + 
Maintenace 
Intervalls 

- - (slip rings) + + + 

Availability +/- ++ +/- +/- 
Speed Range - - (Gear-box  

     required) 
- - (Gear-box  
     required) 

+ + 



3. Simulation techniques and tools  
 

3.1 Review of different simulation tools 
 
Due to the fact that the computing power has rapidly increased throughout the last decades, 
computer based simulations of technical systems have become a major tool used in the development 
of new systems and components. For the different applications a vast number of different 
simulation tools and toolboxes have been developed by different companies, research institutes and 
universities. In the following, some examples of software tools, which are candidate systems for the 
simulation of components of WECs and also the overall WEC, are described:  
 
ANSYS: 
ANSYS [39] is a simulation software based on the finite-element-analysis (see [40] for example), 
which is used to solve linear and non-linear differential equations in the fields of mechanics, 
acoustics, electromagnetism, fluid-dynamics, etc. ANSYS is mainly used in component calculation. 
By setting up accurate models, in-depth analysis of the component is possible - e.g. the spatial 
distribution of the magnetic field in an electrical machine can be simulated to optimize the 
efficiency. Similarly, ANSYS can be used in the design process of the turbine, the mechanical parts 
of the WEC or others. Another widely used FEM software is COMSOL ([41]) which has similar 
functionalities as ANSYS. 
 
MATLAB 
Taken literally, MATLAB ([42]) is not a simulation software but a software for solving 
mathematical problems. MATLAB is particularly designed for numerical calculations based on 
matrices. Nonetheless it appears in this list as it is used for numerical simulations both in industry 
and at universities. Particularly in the simulation of control systems, MATLAB is used since a lot of 
corresponding toolboxes are available (Control System Toolbox, Neural Network Toolbox, Robust 
Control Toolbox, etc.).  
 
SIMULINK 
SIMULINK ([43]) is a MATLAB based graphical simulation software for multi-domain dynamic 
systems. Toolboxes for different domains like hydraulics and electrical systems are available. Like 
MATLAB, MATLAB/SIMULINK is also widely used in the design of control systems. Amongst 
others, one major feature of MATLAB/SIMULINK is the capability to generate C source code for 
real time implementation of systems. This means a control algorithm tested in 
MATLAB/SIMULINK can automatically be ported for the specific hardware used in the real 
application. 
 
MODELICA 
MODELICA [44] is an object orientated description language designed for the calculation of 
physical models. MODELICA is a free software developed by the MODELICA Association [45]. 
The construction of complex models is facilitated by different available graphical interfaces (e.g. 
DYMOLA [46]). MODELICA is suitable for all kind of physical fields like mechanics, electronics, 
hydraulics, control systems etc. 
 
ADAMS 
ADAMS ([47]) is a simulation software designed for the simulation of multi-body systems. It 
provides the user with the necessary tools to construct models of complex mechanical systems. By 
optional modules, components from different fields like hydraulics, electronics and control systems 
can be integrated. 
 



Considering the large number of different technologies and corresponding software tools for 
simulation, choosing a suitable tool for a simulation task depends on the components and effects 
which are to be simulated and also on the desired outcome of the simulation. So in a first step it has 
to be defined which particular effects will be investigated. Use cases of interest regarding the 
investigation of generator systems and the interaction of generator systems with the overall wave 
energy converter are for instance: 
 

- Mean annual energy yield calculations, 
- Optimization of control laws, 
- Definition of criteria for drive train designs, 
- PTO-WEC interaction, 
- Calculation of transient forces from the generator system (start/stop braking ), 
- PTO-generator system oscillations, 
- Forces on the hull etc. to optimize the structural design of a WEC. 

 
In a next step it can be decided which parts of the overall system have to be included in the model 
and what the required depth of the different sub-models is. 
 

 3.2 Modelling of generator systems 
 
Depending on what effects of the generator system are to be investigated and what the required 
accuracy of the simulation is, different models for a generator system can be used. In the following, 
some models are described which provide the required accuracy while having a reduced 
complexity, so a simple integration in an overall wave to wire model is possible. 
 
