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1. Introduction 
 
In the course of the research project ”Structural Design of Wave Energy Devices” (SDWED) a 
study on the different technologies used as linear generators in wave energy converters was 
conducted. This report gives the main results of this study. 
 
Since the 1970ies various different designs and working principles for wave energy converters have 
been proposed, out of which a few were actually build, deployed and sometimes successfully tested. 
Nonetheless wave energy conversion is still an immature technology. In order to develop it further 
towards commercialization mainly two aspects need to be addressed. Firstly survivability in the 
extreme environment must be achieved at reasonable costs and secondly the overall efficiency of 
the devices needs to be increased. Accordingly research addresses fields like the structural design of 
the converters, the working principle, moorings etc.  
 
Also the generator system of the converters is a topic of on-going research. Some wave energy 
converters, e.g. oscillating water column or overtopping WECs, use rotating prime movers, 
allowing the application of rotating electrical machines for conversion from mechanical to electrical 
energy. Rotating electrical generators are widely used in conventional energy production and also in 
renewable energy systems like wind energy converters. A different situation is found, if one looks 
at generator systems for a WEC following for instance the working principle of a point absorber, 
converting the incident wave force into a translational movement of body. In this case some kind of 
linear actor is required for the next conversion step. Currently mainly hydraulics and electrical 
linear generators are discussed as candidate system for the application in this type of wave energy 
converters. But also alternative technologies like artificial muscles and mechanical conversion 
systems are proposed. Some of these technologies are used in various other fields, but only limited 
knowledge and experience on the application in WEC exists. Currently it’s still unsure, which of the 
various generator technologies will finally make the race. Therefore it was found necessary to 
compare as many different options as possible in order to give device developers an overview of the 
options and a chance of a basic comparison of the different technologies. 
 
In the following the results of the study are given. Chapter two introduces the point absorber wave 
energy converter, which is one of the most studied concepts. Besides the wave energy converter 
itself some options of how to control the converter regarding energy optimisation are discussed and 
it’s explained how these control strategies effect the requirements on the power take-off (PTO) and 
the generator system respectively. In the following chapters different options for the generator 
system are discussed. Corresponding to the actual state of research in the area, some are discussed 
in some more detail, these are namely the hydraulic system and electrical generators and 
additionally the artificial muscle. Some other technical options for the PTO systems are rather 
briefly introduced, which is due to the fact that they are not so widely discussed and thus less 
literature could be found on this technologies. Nonetheless also these systems might be candidate 
systems, whereas further research is required to understand their characteristics in terms of 
application in WECs. Finally a summary and brief comparison on the different options is given.  
 
 



2. Characteristics of Wave Energy 

Devices of the Point Absorber Type  
 
 
 

2.1 Working principle 
 
 
In the following different options for linear generators in WECs are introduced, discussed and 
compared. Obviously the choice of the generator system highly depends on the WEC characteristics 
such as sizing, design sea state climate and working principle. In Figure 1 a schematic view of a 
simple point absorber type WEC is depicted. The converter consists of a floater, connected to the 
sea-bed by some sort of mechanism – termed power take-off system in the following. The 
extraction of wave energy is described by the following principle: “The physical law of 
conservation of energy requires that the energy-extracting device must interact with the waves such 
as to reduce the amount of wave energy that is otherwise present in the sea. The device must 
generate a wave, which interferes destructively with the sea waves” [1]. The role of the power take-
off system in the overall system is to provide two functionalities. Firstly the power take-off system 
gives the means to control the device and thus to optimize the energy transferred from the incident 
waves to the WEC. Secondly the power take-off system converts the mechanical power from the 
floater to electrical power delivered to the grid. The power take-off characteristics required to fulfil 
both functionalities are derived in the following.  
  
 

 
 
Figure 1: Heaving body reacting against fixed anchor. The indicated pump represents a hydraulic power take-off 

machinery (Source [2]) 
 
 
 
 
 
 



2.2 Control 

 
 
To maximize the power extracted from the waves, PEX, the control of the device is key. In principle 
the power transferred is maximized, when the device is controlled to be in resonance with the 
incident waves. Often linear models are used to investigate control strategies, aiming at optimizing 
PEX [3], [4]. The simplest model used is a second order model, which is also used here as it is 
sufficient to explain the impact of control strategies on the PTO system. As an example in Figure 2 
the electrical analogue of a second order model for a point absorber wave energy converter is 
depicted. The mechanical analogue would comprise the wave excitation force, mass, spring and 
damper. 
 

