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1. Objective of the document 
 

The experimental set developed during SEA TITAN project is one of the main achievements of 

SEA TITAN project, to be developed in the frame of WP5. The laboratory testing facilities 

comprise three main systems: An actuator, in order to mechanically move the linear generator 

according to the conditions determined by the wave energy converter (WEC) to be emulated, 

as well as the sea location to be reproduced in the lab; the power electronic converters and 

cabinets that control and feed both the generator and the actuator; and the hardware-in-the-

loop (HIL) scheme, a control set in order to reproduce different wave scenarios in order to 

validate the PTO as well as the control platforms developed by the different WEC technology 

developers.  

This document presents a description of the potential solutions of actuator as well as a 

discussion of the most appropriate solution for the project, based on the market survey 

already accomplished. Moreover, it describes the laboratory testing facilities, together with 

the power electronic converters for the actuator and generator. At last, it presents a 

description of the HIL scheme implemented in CIEMAT lab, presenting the control blocks used. 

2. Introduction 

 

As stated in the SET-Plan Ocean Energy, ocean energy must reduce costs in order to be more 

competitive. Despite the current improvement in the technological development of different 

solutions, the harsh environment of the oceans is the main cause of uncertainties in the 

reliability of wave energy conversion systems, presenting the main barrier for the 

development of its massive energy potential [1]. The concept of reliability implies many issues, 

all of them related to minimize both the levelized cost of energy (LCOE) and the total expected 

life-cycle costs (operation, maintenance and failure costs). Since the wave energy conversion 

integrates many disciplines, the problem could be analysed from different perspectives. This 

project focusses in the reliability analysis of the device in charge of the energy conversion from 

mechanical into electrical, what is usually named power take-off (PTO). The PTO comprises the 

electric generator, power electronic converters, control devices and sometimes additional 

mechanical devices for the conditioning of the mechanical power provided by the waves and 

got by the WEC.  

Since the PTO system operation can be tested in a dry laboratory emulating the WEC operation 

conditions, preliminary commissioning of this important part of a WEC could be debugged and 

validated. An important reduction on the commissioning time could be achieved by this stage, 

saving important budget and reducing the potential failure risks involving the PTO equipment.  

Although several simulations and analysis have been done previously in order to select the 

equipment, it would be convenient to test in laboratory the power response of the PTO 

system. Three different issues are considered in this report related to the definition of the 

laboratory tests of a power take-off (PTO): a discussion about the selection of different 

solutions of actuator to emulate the wave performance, technical drawings and description of 

the power converters and cabinet that control both the actuator and generator, and the 
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description of the hardware-in-the loop (HIL) scheme provided to operate the PTO under real 

electrical conditions, validating the power response of the system as well as the control 

strategies used in the WEC from the point of view of the energy extraction, studied in section 

6. The actuator will allow the parameterization of the PTO control as well as the PTO 

characterization applying controlled profiles of movement. 

Despite most of the considerations being applicable to any type of WEC, this work considers 

the particular case of point absorbers type and the study case of a PTO to be tested with the 

specifications given in Table 1. 

Table 1. Summary of characteristics of the PTO. 

WEC Type Point absorber  

PTO type Direct drive PTO 

Stroke 6 m (± 3 m) 

Maximum velocity 3 m/s 

Maximum force 40 kN 

Moving mass* 2500 Kg 

Maximum acceleration 3 m/s2 

Footprint available for tests 7 x 13 m 

Maximum power supply  250 kVA 
* Only generator moving part 

3. Mechanical actuator: Emulating the Wave Energy 

Converter Dynamics 
 

The first element to be defined is the actuator. It is a device with the capability to provide an 

instantaneous mechanical force, equivalent to the one provided by the WEC in a certain sea 

location under certain sea conditions, all of them to be reproduced in the laboratory tests. It 

will also give the capacity to develop calibration, parameterization and characterization tests. 

Different options can be selected as mechanical actuator, depending on the requirements of 

the PTO to be tested. Two big groups of solutions can be considered: hydraulic actuators and 

electric actuators. Among the electric actuators, a new classification is given: direct-drives, 

rack& pinion, ballscrew and belt & pulley. Moreover, an additional option of back-to-back 

electric machines is possible when a multipole electric generator is used as PTO. Finally, a 

discussion of the convenience to allocate the system in vertical or horizontal orientation is also 

developed.  

The different options are discussed along this section. 

3.1. Hydraulic Actuator  

It is based on a pump driven by a motor that creates a flow of fluid at a certain pressure, 

controlled by means of valves [2]. The actuator converts the energy of a fluid into mechanical 

power. The most basic concept comprises a piston inside a cylindrical housing called barrel. On 
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one end of the piston there is a rod. At the opposite end, there is a port for the entrance and 

exit of oil.  

 
Fig. 1. Operation of a double-acting cylinder during extension (a) and return (b) stroke. 

For this particular application, a double-acting cylinder with a piston rod on one side is 

required, since the force needs to be applied in both directions, as presented in figure 1. To 

extend the cylinder, the pump flow is sent to the blank-end port as in Fig. 1.a. The fluid from 

the rod-end port returns to the reservoir. To retract the cylinder, the pump flow is sent to the 

rod-end port and the fluid from the blank-end port returns to the tank as in Fig.1.b. 

The maximum force of double-acting cylinders is given by equation (1). 

               
   

 
 (1) 

where p is the pressure and Arod is the area of cylinder rod, being d the diameter of the rod. 

The rod velocity is given by expression (2): 

      
 

    
 (2) 

where Q is the flow rate of fluid entering the cylinder 

Fluid flow is not the same during extension and retraction strokes due to the different areas at 

both sides of the piston. However, the power required in both operations is the same, 

according to the expression (3). 

                 (3) 

Hydraulic actuators are appropriate for low velocity (lower than 0.2 m/s), low frequency (not 

continuous operation) and high forces (1000kN) with short stroke (0.5m). Increasing the 

velocity requirements implies that a higher fluid flow (Q) is required, according to (2), which 

increases very much the cost. On the other hand, increasing the force leads to use higher 

pressure. These effects requires an accumulation system to hold the pressurized volume of oil. 

The problem is even worse when facing long stroke applications; uncharged accumulators may 

starve the system of oil. In the end, deploying additional capacity in hydraulic accumulator 

systems allows them to achieve high speeds at high forces. The main disadvantage of this 
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option is that it requires a high electric power supply due to the low efficiency (in the range of 

40-55%) of the system. Moreover, these inefficiencies cause overheating, accelerating 

degradation of the oil, damaging seal components and more power requirements in the 

connection point.  

