
  

Abstract— One of the key challenges in wave energy 

conversion is the improvement of the Power Take-Off 

(PTO) system. The paper is based on a novel linear switched 

reluctance generator (LSRG) to be used as PTO. This new 

azimuthal topology of a LSRG improves the force density 

and reduces the use of magnetic material - hence, reducing 

its cost. This new LSRG has been analysed in detail, 

optimising the control parameters and evaluating the 

efficiency, power, and force maps. A detailed PTO model is 

used, which includes a detailed electric machine model, a 

power electronics converter model and low-level control 

algorithms. This paper presents a methodology for using 

these maps to define a simplified PTO model version. This 

simplified model is a PTO-loss model which provides the 

electric power from the instantaneous velocity and force. A 

comparison between the results obtained with the 

simplified and detailed PTO models is performed, in terms 

of accuracy and computational load. From this analysis, the 

PTO-loss model is considered adequate to be used in Wave 

to Wire models due to its low computational cost. The 

presented methodology will be applied to the development 

of the azimuthal LSRG to derive its simplified model from 

real data obtained by characterisation tests. However, it can 

be used in a broader way to obtain simplified models of any 

PTO from either detailed models or real data. 

 

Keywords— Wave Energy, Power take-off, Point Absorber, 

Loss model.  

I. INTRODUCTION 

N marine energy, a Power Take-Off (PTO) is defined as 

the “mechanism that converts the motion of the prime 

mover into a useful form of energy such as electricity”, 

and prime mover is defined as the “marine energy converter 

(MEC) component that interfaces with a resource from 

which energy is converted”[1]. In our particular case 

study, the MEC is a floating buoy which interacts with the 

waves, and the PTO is a linear electric generator which 

brakes the buoy movement and generates electricity. 
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The PTO is, therefore, a key component in wave energy 

conversion in charge of generation of electric energy [2]. 

As a consequence, a good understanding of the PTO 

behaviour, this is, a good PTO modelling, is essential to 

evaluate the performance of a MEC. The main reasons for 

this can be further detailed as: 1) the losses of the PTO must 

be considered and quantified in order to evaluate the final 

“useful form of energy” generated, and 2) the energy 

extraction algorithms must integrate the PTO performance 

and rated characteristics (i.e. maximum displacement) in 

the form of either efficiency or losses [3]–[7]. 

The energy extraction algorithm defines the force to be 

developed by the PTO in order to extract energy from the 

waves. The force command can be split in 2 terms (see Fig. 

1): 1) active force: which is in phase with the velocity, and 

2) reactive force: which lags velocity 90º and has a null 

average value. The aim of the application of reactive force 

is the achievement of mechanical resonance in the MEC, 

maximizing the mechanical generated power [8], [9]. 

However, the use of the reactive force implies electrical 

losses while not generating net electric energy. In 

consequence, the objective function of the maximization 

should be the electric energy and the energy extraction 

algorithm would evaluate this variable by means of a PTO 

model. 

The PTO loss model proposed can be used both, in the 

evaluation of the electric energy of a MEC (in particular in 

Wave Energy Converters – WEC) and it can be integrated 

in energy extraction control (e.g. in Model Predictive 

Controls [9], [10]). The model has been parametrized for 

the azimuthal linear switched reluctance generator that is 

being developed at SEATITAN project [11]–[14]. It is 

worth mentioning that this kind of PTO (direct-drive 

linear electric generator) generates an oscillating electric 

power which should be smoothed prior to be injected in 

the grid. The proposed loss model could be useful in the 

design of power smoothing systems such as energy 

storage systems both integrated in WECs and connected to 
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the onshore PCC (point of common coupling) of a wave 

farm [15], [16].  

II. BASIC CONCEPTS OF THE PROPOSED PTO MODEL 

In order to evaluate the PTO losses, a loss model is 

proposed. This model can assess the losses in the PTO 

(including both linear generator and power electronics) 

but ignores the dynamic behaviour of the electric variables 

of the PTO. The main implication is that the current 

command is considered instantaneously imposed and 

hence, the force command. The mechanical variables of the 

PTO would be simulated integrated in a WEC model in a 

standard way  

The inputs for this model are the mechanical variables 

which interconnect it to the broader global WEC model. 