 
Figure 2: Electric analogue of a point absorber wave energy converter ([3]) 

 
The power captured is maximized by controlling the PTO in a way that the eigenfrequency of the 
system meets the frequency of the wave excitation force and the damping applied by the PTO 
equals the natural damping of the WEC (R = RL in Figure 2). This approach to control a WEC is 
termed reactive or conjugate complex control. In [5] the theory is discussed in detail, covering also 
more complex models of the WEC and irregular waves. As mentioned by applying reactive control 
PEX is maximized. Nevertheless this control approach is sometimes assumed inadequate [3]. This is 
due to the impact on the PTO system. A reactive control, optimal in terms of maximizing PEX, 
results in: 
 

- Reversed power flow in the PTO system during parts of the wave cycles, 
- Large displacements of the floater and thus the PTO system, 
- Extremely high peak forces in the PTO system and 
- A high ratio of peak to mean power. 

 
As will be described in the latter all four aspects show a negative impact on the performance of the 
PTO system. Therefore another control approach, termed linear damping is often proposed. The 
idea behind this approach is to remove XL in Figure 2, leading to a passive behaviour of the PTO 
system. Positive characteristics of this approach regarding the PTO system are: 
 

- No reversed power flow required, 
- Reduce displacements of the floater, 
- Reduced peak forces (but still very high) and  
- Lower (but still high) peak to mean ratio. 

 



On the other hand PEX is only optimal if the natural frequency of the device equals the frequency of 
the incident waves, which only occurs for one sea-state. This means by applying linear damping PEX 
will definitely be lower than in the case of optimal reactive control, which needs to be weighed 
against the advantages of applying linear damping. Obviously a combination of both control 
approaches is possible. Applying only limited reactive power holds the possibility to optimize the 
overall system in terms of efficiency, rating of the PTO etc. 
 
 
Note: An alternative control strategy originally proposed by Budal et al [6] would be the so-called 
latching. For reasons of simplicity latching and further alternative control strategy are not 
considered in this report.  

 

 

3. Requirements on the generator 

system 
 

 
As in almost all applications the requirements on a drive train system derive from various aspects of 
the application. In the given case it appears to be reasonable to group the requirements according to 
their origins. In the following two groups are introduced, which are working principle dependent 
and general requirements, and illustrated by examples.  
 
 

3.1 Working principle dependent requirements  
 
 
The requirements on the generator system deriving from the working principle are manifold. In the 
following it’s described how the working principle affects the choice of the generator system.  
 
 
Life cycle times 
To extract power the floater follows the water surface elevation for each wave cycle. This obviously 
leads to an extreme number of cycles over the life time of a device. In [7] the development of a 
hydraulic cylinder for the Oyster WEC [8] is described. The cylinders are tested against an assumed 
25 million cycles during a service period of five years.  
 
Force/Speed characteristics 
Though the displacement of the floater and the force from the PTO system highly depends on the 
control approach, it can be said, that in general a PTO system designed for high forces and low 
displacement/speed is required. In [9] peak velocities in the range of 0.5 to 2 m/s are assumed for a 
direct generator in a WEC of the point absorber type. If for instance a device designed for a peak 
power of 100 kW is considered a peak force of 100 kN would be required at a velocity of 1 m/s. 
 
Peak to average power ratio 
Also the peak to average power ratio highly depends on the control approach. Figure 3 and 4 show a 
comparison of instantaneous and average power of a point absorber WEC in the same sea state 
applying linear damping and a control, including a reactive component, respectively [3].  
 



 
Figure 3: Instantaneous and average power using linear damping (source [3]). 

 

 
Figure 4: Instantaneous and average power using a control, including a reactive component (source [3]). 

 



 
 
It can be seen how by applying linear damping the peak to average power ratio can be significantly 
decreased (see Figure 3). But obviously in any case the average power is significantly less than the 
instantaneous power (see Figure 3 and 4). In [3] peak to average ratios of 7.7 – 17.1 in the case of 
linear damping and 25.2 – 58.3 in case of the control with reactive component respectively have 
been found. 
 
From the high peak to average ratios two requirements on the PTO system derive. Firstly the PTO 
system should have a high overload capacity. This would allow for operating the PTO system in 
overload conditions during the relatively short extreme power peaks, which would result in reduced 
investment costs. Secondly a high part-load efficiency is required. This is due to the fact, that the 
PTO will be operated in part-load during large time spans. Typically components – no matter if 
hydraulics, electromechanical or alternative systems are considered – show the highest efficiency at 
or closed to the design point (see Figure 5). This results in a poor efficiency over large time spans. 
 

 
Figure 5: Typical efficiency vs. load factor curve of an electromechanical PTO system (source [3]). 

 
 
Power flow in both directions 
From Figure 3 and 4 it can be seen that, if reactive control or a mix of linear damping and reactive 
control is applied, a reversed power flow in the PTO system is required. This must obviously be 
accounted in the choice of the generator system. Additionally it must be considered, that in the case 
of reactive control a high efficiency and full and part-lad is paramount, as the reversion of the 
power flow, results in additional losses in the PTO.   
 