Model using equivalent circuit diagrams: 
The behaviour of a generator can be simulated in a very accurate way by applying a model based on 
the equivalent circuit diagram of the generator. In an equivalent circuit diagram, the elements of the 
generator – like the spatial distributed stator windings and the magnetic circuit of the machine – are 
replaced by simple electric components like resistors and inductances (see for example Figure 15). 
Using such a model gives the possibility of calculating the response of the generator system in a 
time range down to microseconds and could therefore be used for example to develop a control for 
the generator system. In the scope of the SDWED project, one use case could be the calculation of 
the occurring transient forces in the event of a generator short-circuit (see chapter 2.4.1). The 
elements of the equivalent circuit diagram can be calculated using FEM-tools. 
 

 
Figure 15: Equivalent circuit diagram of an ASG 
 
Modelling by the response time of the system 
As described in chapter 2.4.1 the torque control of state-of-the-art frequency generator systems are 
both fast and accurate. So a simple solution for simulating an FC-generator system is to take the 
torque control response time and the drive train limits (like max speed and torque) into account. 
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This can be done by using a PT1 or dead-time function and look up in tables for the limits. The 
resulting simulation system is depicted in Figure 16. 
 

 
Figure 16: Basic Matlab/Simlunik model based on control response time and system limits 
 
Even though this is a very simple model, it should to be sufficient for a vast number of relevant use 
cases for the SDWED project, e.g. development of control laws, drive-train hull interactions etc. 
 
Modelling by efficiency curves 
From generator torque and generator speed the mechanical power of the generator system can be 
calculated. If the power output of the system is to be calculated, the efficiency of the drive-train 
components has to be taken into account. The electrical power output from the system can be 
calculated by the model depicted in Figure 17. This type of model is appropriate for power output 
calculations for given sea states and thus is the base for annual yield calculations. 
 

 
Figure 17: Basic generator model with efficiency curves 
 
 
 



Modelling of thermal behaviour 
The temperature profile during operation in different sea states can be calculated by applying a 
thermal model of the generator. A simple version of a thermal model is depicted in Figure 18 and 
consists of three elements. The amount of energy which is injected to the system by the source 
equals the losses of the generator system and can therefore be calculated by the model using the 
efficiency curves described above. The thermal power is on one hand stored in the generators 
thermal capacity, which mainly depends on the weight of the generator. On the other hand the 
thermal power is released to the environment via the thermal resistance, which depends on the size 
of the surface, the cooling, etc. 
 

 
Figure 18: Basic thermal model of generator 
 
 
 
 
Modelling of drive train vibrations / Mechanical Model 
The behaviour of the PTO-system in terms of drive train oscillations is determined by the 
mechanical properties of the components (inertias, stiffness, damping). Figure 19 depicts a 
mechanical model of the system (turbine, shaft and generator rotor). 
 

 
Figure 19: Mechanical model 
 

3.3 Integration in Wave to Wire models 
 
In chapter 3.2 different models for the generator system have been introduced. Depending on what 
effects are to be investigated, an appropriate model has to be integrated into the overall wave to 
wire model. As the last three models (which are the ones most likely to be used in the course of the 
SDWED project) are rather simple, integration in the overall model can easily be done. The models 
can be integrated in any simulation environment, facilitating a c-code interface. For the mechanical 
model preferably a simulation environment providing a mechanical toolbox – like Simulink, 
Modelica, Adams – should be used. 
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4. Conclusions 
 
In this report the results of WP 3 regarding rotating generator systems are given. The report is 
divided into two parts.  
 
The first part (chapter 2) deals with the requirements, the review and the benchmarking of different 
candidate generator systems. From the investigations undergone in the course of the project it is 
concluded that the most promising type of generator for future full-scale OWC and overtopping 
WECs is the permanent magnet synchronous generator. It also should be mentioned that the 
separate excited generator shows good performance and the asynchronous generator can be a 
reasonable choice as a transitional technology in down-scaled prototype projects. Besides this 
result, the report is compiled in such a way that it can be used as a guideline for the design process 
of a WEC generator system. It also deals with topics like the design methodology, the scaling 
effects, the description of the general behaviour of generator systems and possible issues like PTO-
system oscillations, amongst others. 
 
In the second part – dealing with the simulation of the generator system – different models for the 
simulation of different aspects of the generator systems are described. All of these models provide 
the required accuracy while maintaining a reduced complexity. Therefore integration in an overall 
wave to wire model should be both straightforward and efficient. 
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