In order to improve the control performance, the force capability needs to be oversized. 

Final implementation to be used for linear PTO tests is presented in Fig. 2, concluding that the 

required room is quite demanding in length.  

 

 
Fig. 2. Hydraulic actuator implementation for a linear PTO test. 

3.2. Electric Actuator  

Some options can be stated, all of them driven by an electric motor and power electronic 

converter, with particular characteristics described as following: 

3.2.1. Direct drive actuator: electric linear motor  

In recent years, electric rod actuators have become more flexible, precise and reliable with 

increasingly larger force capacities. That provides the maximum efficiency on the system, in 

the range of 75-80%. An additional factor in the electric cost is that electric actuators only 

demand electric consumption when it is required while hydraulics require a permanently 

pressurized system, resulting in inefficient use of power. The mechanical performance of an 

electric direct drive is completely dependent of the motor characteristics, being capable of 

providing at the same time high velocities and high forces. On the other hand, it is not usually 

a conventional equipment and most of the times it needs to design the machine specifically for 

this application.  

Additional length is required for the system to accomplish the tests, equal to (4), as presented 

in Fig. 3. 

               
(4) 

where Lp is the PTO passive part length 

La is the PTO active part length 

Ldd is active part length of the electric direct drive actuator.  
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Fig. 3. Length requirements for the use of a direct drive electric actuator in PTO testing. 

Commercial direct drive actuators have been found to accomplish the specifications of the 

study case. Requirements of force or velocity can be provided separately but not at the same 

time [3]. 

3.2.2. Rack & pinion actuator  

The rack and pinion solution started being used in rail transport in the 1800s. Cogged railways 

were put in use in the USA and Europe steepest landscapes. The first cog railway in the world, 

still in operation, is the Mount Washington Railway in New Hampshire (USA), first operated in 

1868.  

 
Fig. 4. Rack and pinion interface for electric actuator (Source: alpha-wittenstein Inc.) . 

Today, the modern materials, treatments and optimized manufacturing make the rack-and-

pinion solutions perform as well as electromechanical and other linear components. Fig. 4 

presents a commercial solution from Alpha-wittenstein supplier. 

According to the product catalogues [4], it would be possible to fit the requirements with two 

units of pinion over one rack achieving a velocity up to 4 m/s. 

Final implementation of this solution to test the study case of a linear PTO is presented in Fig. 

5. Same considerations as the direct drive actuator related to the length required for the tests 

can be formulated, presenting an important limitation, as described in the figure. 
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Fig. 5. Electric actuator implementation for a linear PTO test based on the interface of rack & pinion mechanical 

interface. 

3.2.3. Ballscrew spindle actuator  

The ballscrew used as mechanical interface for an electric actuator has many advantages 

compared to traditional hydraulic or pneumatic systems, i.e. fast response, no leakage, high 

accuracy, smooth movement, long life, high stiffness, low drive torque, energy savings and 

good repeatability.  

The system is based on the concept that rolling motion of balls substitutes the sliding friction 

of conventional screws [5][6]. That implies that the efficiency is as high as 90% because of the 

rolling contact between the screw and the nut. Fig. 6 present an example of commercial 

solution.  

 
 

 
Fig. 6. Ballscrew solution for linear actuators (Source: Upper – Shuton, lower - Umbragroup). 

Normally, the requested solution need to be specifically developed for the application but 

forces and velocities in the range of the study case are completely affordable. A 200 mm 

thread pitch screw can provide a linear movement of 3 m/s when spinning at 900 rpm. 
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As important advantage of this solution is that the available length for the tests is nearly the 

length of the PTO to be tested, as presented in Fig. 7.  

 

 
Fig. 7. Electric actuator implementation for a linear PTO test based on the interface of ballscrew mechanical 

interface. 

However, an important drawback of this solution is that the PTO to be tested need to be 

crossed by the screw from one side to the other. Nevertheless, there is the possibility to use an 

alternative to the scheme in Fig 7 with an external shaft in the same way as solution 3.2.2, not 

taking advantage of the low space requirements.  

3.2.4. Belt and pulley actuator  

This option consist on two pulleys at both sides of the PTO to be tested and a belt connected 

to the PTO moving part, as presented in Fig. 8. Generally speaking, this solution is more simple 

and does not also require extra lengths for the testing facility. However, there are some 

considerations to be taken into account. The longer the belt the higher the required tension 

force and the further the tensioning mechanism can move [7]. 

Additionally, as more tension force is induced on the belt, the external force it can transmit 

decreases. 

 
Fig. 8. Electric actuator implementation for a linear PTO test based on the interface of belt & pulley mechanical 

interface. 

3.3. Back-to-back Actuator  

There is a particular solution of actuator, appropriate and especially convenient in the case of 

linear direct drive PTOs, which consists of the following concept [8]. The electric generator is 

divided into 2 sub-machines, giving the possibility to drive both of them in a different way. 

That permits to impose an oscillatory movement in one of the machines, emulating the wave 

effect (named actuator) while the other machine is behaving as a generator (named 

generator), operating with an optimal control strategy to maximize the power. Fig. 9 presents 

this schema. 

Two power electronic converters are used to drive each part. They will share a common DC 

link and connected to the grid through a grid-tie converter, which supplies only the system 

losses, recirculating the power during the test through the DC-link.  Both converters have an 

internal control loop in charge of deciding about the switching pulses to control the current 
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around the reference level. An external control loop is in charge of providing the force 

reference to the system depending on different parameters and operation variables.  

This option does not provide the possibility to test the linear PTO with full mechanical force, 

however it is fully electrically tested. 

 

 

 
Fig. 9. Electric schema for testing the machine using half of the machine as actuator and the other as generator. 

This implementation requires the minimum length for the tests, just the length of the linear 

generator. However, once the PTO tests are finished the laboratory remains no testing 

equipment for further projects. 

 

 
Fig. 10. Back-to-back scheme for a linear PTO test. 
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4. Discussion about vertical or horizontal tests 
 

Finally, and beyond the decision of the technology selected for the actuator, although not 

independent of that, a discussion of the convenience to allocate the system in vertical or 

horizontal orientation is now addressed, important in the case of a linear PTO. A vertical 

solution has the advantages of being closer to the final allocation of the PTO elements, since it 

reproduces the behaviour of the PTO moving parts in the same orientation than in the final 

WEC. The only difference, compared with the final implementation in the sea location inside 

the WEC, is the presence of the gravity, that in the sea location is compensated by the 

Archimedes force. In order to compensate gravity, a pulley and additional weight are required. 