 
 



3.2 General requirements  
 
 
In deliverable D3.3 of the SDWED-project [10] the basic requirements on the PTO system for 
oscillating water column and overtopping WECs have been described. Generally speaking the same 
requirements are valid for linear generators in WEC. These are for instance: 
 
- Low investment and O&M costs and 
- High efficiency, 
-  Reliability, etc. 
 
Also aspects like grid code compliance, device and personal safety, restricted access for 
maintenance etc. need to be accounted in the design of a linear PTO system for a WEC. 
 
If one compares rotating and linear generator systems in terms of application in WECs it’s straight 
forward to see, that rotating generators benefit from their wide distribution in fields like 
conventional and renewable energy conversion and industrial applications. Therefore these 
generators are available as standard machines, also designed for special applications like ship 
propulsion. This gives the opportunity of using standard machines with a proven track record, thus 
sticking to the “central rule of avoiding prototypes within prototypes” [11]. Considering linear 
generators the availability of the PTO highly depends on the technology. Hydraulic systems are 
widely used in industrial applications and thus components with proven track records are available 
from various suppliers. In the contrary electrical linear generators, especially ones with a rating 
matching a full-scale WEC, are most likely tailored systems, particular designed for the application. 
The same fact accounts for alternative generator system, e.g. artificial muscles. If none standard 
components are utilized in the PTO system, these components should extensively tested prior to 
installation, to ensure that their characteristics, reliability etc. match the requirements of the 
application on the WEC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



4. Generator technologies  
 
Several different technologies are proposed as linear generators for WECs. Currently the most 
popular is definitely a PTO system utilizing hydraulic components as a first conversion step and a 
rotating electrical generator to convert the mechanical to grid compliant electrical power. Also the 
use of electrical linear generators is widely discussed. Although these two technologies are the most 
common options limiting a review of linear generator technologies to these two would mean to 
neglect various alternative technologies, which have been proposed for these applications. These are 
for instance artificial muscles and mechanical conversion of the translational to rotating power. In 
the following mainly hydraulic systems and electrical linear generators are discussed. Additionally 
an overview of some alternative technologies is given. 
 
 

4.1 Electrical linear generators 
 

4.1.1 Function principle 
 
Linear electrical machines are used as an alternative drive system in transportation and conveyor 
systems, where they replace pneumatic/hydraulic systems or rotating electric machines driving a 
spindle. Generally speaking linear machines are unwound rotating machines, either asynchronous or 
synchronous machines. In Figure 6 the principle layout of a permanent magnet synchronous linear 
generator is depicted. In the example the coils are placed on the stator and the magnets on the 
translator, mounting vice versa is also possible. 
 
 
 
 

 
Figure 6: A schematic of a linear electrical generator based on a permanent magnet generator 

(source [12]) 
 
By mounting the coils on the stator no flexible connection to the coils is required and the number of 
magnets is reduced. If the stator is significantly longer than the translator the stator can be split up 
in several parts. This would allow switching of the generator parts, which are not active at a given 
time. This would result in a reduction of the losses in the generator [13].  



 

4.1.2 System characteristics 
 
Almost all linear electrical machines are connected to the grid by means of a frequency converter 
(FC). In this configuration the behaviour is pretty similar to a rotating electrical machine grid 
connected by an FC. A PTO systems comprising a linear electrical machine and an FC benefits 
from some clearly positive characteristics. Firstly the system shows excellent control behaviour and 
extremely short response times in the range of some milliseconds. The overall efficiency of the 
system – electrical machine and FC – is comparably high. At full-load efficiencies well above 80% 
up to 95% can be expected. Also at part-load especially the permanent magnet synchronous 
machine shows a high efficiency. A further positive aspect is the overload capacity. Electrical 
machines typically have an overload capacity in the range of 700% and the thermal time constant – 
in the range of some 10 minutes – is definitely sufficient for the short power peaks of a WEC. 
Looking at the FC reduced overload capacities (up to 200%) and thermal time constants (in the 
range of some seconds – some minutes) will be found.  
 
One major drawback of linear electrical machines is surely the relatively low distribution of the 
technology, resulting in the need of a tailored machine. With the tailored machine come high 
investment cost and additional development risks, etc. Another issue often discussed are the 
fluctuating prices for the magnets [14], which could result in a rapid increase of overall costs. 
 

4.1.3 Application in WEC 
 
 
Firstly it shall be stated here, that so far only two WECs applying electrical linear generators 
actually underwent sea-trials [15]. This is most likely due to two reasons. Firstly the technology has 
some drawbacks in terms of weight and costs. And secondly the generators are tailored designs and 
probably most device developers avoid the application in order to decrease development time and 
risks in their projects.  
 