The outputs are the generated electrical power, the 

efficiency and the power losses. The total losses to be 

considered (𝑃𝑙𝑜𝑠𝑠) are (see (1)): 

- Mechanical losses ( 𝑃𝐿_𝑚𝑒𝑐 ): e.g., losses in the linear 

bearings and guides of the PTO. These losses are mainly 

dependent on the velocity of the system, so, in this case, 

these are neglected due to the low velocity displacement 

values of wave energy systems. In a similar PTO 

configuration (linear electric SRM machine of 200kW) the 

losses in lab test in vertical position reach a maximum 

value of approx. 1% of the nominal power [17]. 

- Magnetic losses (𝑃𝐿_𝑚𝑎𝑔): Foucault losses and hysteresis 

losses. These losses are dependent on the current 

frequency, so, in this case, these are also neglected because 

of the low current frequency in the linear generator (again 

related the low system velocities). 

- Power electronic losses ( 𝑃𝐿_𝑃𝐸 ): conduction and 

switching losses. They depend on the current value and 

frequency, respectively. These losses are also neglected in 

a first approach due to the high efficiency of this type of 

device. 

- Electric losses (𝑃𝐿_𝑒𝑙): Joule power losses in the wires 

and coils of the PTO. These losses are dependent on the 

current in the linear generator. Joule losses have a great 

impact on the total PTO losses since, for the same target 

power, low velocities lead to high force values, which 

require high current values in the linear generator. 

 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝐿_𝑚𝑒𝑐 + 𝑃𝐿_𝑚𝑎𝑔 + 𝑃𝐿_𝑃𝐸 + 𝑃𝐿_𝑒𝑙 ≅ 𝑃𝐿_𝑒𝑙  (1) 

The electric power generated by the device (𝑃𝑒𝑙) can then 

be obtained by subtracting the total losses from the 

absorbed mechanical power (𝑃𝑚𝑒𝑐): 

 𝑃𝑒𝑙 = 𝑃𝑚𝑒𝑐 − 𝑃𝑙𝑜𝑠𝑠 = 𝑃𝑚𝑒𝑐 − 𝑃𝐿−𝑒𝑙 = ⋯ 
… = 𝐹𝑝𝑡𝑜 ∙ 𝑣𝑝𝑡𝑜 − 𝑃𝐿−𝑒𝑙  

(2) 

Therefore, electric power production can be evaluated 

ultimately from mechanical variables (force and velocity), 

which, in turn, are the inputs to the PTO loss model. Only 

the electric losses still need to be expressed in terms of 

mechanical variables. Since electric losses are the square of 

the current multiplied by the electric resistance of the 

generator coils (𝑅𝑝𝑡𝑜), and, in the case of (linear) electric 

machines, current (𝐼𝑝𝑡𝑜) is approximately proportional to 

force (𝐹𝑝𝑡𝑜), this gives: 

𝑃𝐿−𝑒𝑙 = 𝑅𝑝𝑡𝑜 ∙ (𝐼𝑝𝑡𝑜)
2

=… 

 … = 𝑅𝑝𝑡𝑜 ∙ (𝐾𝐹−𝐼 ∙ 𝐹𝑝𝑡𝑜)
2

= 𝑅′𝑝𝑡𝑜 ∙ (𝐹𝑝𝑡𝑜)
2
 

(3) 

where, for the machine considered in the present study: 

𝑅′
𝑝𝑡𝑜 =  𝑅𝑝𝑡𝑜 ∙ (𝐾𝐹−𝐼)2 = 𝑅𝑝𝑡𝑜 ∙ (

𝐼𝑝𝑡𝑜−𝑛𝑜𝑚

𝐹𝑝𝑡𝑜−𝑛𝑜𝑚

)

2

= ⋯ 

… = 0.1192[𝛺] (
350[𝐴]

35[𝑘𝑁]
)

2

= 11.92 · 10−6 [
𝑠

𝑘𝑔
] 

(4) 

The equation (4) uses a linear simplification of the 

relationship current-force. In addition, in switched 

reluctance machines, it is known that: 

 
Fig. 3.  Simulink scheme of the detailed PTO model. 