The problem is that the required forces to achieve the dynamics of the system need to be 

calculated with double the mass (PTO moving mass plus additional weight to compensate 

gravity). Additionally, the mechanical structure required for the system is more complex and 

expensive, especially if the actuator option selected requires. This option would be only 

reliable for options 3.2.3, 3.2.4 and 3.3. Mainly due to budget considerations, the vertical 

option has been definitely rejected. 

The horizontal allocation of components simplifies considerably the experimental facility. 

Although the mechanical behaviour of the components is much more demanding that the real 

operation conditions inside the WEC, it is useful to test the system in extreme mechanical 

conditions. This option has been mostly preferred. 

5. Discussion about the different solutions 
 

The discussion on the most appropriate solution for a certain application is based on factors 

such as: motion control provided by the HIL scheme, system components, space availability, 

force and velocity capabilities, temperature, number of life cycles, maintenance, cost, 

efficiency, environmental concerns and adaptability to different PTO types. A market survey 

and analysis of commercial solutions has been carried out, classifying the available options into 

three blocks, and which has led to the following conclusions: 

Although hydraulic actuators are usually less expensive when considering the investment, due 

to the low efficiency and the oversizing of force to achieve controllability, the cost is around 

double than electric options. It is important to highlight that while hydraulic systems need to 

be supplied with power continuously (to maintain the fluid pressure), electric actuators only 

have electric consumption when producing force. Among the electric actuators, direct drive 

have the best efficiency but are more expensive than the rest.  

5.1. Market survey of the hydraulic actuator. 

Although the pressure specification is not really a serious concern for hydraulic systems, the 

high velocity requirement of the present application (3m/s) is so, and that is translated into a 

very demanding fluid flow, which increases the cost significantly.  

The Spanish company GLUAL has been contacted and they provided a first approach of 

technical solution. The cylinder is the most expensive piece of equipment. Although the 
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pressure specification (40kN) is not really a big issue for and hydraulic system, the velocity it is 

(3m/s), and that is transduced into a very demanding flow. That increases the cost so much. 

No quotation has been received since we found a limitation in the power supply. A power 

requirement of more than 300kVA is required for the installation, overpassing the available 

power in the lab.  

Additionally, the required room for the equipment is bigger than the available space (13 x 

6.5m). Consequently, this option is rejected.  

5.2. Electric solutions with mechanical interface (belt&pulley, rack&pinion and ballscrew) 

These systems comprise a mechanical interface plus an electric drive, which is more efficient 

than the hydraulic option. In terms of cost, a high percentage is associated to the electric drive 

(close to 80%), with the mechanical interface representing a lower share of the cost.  

5.2.1. Market survey of belt&pulley actuators. 

The Spanish company VISAN has been contacted and they provided a technical solution based 

on an horizontal system based on two pulleys connected with the moving part of the linear 

generator through some high resistance belts. The technology is similar to lifts sector and the 

technology is quite well known, although not really usual at this level of velocity. The traction 

pulley is driven by an electric drive, supplied with velocity command from the HIL scheme. The 

quotation for the complete system has been 200,000€. The system also permits to be 

controlled in position but that increase the cost and that part can be provided by the 

laboratory control. Finally, the required space fits with the available room at the lab. 

Therefore, this option is being considered as a realistic candidate option. 

 
Fig. 11. Technical solution for the actuator based on a belt and pulley and provided by VISAN. 

5.2.2. Market survey of rack&pinion actuators. 

The option of rack&pinion actuator has been considered with the company Alpha –

Wittenstein. Unfortunately, there are space limitations since the solution doesn’t fit the 

available room at the lab and also the quotation has been quite expensive, more than 5 times 

the expected cost. This option has been definitely rejected. We didn’t received quotation from 

other two suppliers: Leantechnick and Brevini. 

5.2.3. Market survey of ballscrew actuator.  

A system has been offered from Shuton, providing a solution based on a 190mm diameter row, 

spinning at 900rpm, with a screw step of 200mm, able to reach 3m/s with no cycling problems. 
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A quotation for just the ballscrew and the nut was 16000€ but not including neither any of the 

additional mechanical elements nor the electric drive, since the company behind the supplier 

did not accepted to go through a call for tenders.  

On the other hand, the project IMAGINE is working with this technology and were able to 

provide a quotation of a system. After asking for a quotation to UMBRAGROUP, it was given a 

rough order of magnitude (ROM) in the range of 80 k€, including a 10 m stroke ballscrew with 

a set of two bearings to support it and related interfaces, transportation and support during 

installation. No electric drive is again included. It is expected a cost of the drive in the range of 

100-150k€, so the total cost will be in the range of 200k€, same cost of the rack&pulley option 

or even more expensive. 

Anyway, apart from the cost, this option has been considered too specific for this type of linear 

generator and not expected to be economically as reliable as the belt&pulley option. 

5.3. Market survey of back to back solution for the actuator.  

Among the electric actuators, direct drives have the best efficiency but are usually more 

expensive than the rest of the options. However, this option offers a huge potential of cost 

reduction since it only implies an extension of the already manufactured coils and magnetic 

materials used for the linear generator, thus saving the cost of new engineering and/or 

fabrication tools. On the other hand, it must be considered that an additional power converter 

would be required to drive the second part of the linear machine, which would now increase 

the cost. Additionally, as a difference to the rest of systems, this is a bespoke alternative that 

could not be used for testing other types of PTOs, since it is specifically developed for this one. 

This option considers the increase of the active part at the linear generator as described in 

section 3.3. The active part would be increased with an exactly equal active part. 

Consequently, to keep the same stroke, the length of the passive part would have to be 

increased by 1m, hence increasing the cost in approximately 1/6 of the passive part cost. 

Otherwise, the new stroke would mean operation periods less realistic if maintaining the same 

maximum velocity. 

From the point of view of the manufacturing, two possibilities have been considered: 

 To be developed by the same manufacturer than the linear generator 

 To be developed internally with resources from the consortium (cheaper) 

Moreover, another power electronics equipment would be necessary. OCEM has made a 

quotation of another unit of generator side converter in 26,840€, considering just direct costs, 

plus 25% of overheads (33,550€). 

Independently of the manufacturing decision and where does the power electronics come 

from, it has been considered as a reliable option.  