One of the most challenging aspects of the application of a linear electrical generator in a WEC is 
clearly to meet the low speed/high force characteristics of the device. As already mentioned above a 
reasonable assumption for the peak velocity of a WEC of the point absorber type would be in the 
range of 2 m/s [9]. A comparison to rotating machines is given in [12]. Considering standard 
electrical machines the air-gap speed between rotor and stator can be expected to be in the range of 
above 60 m/s and even with low speed direct drive permanent magnet synchronous generators 
designed for multi mega watt wind turbines the air-gap speed is still in the range of 5 - 6 m/s. As 
generator size and thus the mass is rather depended on the rated force than on the power, this results 
in extremely big and heavy machines. This can be illustrated best on examples. The direct drive 
generator for the Enercon 112 wind energy converter rated at 4.5 MW has a weight of 220 tones 
and a diameter of 12 m respectively [16]. In [17] results from a design study of possible generator 
systems for a wind energy converter rated at 3 MW are given. The mass of a doubly fed induction 
generator, which needs a three stage gear-box for speed adaption, was found to be around 5 tones. A 
direct-drive electrical excited generator would weigh around 45 tones. By using a permanent 
magnet generator instead of an electrical excited the weight would be reduced by around 50%. 
Despite this extreme weight penalty of direct drive generator systems a trend towards direct drive 
systems exists, which is due to the expectation that efficiency and reliability will be significantly 
increased, if a gear-box for speed adaption is avoided. One example of a linear electrical generator 
designed for a WEC is described in [18]. The permanent magnet linear generator is designed for a 
peak power of 2 MW at 2.2 m/s. The maximum average power is 1 MW, the rated stroke is 7 m. 



Based on trial results an average output of 200 kW was predicted. The generator has a weight of 
about 400 tones [19]. Obviously the huge weight results in high costs for the generator and might 
also become a problem in terms of transportation, installation etc. In order to decrease the generator 
mass alternative designs are proposed. The linear generator described in [18] is a so-called 
longitudinal flux machine (LFM), which is the state-of-the-art function principle in rotating 
machines. An alternative design would be a so-called transversal-flux machine (TFM), which is 
known to have a higher power density than the LFM [13]. In [9] LFM and TFM linear generators 
for application in a WEC rated at 100 kW peak are compared. The main finding is that the mass of 
the generator can be reduced by around 20 %, if a TFM instead of a LFM is used. Colli et al. 
propose a tubular-generator design, which also aims at reducing the generator mass. In [20] a design 
study for a generator also rated at 100 kW peak is introduced. As the resulting mass of the generator 
is in the range of the LFM design in [9] it’s questionable, if this design is superior in terms of the 
generator weight and costs. As can be seen some options exists to reduce the weight and thus the 
costs of a linear generator. But one the other hand options like TFM have also been proposed for 
rotating machines and so far due to some drawbacks of the technology actually TFMs are applied 
only in a very few applications [13]. It can be assumed, that further research and testing is required, 
to improve the power to weight ratio of electrical linear generators. 
 
One further possible issue with electrical linear generators are the high attraction forces between 
translator and stator [13], [9], [21], which need to be addressed in the design of the support structure 
of the machine and the bearing arrangement. Polinder et al. [21] extensively discuss different 
bearing designs and linked issues like friction losses and maintenance. As possible solutions 
magnetic bearings and air-cored machines are proposed, both not readily available to date. Also 
Mueller et al. [15] propose an air-cored generator and present results from a prototype generator. 
They underline that on the one hand the attraction forces are significantly reduced, but on the other 
hand the electromagnetic layout is compromised. The active mass of the prototype designed for a 
peak power of 30 kW at 1 m/s is around 2.3 tones. 
 
Also in terms of grid connection an electrical linear generator has own major drawback. The overall 
system normally comprises the generator itself and an FC for grid connection.  
 

 
Figure 7: Basic configuration of grid connection (source [9]) 

 



The DC link capacitance in this configuration is too small to give any relevant means of power 
smoothing. Thus the overall system does not comprise any inherent power storage device. So the 
fluctuating power (see Figure 3 and 4) is directly transferred to the grid. A good candidate system 
for power smoothing, which can relatively easy be integrated in this system, could for instance be a 
so-called super capacitor [22]. 
 