 
Fig. 1.  Velocity and force (split into its active and reactive 

components) in the PTO. 

 
Fig. 2. Electric current time profiles in the generator’s coils 

evaluated with the detailed PTO model. 

Ipto : current command

ia(t), ib(t), ic(t): instantaneous phase current

Ipto
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 𝐼𝑝𝑡𝑜~ {
𝑘 ∙ 𝐹𝑝𝑡𝑜

2, 𝑎𝑡 𝑙𝑜𝑤 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒𝑠

𝑘 ∙ 𝐹𝑝𝑡𝑜  , 𝑓𝑜𝑟 𝑡ℎ𝑒 𝑟𝑒𝑠𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒𝑠
 (5) 

The magnetic circuit of the electric machine is not-

saturated at low currents and hence the magnetic field is 

proportional to the current. Considering that the force is 

the product of the magnetic field by the current, the force 

is proportional to the squared current. However, at high 

currents, the magnetic field can be considered almost 

constant, and this fact leads to a linear relationship 

between force and current [18]. 

So, it would be possible to express losses as 

𝑃𝐿−𝑒𝑙 =  𝑅𝑝𝑡𝑜 ∙ 𝐼𝑝𝑡𝑜
2(𝐹𝑝𝑡𝑜)  where 𝐼𝑝𝑡𝑜(𝐹𝑝𝑡𝑜)  is a piecewise 

function as defined in (5). Equation (5) improves the 

accuracy with respect to (4) due to the inaccuracy which 

introduces the neglecting of the quadratic relationship of 

current and force at low current values. This piecewise 

function (5) is parametrized and its results are presented 

in the section V. 

III. DETAILED PTO ELECTRIC MODEL 

A. Description 

A detailed PTO electric model has been implemented in 

MATLAB-Simulink (see Fig. 2), including the following 

features: 

- A dynamic model of the linear generator based on 

data obtained from FEM analysis; 

- A power electronics model (taking into 

consideration commutation switches); 

- A discrete current control algorithm which controls 

the states of the diverse power electronics switches. 

The current control implemented is a soft-switching 

hysteresis band control [18].  

It is worth mentioning that the current command is used 

as an input to the PTO loss model (𝐼𝑝𝑡𝑜). This value is used 

as a representative average value of the phase currents in 

the linear generator (see Fig. 3). 

The detailed electric PTO model allows to: 

- Simulate the electromagnetic behaviour of the 

complete PTO (linear generator + power 

electronics). 

- Parametrise and optimise the current control 

values. In particular, a differential evolutionary 

algorithm [19] has been utilised to obtain the phase 

activation/deactivation position that maximise the 

energy extraction (see first two subplots in Fig. 4) as 

described in [13]. The phase activation/deactivation 

positions are evaluated offline, and the optimum 

value for each current and velocity value is applied 

by means a look-up table. 

- Once the optimum control parameters have been 

applied, evaluate the performance of the PTO, in 

terms of force, power and efficiency (see subplots 3 

to 6 in Fig. 4) 

B. Detailed model vs loss model 

As presented above, in order to assess the PTO losses, 

either the PTO loss model or the detailed PTO electric 

model might be employed. The former is able to compute 

losses, but does not incorporate the electric dynamic 

behaviour, whereas the latter can simulate the 

electromagnetic behaviour. 

WEC models usually consider simulations of operation 

times ranging from dozens of minutes to hours, and utilise 

 
Fig. 5. AMSRM PTO main characteristics, with respect to velocity 

and current: (top left) activation angle; (top right) deactivation angle; 

(middle left) electric power; (middle right) mechanical power; (bottom 

left) PTO force; (bottom right) PTO efficiency. 

 
Fig. 4. Project stages in the development of SEA-TITAN’s PTO. 
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sampling times adapted to the aforementioned periods 

(for example, hundreds of milliseconds). In practice, the 

force command in a PTO can be computed by the control 

system in hundreds of microseconds, and a specific force 

command (starting from a null value) can be imposed in 

milliseconds. As a consequence, the PTO dynamics and 

transient evolutions might be neglected when comparing 

with the WEC dynamics. A second consequence is that the 

implementation of a detailed PTO electric model (with 

sampling times of microseconds) into a WEC model leads 

to excessive computational efforts. 