Table II, presented below, highlights a qualitative summary of the main characteristics of the 

different actuator technologies taken into consideration. Once the pros and cons of each 

option are identified, the final decision to be taken in the project will be based on the 

particular technical discussions and the matching between quotations from potential suppliers 

and the project budget. 
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Table 2. Comparison between the different actuator alternatives. 

 Hydraulic 

actuator 

Electric actuator + mechanic interface Direct drive 

back 2 back Belt&pulley Rack&pinion Ballscrew 

Required space High Low High Low Low 

Required power  High Low Low Low Low 

Efficiency Low  High High High Very High 

Operation cycles High Medium High Low High 

Maintenance High Medium Low Medium Low 

Vertical orientation possible NO YES NO YES YES 

Adaptability to other PTO types High High High Medium Low 

Cost High Low-Med Low-Med Medium Medium 

 
After this market survey and the different considerations, the two reliable options are the 

belt&pulleys solution and the back2back solution. Pros and cons of these two options are 

presented in the following table. 

Table 3. Characteristics of the two more reliable options for the actuator. 

Belt&pulley actuator Back2back actuator 

Usable in other type of PTO, including 
vertical orientation, even adaptable for 
rotary PTOs. 

It can be used as actuator of another linear 
PTO. 

Maximum force 40kN. Double force is possible, 80kN. 

Scalable in F and v for the same power, by 
modifying the gearbox. 

Not scalable to higher forces. 

Robust and not necessary angle adaptations. 
More difficult calibration, characterization 
and commissioning, as well as control 
requirements. 

Industrial control and security. Over cost of 90k€. 

Over cost of 80k€ over the initially 120,000€ 
considered for the actuator. 

Once finished the project it requires the 
decision of next steps with the PTO. 

It is required a call for tenders from CIEMAT 
to acquire the equipment. 

It does not require a call for tenders from 
CIEMAT. It can be justified as one only 
potential supplier of the technology. 

 
Once accomplished a complete evaluation of the different factors to be considered, the 
solution of a back-2-back system has been taken. Beyond the advantages and conveniences 
presented in Table 3, there are some additional values: 
 

- The manufacturing of the actuator will be developed by a different supplier, which 
allows to test two different manufacturing methods and technologies for the linear 
electric machine coils and poles. 

- The alignment and integration of the actuator with the generator is guaranteed since 
they need to be mounted together before the final deliver. 

- The security measures are simpler to implement in this alternative by means of end-
stops at both sides of the stroke. 

- The complete set generator-actuator fits perfectly in the current laboratory facilities, 
as described in the following sections of the document. 
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6. Laboratory Testing Facilities 
 

The laboratory for performing the SEA TITAN project tests, located at CIEMAT’s facilities in 

Madrid, is described in this section. Its technical drawings, comprising equipment location, 

distances and dimensions, and a 3D representation, are included in Fig. 37, Fig. 38, and Fig. 16 

respectively. 

Fig. 37 shows the location of the laboratory accesses, ethernet ports connections, actuator 

(represented with its final topology, as discussed in section 5), and the relative position of the 

power converters, including the generation grid-tie converter, the actuator grid-tie converter, 

the generator power converter, the actuator power converter, and a power connection 

cabinet. A multifunctional test bench fully functional and already in operation is also included 

for potential technical or implementations issues, as discussed in section 0. 

Fig. 38 shows the relative distances between equipment and their dimensions. Protection and 

connexion cabinet dimensions are not indicated since they are still under construction. The 

complete area of the laboratory including the area covered by the stairs equals 93 m2, being 79 

m2 the dimension of the restricted area where the equipment is located. 

Fig. 16 and Fig. 17 show a 3D representation of the complete laboratory testing facility. There 

are four entrances to the laboratory: two at floor level, one for transports also located at floor 

level, and one through the green stairs located at the right. The two doors at floor level give 

access to a room with direct vision to the laboratory, where the control and operation 

computers are located. The control platform, described in detail in section 0, is located there. 

All the wires and communication equipment between the HMI and the different devices is 

passed via tube bushings through the wall that separates both areas. The entrance for 

transports can be accessed from the main entrance of the building, so large vehicles, like the 

ones that will deposit there the generator and actuator, can reach the laboratory facilities. The 

last entrance, through the stairs, leads to the rest of the building. 

Several safety and protection measures have been adopted in order to operate the installation 

with the minimum risk. Firstly, there is a security fence, yellow coloured, which separates the 

laboratory equipment from the passing area beneath the stairs. Secondly, passing areas across 

the laboratory, as shown in Fig. 38, are sufficient to ensure a safe operation of the installation. 

Moreover, power converters and cabinets are positioned so they can be opened for revision 

and operation issues without interfering with other equipment. 
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7. Power Converters and Cabinets 
 

7.1. Power connection cabinet  

The laboratory testing facility connection to the electrical power supply is located within the 

Power Connection Cabinet. Its connection to the MV network is depicted in Fig. 39. This 

connection accounts for two 2.000V / 380V transformers connected in parallel, with a rated 

power of 630kVA (TRANSFO1 and TRANSFO2). Protection devices are also included, namely, a 

general switch and two isolating switches in each of the parallel branches in MV, and a bypass 

switch of 1.250A in the LV side. Moreover, each of the LV branches account for another 

isolation switch (C1 and C2).  

In the LV side the left branch feeds the power connection cabinet of the laboratory, the latter 

named “laboratorio energia” in Fig. 39. This left branch is connected to the power link located 

inside the power connection cabinet. The cabinet’s electrical scheme is shown in Fig. 40, 

accounting for the already mentioned power link (“barras principales” at the top of the 

scheme), and 5 other independent circuit. For the purpose of SEA TITAN project, the 

laboratory equipment will be fed from the first circuit (located at the left of the scheme), 

which includes a 1.250A 4-pole breaker switch with magneto-thermal protection (C3, “Cuarto 

eléctrico baja tensión”). 

  

 

 

 

 

 

 

 

7.2. Transformers’ cabinet  

The mentioned low voltage circuit that feeds the SEA TITAN prototype inputs the 

Transformer’s cabinet, where it is divided into two circuits: one for feeding the actuator, and 

one for the generator. As it can be seen in the right scheme of Fig. 41 (“Circuito de potencia”), 

after the circuit breaker (Q1) and the magneto-thermal protection (Q2) the circuit gets divided, 

each branch accounting for an isolation transformer (T1 and T2), apart from the required 

breaker and magneto-thermal protection (Q3, Q4, Q5, and Q6). Energy and voltage 

measurements are also included in the cabinet (V1 and V2). 