Despite the various drawbacks electrical linear generator are assumed to be a reasonable candidate 
system for the application in WEC. This is due to some benefits of the technology. Firstly the 
overall efficiency is comparably high due to the fact, that only two power steps (generator + FC) are 
required to convert the power from the prime mover to useful power delivered to the grid. Secondly 
also the reliability is assumed to be high compared to other systems due to the low number of 
system components. Also in terms of maintenance the electrical linear generator shows some 
benefits, if at all only the bearings need maintenance on a regular basis. In terms of risks to the 
environment it’s advantageous, that only the bearings might contain oil for lubrication, which could 
pollute the environment in case of leakage. A further advantage is the controllability, allowing to 
realize control schemes as described above. And the high overload capacity allows to rate the 
generator significantly below the peak power of the device. 
 
In conclusion it can be said, that, if the drawbacks of the technology could be at least partly solved 
by further research and development, electrical linear generators could be a reasonable option for 
the application in WEC.  
 
 
 

4.2 Hydraulics 
 
Currently mainly two different hydraulic systems are discussed regarding PTOs for wave energy 
devices of the point absorber type. According to [23] the systems can be described as follows: 
 

- A simple hydraulic system with limited energy storage. 
- A more complex hydraulic system, designed to store the variable supply of power from the 

wave, and release smoothly to a generator. 
 
In [24] the two systems are classified according to the fact that they are either variable or constant 
pressure systems. In the following the working principle, the characteristics and the application in 
wave energy converters of both systems is discussed. 
 

4.2.1 Function principle 
Regardless, which type of hydraulic PTO system is used, the first conversion step is provided by 
means of one or several hydraulic rams, connected to the floater of the point absorber. By means of 
the hydraulic cylinder a force is induced on the floater giving the possibility to extract power from 
the movement of the floater. If the ram is directly connected to a hydraulic motor this results in a 
quite simple system, with no integrated hydraulic energy storage and thus variable pressure (Fig. 8). 
In this configuration usually a variable displacement motor is utilized. By controlling the 
displacement fraction the torque of the cylinder force can be arbitrarily controlled within certain 
limits. In case the electrical generator system is speed variable, i.e. the generator is connected to the 
grid by means of an FC [10], also torque and speed of the generator can be manipulated to control 
the overall system. 
 



 
Figure 8: A variable pressure PTO system. Comprising: cylinder, motor, generator, low pressure 

accumulator, relief valve and check valves [24]. 
 
The alternative to the variable pressure PTO is depicted in Fig 9. 
 

 
Figure 9: A constant pressure PTO system. Comprising: cylinder, directional control valve, high 

and low pressure accumulators, motor, generator and relief valve [24]. 
 
One of the central parts of this PTO is the declutching valve (DCV) - a three position valve. By 
means of this valve line A can be connected to the high pressure accumulator (HP) and line B to the 
low pressure accumulator (LP) or vice versa. In both cases the force of the cylinder is determined 
by the pressure in the high pressure accumulator. Additionally the DCV has an idle mode, which 
means line A and B are connected and the only force developed by the cylinder is due to friction in 
the cylinder itself. The hydraulic motor controls the fluid flow from the high pressure to the low 
pressure accumulator. As with the other PTO system the motor is a variable displacement one and 
also the electrical generator can be speed variable. So the overall system can be controlled by the 
valve state, motor displacement and, in case of a speed variable generator system [10], generator 
torque and speed.  
 
 
 
 



4.2.2 Characteristics 
Considering linear actors hydraulic systems are the quasi-standard drive train solution. For this 
reason, components with proven track records from various fields including heavy duty ones are 
available from various suppliers. Also components certified for application in off-shore 
environments are available (see for instance [25]). For this and other reasons hydraulic systems 
show a clear cost benefit compared to linear electrical ones. 
 
Generally speaking hydraulic systems well match the requirements of low speed/high force 
applications. Hydraulic cylinders show a high power density. This can be illustrated best by a 
comparison with electrical linear generators as described above. With electrical generators the 
highest power density was found with an air-cored generator. In [9] a generator designed for 
100 kW (100 kN) peak at a velocity of 1 m/s is introduced. This results in a weight of 1.5 tones, i.e. 
a specific force of 66 N/kg. Looking at off-the-shelf hydraulic cylinders it can be seen, that the 
same force/power density is achieved with hydraulic cylinders, showing a significantly lower 
weight. One example would be a hydraulic cylinder by Parker Hydraulics [26]. A hydraulic cylinder 
rated at around 100 kN with a maximum stroke of 4 m operated with a pressure of 210 bar has a 
weight of around 70 kg, i.e. a specific force of 1430 N/kg. As can be seen a standard hydraulic 
cylinder significantly outperforms an electrical linear generator in terms of specific force, even if 
the electrical generator is especially optimized in terms of weight.  
 