On the contrary, the PTO loss model can be evaluated at 

the same sampling time as the WEC model. Hence, the 

PTO loss model is more suitable when used in 

combination with WEC models.  

IV. THE PTO LOSS MODEL IN THE SEA-TITAN PROJECT 

Under the H2020 SEA-TITAN project, a novel PTO has 

been developed. The PTO comprises an electric linear 

generator (based on a switched reluctance machine), the 

power electronics and the associated control system. Both 

the PTO loss model and the detailed PTO electric model 

have been utilised in the design of this PTO. 

The project has been organised as follows (see Fig. 5): 

1) The basic PTO characteristics have been defined. At 

this stage, the PTO rated values have been 

calculated so as to meet the requirements of some 

specific WEC designs and deployment locations. At 

this stage, the PTO loss model has been used. 

2) The PTO has been designed in detailed and 

manufactured. At this point, the detailed PTO 

electric model was employed. 

3) The manufactured PTO is set up, commissioned 

and tested in a laboratory. 

The PTO loss model is initially parametrised with the 

nominal/rated values from stage 1, but these parameters 

are re-computed by integrating the results of the detailed 

PTO electric model from stage 2 and the measured values 

from stage 3 with the real PTO. 

Finally, this re-parametrised PTO loss model is 

validated against the results obtained from the detailed 

model in new scenarios different from the ones used for 

the parametrisation. This parametrisation and validation 

are explained in the following section. 

The study case considered in this paper is for a PTO 

designed for a 2-body WEC, based on WEDGE GLOBAL 

technology [20], in BiMEP location [21]. According to the 

pre-dimensioning tool described in [22], the rated 

characteristics  of the PTO are 105 kN and 3 m/s composed 

of 3 modules of LSRG of 35 kN. These rated characteristics 

have been used in subsection V.B, however, the 

parametrization of the model has been carried out with 2 

LSRG modules (70 kN) due to the way to implement the 

electric detailed model. The rated current of the PTO 

module is 350A, and the rated voltage of the PTO module 

of the DC link is 450V. 

 
Fig. 6. (a) Surface of force values with respect to current command 

and velocity; (b) Power generation with respect to current at low 

velocity (0.3 m/s); (c-f) Activation/deactivation times at low velocity 

(0.3 m/s) for different values of current. 

 
Fig. 7. (a) Root Mean Square Error (RMSE) for the piecewise 

function with respect to current; (b) Comparison of the force 

piecewise function fit vs simulation data; (c) Relative error in force 

with respect to current and velocity; (d) Statistical “coefficient of 

determination” R2 values of the fit with respect to velocity. 
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V. PARAMETRIZATION OF POWER TAKE-OFF LOSS MODEL 

A. PTO loss model parametrisation 

In order to parametrise the PTO loss model, the results 

from the detailed PTO electric model are employed. More 

specifically, the results utilized are obtained from 

scenarios with constant current command and velocity. 

1) Current-Force relationship parametrization 

The first step in the model parametrisation is the 

characterisation of the force-current-velocity relationship. 

The results from the detailed PTO electric model are 

shown in the form of a 𝐹𝑝𝑡𝑜(𝐼𝑝𝑡𝑜, 𝑣𝑝𝑡𝑜) surface in Fig. 6-a. 

Some relevant conclusions can be drawn from it, such as: 

- Strong dependence of force on current. The 

theoretical relationship between force and 

current outlined in (5) is observed: linear 

dependence at high current values and quadratic 

dependence at low current values. 

- The influence of velocity on force is negligible; 

only relevant in low-velocity high-current 

scenarios. 

- The current command ( 𝐼𝑝𝑡𝑜 ). is used as 

representative value of the average current in the 

linear generator. 

- The outlier values (see circled area in Fig. 6-left) 

are discarded. 

The rationale for the last point above is the following: 

at low velocities, force increases with current for low 

current values. However, at a certain current value a 

maximum force is reached and then force starts to decrease 

with current. The reason for this is that at those conditions 

(Ipto,vpto), the generated power is low (due to the low 

velocity) but losses are high (due to Joule losses linked to 

the high current). The activation/deactivation angles are 

optimised to maximise the electric power, so, in those 

conditions, they tend to reduce the activation time (see Fig. 