The left part of Fig. 41 represents the operation circuit (“Circuito de mando”), which enables 

the connection so the complete installation of SEA TITAN can be fed. Each branch behaves in 

Fig. 12. Power connection cabinet and the power link for SEA TITAN. 
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the same way, i.e., after pushing the ON button in switches SE2 and SE4, a cascade connection 

occurs, timed by a relay (Q4 and Q6).  

7.3. Actuator grid-tie converter  

The actuator grid-tie converter, connected to one of the branches of the transformers’ cabinet, 

is shown in Fig. 13. The general characteristics of the equipment are detailed in Table 4. This 

converter has been provided by WEDGE, coordinator of SEA TITAN. 

Table 4. Actuator grid-tie converter characteristics 

Electrical  

Operating grid voltage 230 Vac 

Frequency 50 Hz 

Max. current 150 A 

Icu. 36 kA 

Operating DC voltage 450 Vdc 

Rated power 50 kW 

Mechanical   

Protection degree IP 20 

Weight 369 kg 

Communication   

Internal protocol Modbus TCP 

BPCS protocol Bus CAN 

 

 

 

 

 

 

 

 

 

 

 

 

 

The different components of the switchboard are displayed in Fig. 13. Control devices are 

highlighted in red, protections in dark blue, measurements in light blue, and power 

connections in light green. Electrical schemes for the actuator grid-tie converter are shown in 

Fig. 42 to Fig. 47. 

Fig. 13. Actuator grid-tie converter. 
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Fig. 42 shows the main circuit of the converter, with the grid connection at the left, including 

breakers with magneto-thermal protection (1Q1 and 1Q2), grid measurements (M1.3 and 

M1.4), electromagnetic interference filter (1LC1), current measurements (M1.6, M1.7, and 

M1.8), and an LCL filter (1L1, 1L2, and 1C1) to adapt three-phase pulsed voltages at the output 

of the IGBT’s to the three-phase grid voltages. The left part of the scheme corresponds to the 

DC side, starting from the BUSBAR with the IGBT’s to invert from AC to DC, an L filter (L1+ and 

L1-), DC current and voltage measurements (M1.1, M1.2, and M1.5), and a leakage detection 

circuit (“DETECC. FUGAS”). Moreover, two sets of pre-charge resistances are included, one in 

the AC side and another one in the DC side (1R1, 1R2, 1R3, and 1R4). In this way, the 

capacitors in the BUSBAR do not absorb a current peak when connecting the installation 

Fig. 43 illustrates the BUSBAR configuration, with the 6 IGBT’s and the corresponding diode in 

antiparallel (2V1, 2V2, and 2V3), and the capacitors of the DC side (2C1, 2C2, 2C3, 2C4, 2C5, 

and 2C6). 

Fig. 44 shows the refrigeration and auxiliary power sources scheme. Refrigeration is included 

for the IGBT’s and for the cabinet, via two single-phase exhaust fans (3M1 and 3M2). Auxiliary 

power sources  include +5V, ±15V, and +24V. 

Fig. 45 and Fig. 46 represent the control board, including the power connections to +5V and 

±15V, voltage and current measurements as analog inputs, and the switching command for the 

IGBT’s as output. Moreover, the board inputs error signals, as well as protection signals to 

check that the cabinet’s components are properly connected, such as grid connection, DC bus 

connection, or refrigeration failure. At last, digital outputs include the indicators and the 

commands for pre-charging the cabinet and bypassing the pre-charge resistances after a few 

seconds, for connecting/disconnecting the DC link, and for connecting/disconnecting from the 

grid. 

Finally, Fig. 47 shows the operation scheme. 

7.3. Actuator power converter 

The actuator power converter, connected via a DC link to the actuator grid-tie converter, is 

shown in Fig. 14. The general characteristics are detailed in Table 5. This converter has been 

provided by WEDGE, coordinator of SEA TITAN. 

Table 5. Actuator power converter characteristics 

Electrical  

Operating voltage 450 Vac 

Frequency 49-222 Hz 

Max. current 450 A 

Icu. 36 kA 

Operating DC voltage 450 Vdc 

Rated power 50 kW 

Mechanical   

Protection degree IP 20 

Weight 583 kg 

Communication   

Internal protocol Modbus TCP 

BPCS protocol Bus CAN 
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The different components of the switchboard are displayed in Fig. 14. Control devices are 

highlighted in red, protection devices in pink, and connections in orange. The electronic 

adaptation board together with the DSP are represented in Fig. 15. Electrical schemes for the 

actuator power converter are shown in Fig. 48 to Fig. 55. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Electronic adaptation board and DSP for the actuator power converter. 

Fig. 48 shows the main circuit of the converter, with the DC link connection with the actuator 

grid-tie converter at the left of the scheme, including protection measures as breakers and 

fuses (1F1 and 5K7), and voltage and current measurements (M1.1, M1.2, M1.3, and M1.4). 

After that, 6 IGBT’s cells, with two IGBT’s each with the corresponding diode in antiparallel are 

included (1V1, 1V2, 1V3, 1V4, 1V5, and 1V6). There are also several capacitors to keep the 

Fig. 14. Actuator power converter. 
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voltage constant for the IGBT’s operation (1C1 to 1C24). The 6 cells of IGBT’s are divided in 3 

groups of 2 cells, each group controlling one of the phases of the actuator. Voltage and current 

measurements are also included at the output of the converter (M5 to M16). 

Fig. 49 represents the different power supplies, including +5V, ±15V, and +24V sources. Power 

supply for the refrigeration in AC single-phase is also included, with switcher with magneto-

thermal protection in each branch (2Q1, 2Q2, 2Q3, 2Q4, and 1Q5). As a continuation of this 

scheme, Fig. 50 illustrates the different auxiliary elements such as heating, which is driven by a 

resistor (3R1), and AC single-phase motors for ventilation and refrigeration of the control area 

(3M0, 3M1, and 3M2), together with the refrigeration for the exhaust fans of the output, i.e., 

the different phases of the actuator (3M3, 3M4, and 3M5). Protections are also included in 

each of the branches. 

Fig. 51 and Fig. 52 show the schemes for the control board, including the power connections to 

+5V and ±15V, voltage, current and temperature measurements as analog inputs, and the 

switching command for the IGBT’s as output. Moreover, the board inputs error signals, as well 

as protection signals to check that the cabinet’s components are properly connected, as it can 

be seen in the bottom part of Fig. 52. CAN bus communication is also included in the board, 

connecting it to the actuator power converter to the actuator grid-tie converter and to the 

PLC. At last, digital outputs include the indicators and the commands for connecting and 

disconnecting the different refrigeration circuits, and for allowing the converter’s operation. 