Looking at the velocity a slightly different situation is found. As aforementioned the peak velocities 
of point absorber type WECs can be expected to be in the range of 1 to 2 m/s. This value, which can 
be considered a low velocity in terms of electrical machines, is a rather high velocity in terms of 
hydraulic cylinders. Many off-the-shelf cylinders are designed for maximum speeds in the range of 
only some 10th of m/sec. But as also hydraulic cylinders, designed for maximum speeds in the range 
of some m/s are available as OTS components (see e.g. [27]), it should be easily possible to meet 
the speed requirements of a WEC application.  
 
But also with the hydraulic systems come some disadvantages. Firstly the efficiency of hydraulics is 
rather poor. This is due to a rather low efficiency of the hydraulic components and also due to the 
need of several energy conversion steps. As detailed in the latter, this issue is currently addressed by 
several proposed hydraulic systems for WECs and it can be assumed, that reasonable efficiencies 
will be achieved in the future. Secondly hydraulic systems show a reduced controllability. 
Considering the fixed pressure system the DCV only allows controlling the cylinder force in 
discrete steps. Adjusting the pressure level in the high pressure accumulator gives an additional 
means to control the force, but due to the high time constant this can probably only be used for slow 
adjustments to the actual sea-state. To overcome this issue systems with several cylinders and 
different plate sizes are proposed, allowing to control the force in several discrete steps (see next 
chapter). Considering the variable pressure system the cylinder force can arbitrarily be controlled by 
regulation of the motor displacement, whereas it should be taken into account that the time 
constants of hydraulic motors tend to be significantly higher than with electrical motors. An 
example comparison of a step response of an electrical and a hydraulic system can for instance be 
found in [28]. 
 
A further drawback of hydraulics is the need for regular maintenance. For instance the hydraulic oil 
needs replacement on a regular basis. Typically the oil needs to be replaced after some thousand 
hours of operation.  
 
And lastly with the hydraulic oil comes the risk of severe pollution, in case of a broken pipe, sealing 
etc. This issue could be overcome by the use of quickly biodegradable oils, which are already used 
in some applications [29]. 
 



 

4.2.3 Application in WEC 
Currently some WEC, following the point absorber or similar working principles, are under 
development. Most of the developers prefer hydraulic PTOs instead of one of the other 
technologies. Due to the immature state of the technology nevertheless only very limited experience 
of the application of hydraulics in WECs is present. In the following some results from studies, 
hardware-in-the-loop tests and sea-trials taken from literature are presented. 
 
Kamizuru et al describe the use of hydraulic systems in WECs from the components industry point 
of view [30]. As in [23] and [24] both fixed and variable pressure systems are proposed (see figure 
11). 
 

 
Figure 10: Sketches of exemplary PTO solutions (source [30]) 

 
Also results from a test rig are presented. For instance the cylinder efficiency over damping force, 
velocity and pressure difference was found as depicted in Figure 12. Based on these results an 
efficiency of over 75% for system 1, as depicted in Figure 11, is suggested. Also control aspects are 
discussed in [30]. It’s stated that the controllability of system 1 can be sub-optimal depending on the 
parameters of the accumulator. On the contrary it’s stated that the other three systems show a good 
controllability and system 3, even matches the requirements of reactive control strategies.  
 



 

 
Figure 11: PTO test rig (top); Cylinder efficiency (bottom) 

 



In [31] results from a study on a hydraulic PTO comparable to the variable pressure system depicted 
in Figure 8 are presented. Instead of coupling the cylinder to a variable displacement motor, a fixed 
displacement motor is applied. As a next conversion step a variable capacity pump is applied, 
which, by controlling its displacement, allows controlling the cylinder force and rectifying the flow 
of the fluid, so to be always from the low to the high pressure reservoir. In the paper it’s pointed out 
that also a torque controlled electrical generator could be applied instead of the variable capacity 
pump. In the paper only the cylinder and the fixed displacement motor are studied. The efficiency 
of the down-stream components (variable capacity pump, fixed speed hydraulic motor and 
synchronous generator) is assumed to be relatively high if optimized to the correct sea-state.  
 
Note: In principle this is a reasonable assumption, but it should be considered, that three additional 
conversion steps are required. So expecting an overall efficiency of the down-stream components of 
say more than 90 % would be very optimistic. 
 
 

 
 
 

Figure 12: Hydraulic PTO; Principle concept (left); model with non-ideal characteristics (right) 
(source [31]) 

 
As the study mainly aimed on investigating the efficiency of the PTO a detailed model, including 
losses, was set up (see Figure 13, right). The losses considered are: 

- Coulomb friction in the cylinder 
- Viscous and coulomb friction in the pump and motor 
- Pipe and manifold pressure loss. 

 
In order to give reasonable results the parameters for the models were derived from available 
standard off-the-shelf components (see Figure 14). 