6-b) of the phases to minimise the Joule losses and avoid 

negative generated power values (i.e., to avoid consuming 

electricity instead of generating it). It can be observed then 

that, in those conditions, for a given velocity 𝑣𝑝𝑡𝑜 , there 

will be two different values for current giving the same 

resulting force. The lower current value is selected and the 

upper one is considered ‘outlier’ and is discarded.  

As a consequence of all the aforementioned 

observations, the relationship force-current-velocity 

𝐹𝑝𝑡𝑜(𝐼𝑝𝑡𝑜 , 𝑣𝑝𝑡𝑜) is then represented as a piecewise function 

where the influence of velocity has been neglected: 

 
𝐼𝑝𝑡𝑜 < 𝐼𝑙𝑖𝑚  → 𝐹𝑝𝑡𝑜

𝑖𝑛𝑓
= 𝑘11 + 𝑘12 ∙ 𝐼𝑝𝑡𝑜 + 𝑘13 ∙ 𝐼𝑝𝑡𝑜

2

𝐼𝑝𝑡𝑜 ≥ 𝐼𝑙𝑖𝑚 → 𝐹𝑝𝑡𝑜
𝑠𝑢𝑝

= 𝑘21 + 𝑘22 ∙ 𝐼𝑝𝑡𝑜                       
 (6) 

The piecewise function is shown in (6), and uses a 

quadratic expression at low current values and a linear 

function at high current values. The current threshold is 

determined by 𝐼𝑙𝑖𝑚. The values for the parameters in (6) are 

shown in Table I. Such values have been adjusted to 

minimise the error between the piecewise function fit and 

the actual data, as shown in the first two subplots in Fig. 7. 

A Least-Squares Fitting method has been used to fit the 

equation [23]. 

The relative error and the quality of the fit worsen at low 

current and velocity values (see the last two subplots in 

Fig. 7). The last subplot in Fig. 7 supports the decision of 

neglecting the influence of the velocity for most of its range 

of values (0.6 to 3 m/s). However, at low velocities (<0.6 

m/s). its effect becomes important. 

TABLE I 

PARAMETER VALUES FOR THE PIECEWISE CHARACTERISATION OF FPTO 

PIECEWISE 

FUNCTION 
Parameter Value 

𝐹𝑝𝑡𝑜
𝑖𝑛𝑓 

k11 165.5 

k12 -21.83 

k13 0.8246 

𝐹𝑝𝑡𝑜
𝑠𝑢𝑝  k21 -1.63·104 

k22 250.5 

 Ilim 77.1795 

 

 
Fig. 8. PTO power losses evaluated at constant current and 

velocity. A. Joule power losses; B. Power electronic conduction power 

losses; C. Power electronic switching power losses; D, Ratio between 

Joule loses and total power electronic losses. 

 
 Fig. 9. PTO generated mechanical power (Pmec), electric power 

(Pelec) and power losses (Ploss) evaluated at constant current and 

velocity. 
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2) Power Losses-Force relationship parametrization 

As a second step in the development of the loss model, 

the relationship between the force developed by the linear 

electric generator 𝐹𝑝𝑡𝑜  and the power losses 𝑃𝑙𝑜𝑠𝑠  is 

parametrised.  

In a first analysis, results obtained from the detailed 

model simulations at constant velocity 𝑣𝑃𝑇𝑂  and current 

𝐼𝑝𝑡𝑜  (see Fig. 8) are studied. The figure shows that: 1) as 

total losses 𝑃𝑙𝑜𝑠𝑠  are driven by Joule losses 𝑃𝐿_𝑒𝑙 , they 

present a quadratic relationship with current and with 

force (the latter, at high values of the current); 2) there is a 

strong dependence of losses on current but a slight 

dependence on velocity (except for low-velocity high-

current scenarios ); 3) power electronic losses 𝑃𝐿_𝑃𝐸  are 

negligible compared with the total losses. In addition, Fig. 

9 plots the power profiles with respect to the linear electric 

generator current for each constant velocity, showing that 

losses are relatively small at high current and velocity 

values. However, at low velocities, the electric power 

could be even negative (consumption instead of 

generation). This operation mode is called, in electric 

machines, “non-regenerative brake” and implies that 

power losses 𝑃𝑙𝑜𝑠𝑠  are higher than the energy generated, 

implying a negative resulting final power (consumption). 