The encoder connections to control the position of the actuator are schematized in Fig. 53, 

including both absolute and incremental encoder signals. At last, voltage and current sensors 

are shown in Fig. 54, while Fig. 55 represents the PLC connections and the communications 

ports. 

7.4. Generator power converters 

Regarding the generator power converter and the generator grid-tie converter, they are 

currently being manufactured by OCEM, and their drawings and description are included in 

deliverable D4.3. The generator-side converter has the following appearance.  
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7.5. Distribution of equipment in the experimental facility at CIEMAT 

The following drawings present how the complete set of elements for the experimental test 

during the last stage of SEA TITAN are distributed at the CIEMAT laboratory. 

 

Fig. 16. Laboratory testing facilities: 3D representation - 1. 
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Fig. 17. Laboratory testing facilities: 3D representation - 2 
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8. Hardware-in-the-loop scheme for the PTO tests 
 

Once the type of actuator and the laboratory testing facilities have been defined (according to 

the needs of the system to be tested), the next step is to provide a control (hardware and 

software) scheme for the PTO tests. As previously mentioned, the control platform will be 

located in a room with direct vision to the laboratory but separated from it for security 

reasons. 

The scenarios to be tested are based on real sea locations, characterized by their sea states. 

After providing time profiles of position and velocities, obtained from previous simulations in a 

Wave to Wire (W2W) model with a certain wave energy converter and controlled by a certain 

control strategy, the system behaves mechanically as the real one in a hardware-in-the-loop 

(HIL) scheme [9] [10]. This W2W model is analysed by means of a simulation environment in 

real time in the HIL platform. Fig. 18 presents the control scheme used for the PTO 

characterization and validation. 

The testing facility and the HIL control scheme, described in detail below, is the experimental 

set-up used as part of SEA TITAN, with the objective of developing and testing in laboratory a 

new concept of PTO for wave energy converters. 

The system comprises four different parts: 

 Grid connection 

 Linear PTO 

 Actuator 

 HIL Platform 

 
Fig. 18. HIL testing scheme used for PTO validation. 
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6.1. Grid connection 

The grid connection allows for injecting the generated energy to the network, as well as 

supplying power to feed the phases of the linear generator. It consists of the grid, a 

transformer and a grid-tie converter with its control. The control variable of this converter is 

the DC-link voltage, which needs to be fixed at a constant value in order to have a proper 

behaviour of the generator power converter. Fig. 19 shows the detailed control implemented 

in the converter, which eliminates the DC-link voltage error with a PI controller. After this, a 

Space Vector Pulse Width Modulation (SVPWM) strategy is performed in order to generate the 

gate signals of the IGBTs.   

 

Fig. 19. Grid-tie converter control. 

6.2. Linear PTO 

The linear PTO generates energy based on the combination of the actuator motion and a 

proper control from the generator control platform. The command control variable for the 

generator is the force to be developed by the PTO. In relation to this control variable, the WEC 

control platform is in charge of providing the force command, based on the measure of 

generator velocity and according to the control strategies already programmed. This force 

reference is used by the linear generator control to ensure that the generator force command 

is equal to the mechanical force developed by the linear PTO. In order to guarantee the 

usefulness of the HIL scheme, the generator control must be calibrated properly. The 

generator converter control is illustrated in Fig. 14. The force command is translated into 

currents when passed through a look-up table, and the gate signals of the IGBTs are generated 

via a hysteresis band control. Besides, it is required to input the phase that needs to be 

activated in order to control the AMSRM generator. This input is calculated based on the 

generator’s position, together with each phase activation/deactivation position. The latter is 

dependent on the speed and position and is calculated through a look-up table. 
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Fig. 20. Generator converter control. 

6.3. Actuator 

The experimental set comprised by the actuator and its control is responsible for sinusoidally 

pushing the linear PTO back and forth. The control variable for the actuator converter is the 

velocity, which is obtained from the W2W model implemented in the HIL platform. When 

characterizing the PTO, this velocity reference consists of controlled oscillations interleaved 

with constant velocity periods. The interaction between the HIL platform and the actuator 

control is schemed in Fig. 15. Firstly, the simulation of the W2W model generates a position 

reference for the actuator. This reference is compared with the actual position of the actuator, 

which is translated into a velocity reference when passed through a proportional control. After 

that, the velocity command inputs the actuator control. The velocity error between the 

velocity reference calculated by the HIL Platform and the measured velocity inputs a PI 

controller, resulting in the actuator force reference. Then, forces are translated into currents 

through a look-up table. At last, in order to generate the gate signals of the IGBTs the actuator 

control requires a PI controller followed by a PWM strategy, in contrast with the strategy 

implemented in the Linear PTO control. 

 
Fig. 21. Interaction between the HIL control and the actuator control. 
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6.4. HIL Platform 

In order to implement the HIL, a system that contains the software representation of the WEC 

is required, allowing for a plant control of the actuator. A CompactRIO system from National 

Instrument, model cRIO-9049 [11], is selected as HIL Platform, as presented in Fig. 16. This 

device is a reconfigurable embedded system, containing a processor running on a real-time 

operating system (RTOS) and a reconfigurable field-programmable gate array (FPGA). The real-

time mechanical W2W WEC model, which has a low integration step (0.05-0.001 s), is 

implemented in the HIL Platform through a state-space representation of 15th order. Besides, 

the incident wave profile, i.e., wave force distribution over time, is preloaded as a WEC model 

input, together with the rest of the site parameters. Therefore, based on the wave profile, site 

data, position and PTO force, the model outputs a position reference for the actuator, as 

explained in Fig. 15. The PTO force can be calculated and implemented in different hardware 

solutions. In this sense, it can be computed in an external hardware as shown in Fig. 12 (WEC 

control platform) or it can be integrated in the CompactRIO, depending on the WEC developer. 

 
Fig. 22. cRIO-9049 [12]. 

Communications between the HIL Platform and both the actuator control and the WEC control 

platform are performed via CAN. The HIL Platform sends the velocity reference to the actuator, 

and receives the position measurement from it, while WEC control platform sends the PTO 

force reference as an input for the WEC model. Additionally, instrumentation systems are used 

to obtain current waveforms and power measurements in different parts of the system. Thus, 

the performance of the linear PTO and the optimization of its control parameters can be 

obtained. In addition, the efficiency map of the system can be evaluated, considering different 

operation points and sea-states. A precision power scope from Yokogawa, model PX8000 [13], 

is selected for this task, which is connected to the CompactRIO via Ethernet (TCP-IP protocol). 