 
Figure 13: Pump performance curves (Deison Hydraulics Gold Cup Series 30) (source [31]) 

 
Based on this the efficiency of the PTO for several sea-states considering sinusoidal waves were 
calculated. The results show, that the efficiency of this PTO is quite poor, e.g. for a sea state with 
3 m wave height and a period time of 10 s the PTO-efficiency was found to be only 30% and for a 



sea state with 1 m wave height all the power from the prime mover was dissipated in the hydraulic 
system. Whereas the authors clearly state, that by alternative designs the efficiency of a hydraulic 
system can be increased. 
 
Also a study conducted by Hansen et al [32] addressed the efficiency of hydraulic PTOs. In this case 
a fixed pressure system (see Figure 9) was investigated. By using several instead of one high 
pressure accumulator a means to vary the cylinder force in discrete steps is achieved. Based on 
modeling the WaveStar device [33] and introducing algorithms avoiding energy expensive 
switching an overall efficiency in the range of 88 – 94 % was found. Further positive efficiency 
values are reported for instance in [34], where an efficiency in the range of 69 – 80 % was measured 
on a PTO test rig.  
 
Besides the efficiency also the controllability of the hydraulic system was investigated in all 
mentioned studies, showing that control schemes like reactive control can be performed with 
sufficient accuracy.   
 
Also literature on the reliability of hydraulics can be found. In [7] design and testing of PTO- 
components for the Oyster device are detailed. Especially the design and testing of the hydraulic 
cylinders, which are operated submerged, using a water based hydraulic fluid, are discussed. The 
report states, that by appropriate sealing design life cycle times in the range of 25 million can be 
achieved, which is assumed to be sufficient for 5 years of operation. As this statement is based on 
extensive testing of the cylinders these results seem to be reasonable. Additionally the bearing 
design and a service friendly integration are addressed. 
 
In conclusion it can be said, that hydraulic cylinders seem to be a reasonable choice for PTO 
systems in WECs. It appears that currently the low efficiency is the main drawback of this 
technology. The positive results from advanced systems with several high pressure accumulators or 
similar designs indicate that also this drawback can be overcome in the future. Whereas further 
work and testing on real devices is required. 
 
 
 

4.3 Dielectric elastomer generators 

4.3.1 Function principle 
Dielectric Elastomers (DEs) are a special type of Electro Active Polymers (EAPs) [35]. The main 
part of the DE is a very simple structure, which consists of a thin polymer film (elastomer) 
sandwiched by two flexible electrodes which are made of elastic material [36].They can be used as 
electromechanical transducers to transfer electrical in mechanical energy (actuator) or mechanical 
in electrical energy (generator) [35]. The structure of the DE, consisting of a dialectical elastomer 
sandwiched by two flexible electrodes, made it a deformable capacitor. By applying a voltage at the 
electrodes the effect of the Coulomb force reduces the thickness and expands the area of the 
dielectric polymer (see Figure 15). If the voltage is turned off, the DE goes back to its original 
shape [37]. 
 



 
 

Figure 14: Deformation of the DE used as an actuator (source [38]) 
 
When the cycle is getting reversed, it is possible to generate electricity [39]. The energy harvesting 
cycle is based on 4 steps. The function principle of the DE-Generator is shown in Figure 16.  
 
 

 
Figure 15: Function principle of the DE-generator (source [36]) 

 
In the first step the DE-Generator is stretched by an external force. At the point of the ultimate 
elongation the DE-Generator is charged with an electrical field below the breakthrough field 
strength. This is the second step of the cycle. In the third step the external force is getting reduced. 
This leads to the relaxing of the DE and to an enhancement of the stored electrical energy. This 
phase represents the process of change between mechanical and electrical energy. When the DE-
Generator is completely relaxed, it can be discharged. The energy harvesting cycle can now start 
again [35]. 

4.3.2 System characteristics 
 
Because the material is able to tolerate large mechanical deformations, while the required excitation 
force to generate reasonable electricity is quite low, it makes it attractive to use DE as generators. 
[35]. The DE has a very high power density of about 1W/g (compared with a motor  with gearbox 
0.05W/g) [36] .The DE-generator has to be connected to the grid by means of a frequency converter 



(FC), as well as all other linear electrical machines. This leads to excellent control behaviours and a 
very short response time in the range of some milliseconds. The energy conversion efficiency of a 
DE-generator is estimated at 70-75%. These values are based on laboratory tests, which are 
mentioned in [36].  By including the efficiency of the FC, the overall efficiency can be expected to 
be about 60-70%.  Results of these attributes are lightweight, low-maintenance and low-cost DE-
generators [37]. Even at low frequencies electricity can be efficiently converted out of mechanical 
energy [36]. This makes DE-generators very interesting for applications in WEC. 
 