Besides, a commercial and calibrated electric energy meter is installed at the output of the 

AMSRM power electronic converter, in order to obtain a verified measurement of the electric 

energy generated by the AMSRM in each emulated sea-state. At last, sensors required to 

obtain the complete information about the laboratory testing system, e.g. temperature and 

airgap sensors, are implemented as well. 

This testing scheme permits to evaluate the control strategy under different scenarios, 

obtaining the most convenient sites to implement the WEC, based on real PTO performance. 
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6.4. HIL Platform implementation 

The CompactRIO accounts for three levels of hierarchy: 

 An HMI, programmed in the host computer, which acts as a SCADA as well. 

 The RTOS code, which manages the signals, interacts with the HMI and the FPGA, and 

performs some simple operations. 

 The FPGA code, which performs the complex and iterative operations. 

The HMI code, programmed in LabVIEW, is represented in Fig. 23, Fig. 24, and Fig. 25. The 

code starts with the creation and initialization of a file for storing the test data, and then 

enters a while loop with a state machine. In that state machine, the user selects the 

technology and the type of test that is going to be tested, and then the program loads from 

the host computer the indicated values, together with the rest of constants needed for that 

technologist WEC control (Fig. 24). With those variables, the program performs a simulation in 

order to obtain a preliminary value of the results, checking for non-valid values and, if that 

happens, it warns the user that the test is likely to trigger some protection device. The last 

state of the space machine is the SCADA (Fig. 26), where the different values of position and 

velocity are visualized and log. 

 

Fig. 23. cRIO HMI 1. 

 

Fig. 24. cRIO HMI 2. 
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Fig. 25. cRIO HMI 3. 

 

Fig. 26. cRIO HMI 4. 

The RTOS code, shown in Fig. 27 to Fig. 30, is also a state machine. It starts in an idle state 

waiting for the user to select a technology, and once it is done, it configures all the memories 

and ports to stablish communication with the FPGA, including FIFO memories (Fig. 27 and Fig. 

28). It also switches on the FPGA, and extracts some needed data form the excitation force, 

such as the dimension of the vector. 

After that, the RTOS enters the operation state (Fig. 29 and Fig. 30), where it selects the 

excitation force for the current time step, and sends it to the FPGA. Moreover, it receives the 

data calculations from the FPGA and sends them to the HMI so they can be plotted and stored. 

Additionally, the RTOS calculates the generator force that outputs the WEC platform control. 

The WEC platform control differs between technologists. In fact, there will be 3 WEC platform 

controls that will be included in the HIL as software, i.e., they will be part of the RTOS code, 

whereas one will be implemented as an external hardware, so the generator force reference 

will input the HIL platform from the outside. For the cases that are programmed in the HIL 

Platform, they can be implemented in LabVIEW code or in C code. Fig. 31 shows the example 

of the Corpower WEC platform control, which has been programmed in C code. 
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For LabVIEW code, the implementation is direct, since the whole HIL platform is programmed 

in LabVIEW. However, if the control is preprogrammed in other software different than 

LabVIEW, it needs to be translated using Eclipse, and then stored in the RTOS internal memory 

as a shared object for Linux operation system. 

 

Fig. 27. cRIO RTOS 1. 

 

Fig. 28. cRIO RTOS 2. 

 

Fig. 29. cRIO RTOS 3. 
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Fig. 30. cRIO RTOS 4. 

 

Fig. 31. cRIO RTOS 5. 

The FPGA code is shown in Fig. 32. The excitation force minus the generator force reference, 

taken from the FIFO that connects the RTOS with the FPGA, enters into the state-space 

matrixes A and B, and outputs velocity and position reference for the actuator. Those values 

are sent back to the HMI through the RTOS. 

 

Fig. 32. cRIO FPGA. 
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9. Connection and Operation Guide 
 

In order to feed and operate the installation for performing the different tests, the following 

steps must be followed: 

 Step 1: Turn on the Scada and HMI in the operation room (control platform room). 

 Step 2: Switch on the Transformers’ cabinet. Check that line-to-line voltages indicate 400V. 

 Step 3: Switch on the actuator grid-tie converter. Check that the converter is rectifying the 

AC to DC properly. Check that the statuses of the alarms are ok. 

 Step 4: Switch on the generator grid-side converter. Check also that the converter is 

rectifying the AC to DC properly and . that the statuses of the alarms are ok. Check that the 

DC voltage reaches the desired value. 

 Step 5: Switch on the actuator power converter. Check that the statuses of the alarms are 

ok. Check the status alarm that it is communicating properly with the actuator grid-tie 

converter. 

 Step 6: Switch on the generator converter (grid-tie + power). Check that the grid-tie 

converter is rectifying AC to DC properly. Set the DC voltage value to the desired value in 

the operation room. Check that the statuses of the alarms are ok. 

 Step 7: Activate the control platform and charge the scenario to be tested at the HIL 

platform 

 Step 8: Install the control platform corresponding to the WEC technology to be tested, 

providing the appropriate parameters and commands according to the testing scenario. 

 Step 9: Run the generator-side converter and run the actuator-side converter in this order. 

 Step 10: Record the variables with the instrumentation environment in order to do a post 

processing of the information from the different tests. 

 Step 11: In order to stop the system, the actuator must be stopped. The generator-side 

converter will automatically stop.  
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10. Risk Analysis 
 

Regarding the risk analysis, three main headings are considered: technical and implementation 

risks, environmental risks, and health and safety risks H&S. 

9.1. Technical and Implementation Risks 

As complementary information related to the mitigation plan for the power electronic 

converters, a contingency plan is developed. The contingency plan to manage the 

manufacturing of the power converters is described as following, based on four main 

statements: 

1. The manufacturing of OCEM power electronic converter is almost finished at this point 

and the delivery D4.3 will describe their state. 

2. The power converters topology is quite conventional and no special components are 

required, being quite direct to replace components in case of failures during the tests. 

3. Additional equipment has been identified and described to be used for the project 

with a minimum amount of modifications.  

4. It makes no sense the manufacturing of extra power electronic converters as a 

contingency plan because firstly, as stated in point 2, a replacement of elements in 

case of failure is enough and secondly because it would also imply much extra budget 

not considered in the project. 

Additionally, the particularly new development related to the power electronics operation in 

SEA TITAN is the control strategy of the system. It will be previously tested during several 

stages: first in simulation, then in a hardware-in-the-loop scheme and finally integrated with 

the power system. 

According to the concerns related to the manufacturing of the power electronic converters 

used for the experimental tests of the SEA TITAN linear generator, the Consortium has 

currently planned some mitigation actions in case of a potential delays of the manufacturing of 

the main power electronic converters, described as following. 

First of all, it must be said that the experimental tests of the SEA TITAN linear generator, as it 

has been described previously in the report D5.1, will be accomplished by means of a scheme 

of a back-to-back system, also presented in Fig. 33. The named actuator (which produces an 

equivalent movement as the wave converter would do) is integrated in the same structure of 

the linear PTO. Furthermore, two power electronic converters are used for the tests, 

connected to the actuator and generator respectively, both connected to the grid.  

 

Fig. 33. Back-to-back scheme selected for the SEA TITAN PTO tests. Two power electronic converters are used to 
drive actuator and generator, respectively. 
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The power electronic converter to drive the Sea TITAN linear generator and connect it to the 

grid is being manufactured by OCEM, one of the SEA TITAN partners. This equipment is being 

delivering the initial factory acceptance tests at this moment in OCEM factory in Bologna. 

Within the next two months, it is expected to complete the tests integrating the control 

platform, being already developed by CIEMAT. A detailed description of the current state of 

OCEM power converters will be delivered as D4.3 in the next weeks.  

On the other hand, the power electronic converter to drive the actuator has been already 

provided by WEDGE GLOBAL and it is already installed in CIEMAT’s lab, as presented in Fig. 34. 

 

Fig. 34. Power electronic converter for driving the actuator. Already installed in CIEMAT’s lab. 

The actuator converter has the same topology than the power electronics required, and it is 

adapted to the type of linear switched reluctance electric machine. 

Although a delay in the manufacturing of OCEM power electronic converter is not likely to 

occur, a contingency plan has been already considered based on several stages, depending on 

the problem occurred: 

1. If a malfunction or failure in one of the components of the power converters occurs, 

since most of the components are conventional, it would be easy and fast to replace it. 

2. If a significant delay in the final stage of manufacturing of the OCEM power electronic 

converters or a catastrophic failure during the tests leads to a not possible operation 

of the OCEM power electronic converter, CIEMAT has identified some alternative 

equipment to be used for driving the SEA TITAN generator.  

CIEMAT would provide a multifunctional test bench based on power electronics, which is 

already available in the same lab where the SEA TITAN tests will be accomplished.  

Although some conditioning would be required in order to fit the topology requested by the 

linear switched reluctance generator and the control strategy, the power level is in the same 

order than the one required and the modifications would be done in just a few weeks of work.  

The alternative power electronics equipment is presented in the pictures of Fig. 35. Additional 

information of this power converter is included in the document attached as Annex.  
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Fig. 35. Alternative power electronics equipment for driving the SEA TITAN prototype. 

Finally, some global picture of the lab where the tests of SEA TITAN will take place is presented 

in Fig. 36.  

 

Fig. 36. Global view of the CIEMAT lab where the test of the SEA TITAN prototype will be done. 

9.2. Environmental Risks 

There is no need to evaluate environmental risks derived from the SEA TITAN equipment or 

tests, since they will be performed in the laboratory facilities described within this document. 

Hence, no direct environmental impact such as pollution can happen. Indirect effects and risks 

such as the impact of extracting raw materials for manufacturing new equipment, or 

greenhouse emissions contribution due to the electricity usage are not considered in this 

analysis. 

9.3. Health and Safety Risk H&S 

As mentioned in section 6, several safety considerations are already included in the laboratory: 

 Security fence for separating passing areas from test areas. 

 Equipment properly distributed so there is no interference when manipulating them. 

 Operation area with HMI and control computers is physically separated from the test 

area, but with visibility. 

 Converters and cabinets account for all the required protections such as breakers, 

fuses, and magneto-thermal switches. 

 Helmet, isolating gloves, and proper uniform are mandatory for working with 

equipment within the test area. 
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Derived from the global pandemic caused by COVID-19, an official manual with safety 

measures for laboratories and research centres is required. This document has not been 

published by the Spanish government yet. Once it is published, those measures will be 

adopted immediately at CIEMAT’s testing facilities. In the meanwhile, the following enhanced 

measures will be included: 

 A maximum of 3 people can be working at the same time within the laboratory testing 

area, with a minimum separation between them of 1.5 metres. 

 A maximum of 2 people can be working at the same time within the operation and 

control area, with a minimum separation between them of 1.5 metres. 

 The use of medical mask is mandatory for every person that enters in the laboratory 

testing facilities. 

 Washing hands is mandatory before entering and after leaving the laboratory testing 

facilities. 

 Each piece of equipment will be operated by one person at a time, with no option of 

two or more people working together with the same equipment. 

 Metal surfaces within the laboratory testing facilities will be disinfected every day, and 

every two days for the rest of the areas. 
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Annexes: Technical Drawings 
 

In the following pages, the technical drawings for the laboratory testing area, and for the 

different cabinets and converters explained along the document are included. 
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Fig. 37. Laboratory testing facilities: equipment location. 
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Fig. 38. Laboratory testing facilities: distances and dimensions..
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Fig. 39. Scheme for the connection of laboratory power links to MV. 
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Fig. 40. Power connection cabinet scheme. 
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Fig. 41. Scheme for the transformers' cabinet. 
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Fig. 42. Actuator grid-tie converter: main circuit. 
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Fig. 43. Actuator grid-tie converter: BUSBAR and IGBT's. 
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Fig. 44. Actuator grid-tie converter: refrigeration and auxiliary power sources. 
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Fig. 45. Actuator grid-tie converter: control board 1. 
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Fig. 46. Actuator grid-tie converter: control board 2. 
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Fig. 47. Actuator grid-tie converter: operation.  
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Fig. 48. Actuator power converter: main circuit. 
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Fig. 49. Actuator power converter: power sources. 
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Fig. 50. Actuator power converter: refrigeration and heating. 
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Fig. 51. Actuator power converter: control board. 
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Fig. 52. Actuator power converter: digital inputs and outputs. 
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Fig. 53. Actuator power converter: encoder adaptation board. 
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Fig. 54. Actuator power converter: voltage and current sensors. 
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Fig. 55. Actuator power converter: PLC and communications. 