4.3.3 Application in WEC 
The fact that Dielectric Elastomers are less expensive and easy to produce, make them very suitable 
for generating electrical energy out of ocean waves. The insensibility of the DE towards the salt 
water and the slight requirements on the mechanical structure decreases their level of maintenance 
and increases the availability.  
Tests in a wave tank with a simple scaled model of a WEC using a DE-generator for harvesting 
wave energy have shown that the generated output energy is largely independent from the wave 
period. This shows that this transduction technology operates efficiently over a range of 
frequencies, which is very important for practically harvesting ocean wave power [36].  
First tests with DE-generators were carried out off the coast of Tampa, Florida. In this test a power 
generator consisting of a cylindrical tube with a diameter of 40 cm and a height of 1.2m was used 
(see Figure 17). This tube contains two roll-type DE-modules, each of them with a diameter about 
30cm and a height about 20cm. Each roll enclosed 150g of DE. For each roll a maximum output 
capacity about 12.5W was verified in laboratory tests. In the field test with small wave heights of 
10cm the generator was able to generate a peak power of 1.2W and an average power of 0.25W 
[36]. Although this amount of power is very low, it can help to extrapolate these numbers to 
estimate the potential of DE-generators. According to [39] one advantage of this technology is that 
it is capable of efficiently harvesting wave power also at moderate sea states. An estimate, which is 
based on the sea trials, shows if there is enough space of approximately 500m in length for a sea-
based facility, it is possible to generate 3-6MW of electricity even if the waves are only 1m in 
height throughout the year [39].  
 

 
Figure 16: EPAM generator system on test buoy (source [39]) 



 
In conclusion it can be said, that based on the positive results Dielectric Elastomer Generators can 
be a reasonable candidate technology for the application in WEC. Whereas obviously further 
research and testing will be required to finally judge the feasibility. 
 
 

4.4 Alternative concepts 
 
Besides the PTO concepts discussed above some further technologies are studied by the research 
scene and device developers. A selection is presented in the following. 
 

4.4.1 Hydraulic cylinders and Pelton turbine 
The Oyster device [8] uses an approach derived from the hydraulic PTOs as described above.  Also 
the Oyster PTO comprises hydraulic cylinders. But instead of a hydraulic motor a Pelton turbine is 
run by the pumped fluid. Some information on the Oyster device and the PTO system can be found 
in [7]. As can be seen the Oyster device is one of the very few devices, which has reached a state, 
that can be termed intermediate. The PTO-system has undergone intensive testing and the feasibility 
and survivability of the device has been proven by around 6000 hours of off-shore operation. One 
of the drawbacks of the Oyster working principle is the limitation to near-shore installation sites. 
But a similar PTO-system could also be applied in WEC following different working principles. 
 

 4.4.2 Mechanical transmission 
A simple mechanical system to convert the translational to a rotational movement could look like 
depicted in Figure 18. 
 

 
 

Figure 17: WEC with mechanical conversion mechanism (source [3]) 
 
A more advanced concept is proposed by Ocean Harvesting Ltd. [40]. The system uses a weight to 
smooth the power delivered to a rotating generator.   
 



 
 

Figure 18: Mechanical PTO by Ocean Harvesting Technology (source [40]) 
 
Both systems benefit from the fact, that only up to three energy conversions are necessary, which 
will result in a rather high efficiency. The main concern is the reliability of these systems, if they 
encounter millions of load cycles over a year and no information on results from long term testing 
of these concepts could be found in the course of this study. 
 
 

5. Conclusion 
 
As described above a lot of different PTO technologies have been proposed for the application in 
WEC and some of them have already been successful tested. At the current state of the technology 
it’s not clear, which of the different technologies will make the race. Electrical linear generators 
show some very positive characteristics, but suffer from extreme weights and corresponding costs. 
Also alternatives like dielectric elastomer generators could turn out to be reasonable candidate 
systems. The same might account for mechanical transmission systems. But for any of these 
technologies further research is necessary to understand their characteristics in terms of application 
in WEC and to overcome the existing drawbacks.  
 
At the moment hydraulic systems appear to be the most reasonable choice for WECs close to 
commercialization. Hydraulic systems are available as off-the-shelf components, which match the 
requirements of the application and have proven track records. As has been shown in [31] simple 
systems seem to be insufficient in terms of efficiency. But the positive results reported in [32], [34] 
indicate that a reasonable efficiency in combination with further necessary characteristics like 
controllability etc. can be achieved, if more complex systems are used. The results reported in [7] 
show that also in terms of reliability hydraulics are promising. Nonetheless further research 
addressing efficiency and reliability of hydraulic components is required.  
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