As described in section II, the relation (force)-(power 

losses) has been implemented as a piecewise function 

where the influence of the velocity has been neglected. 

Taking into account the theoretical considerations about 

the relationship between force and current, and keeping in 

mind that power losses are driven by Joule losses [4]; the 

following behaviour are observed: a quadratic relationship 

between force and losses at low force values and a linear 

behaviour at high force values. 

The piecewise function is represented in (7), and the 

values of its parameters are shown in Table I.  

𝐹𝑝𝑡𝑜 < 𝐹𝑙𝑖𝑚  → 𝑃𝑙𝑜𝑠𝑠
𝑖𝑛𝑓

= 𝑞11 + 𝑞12 ∙ 𝐹𝑝𝑡𝑜

𝐹𝑝𝑡𝑜 ≥ 𝐹𝑙𝑖𝑚 → 𝑃𝑙𝑜𝑠𝑠
𝑠𝑢𝑝

= 𝑞21 + 𝑞22 ∙ 𝐹𝑝𝑡𝑜 + 𝑞23 ∙ 𝐹𝑝𝑡𝑜
2
 (7) 

The force function fit of the above equation to the 

original data computed with the PTO detailed model is 

shown in Fig. 10. The proposed piecewise equation has 

been fitted to the simulation data by means of a Least-

Square Fitting method [23] and its coefficients are shown 

in Table II. 

A. Comparison between loss model and detailed model 

In the previous sub-section, the PTO loss model has 

been parametrised by using the results of the PTO detailed 

model from simulations at different constant velocities and 

current commands. The parametrised loss model has been 

compared to the results of the PTO detailed model in long-

term scenario simulations (400 s). Table III shows the 12 

simulated scenarios, which are representative of the sea 

location of the case study (BIMEP [24]) and considered a 2-

body WEC simulated by means of a wave-to-wire (W2W) 

model [22]. 

The electric power profiles obtained from the detailed 

model and the loss model for the 12 cases are shown in Fig. 

11. Table IV shows the results of the mean electric power 

and power losses obtained by both models. In addition, the 

comparison of the evaluation of losses by each model is 

also presented.  

Results show in all cases an error below 10%, which 

allows to consider the usage of the loss model at MEC 

design stages where simulations cover periods from 

dozens of minutes to hours by using sampling times of 

hundreds of milliseconds.  

The comparison in computation time required 

depending on the chosen type of model is as follows: an 

average time of 1 hour and 45 minutes per case when using 

the detailed model vs an average time of 30 seconds per 

case when using the loss model (i9-7920X/128GB RAM). 

TABLE II 

FORCE-LOSSES RELATIONSHIP PARAMETERS 

PIECEWISE FUNCTION Parameter  Value 

𝑃𝑙𝑜𝑠𝑠

𝑠𝑢𝑝
 

𝑞
23

 4.609e-06 

𝑞
22

 0.1494 

𝑞
21

 1616 

𝑃𝑙𝑜𝑠𝑠

𝑖𝑛𝑓
 

𝑞
12

 0.6795  

𝑞
11

 37.42 

 𝐹𝐿𝐼𝑀 77.1795 

 
TABLE IV 

SEA CLIMATE SCENARIOS USED IN W2W SIMULATIONS 

Case 
Hs 

[m] 

Tp 

[s] 

Extracted 

mechanical 

power [W] 

1 1.5 6.0 4479.1 

2 2.0 7.5 4705.8 

3 3.0 9.0 5058.7 

4 4.0 11.0 6005.6 

5 5.0 13.0 6008.2 

6 1.0 6.0 3270 

7 1.5 8.0 3795.8 

8 2.5 8.0 6396.7 

9 2.0 10.0 3100.3 

10 4.5 10.0 6855.7 

11 3.0 12.0 3040.3 

12 4.0 14.0 4578 

 TABLE III 

SEA CLIMATE SCENARIOS USED W2W SIMULATIONS 

Case 

Power losses 

(detailed model) 

Ploss1 [W] 

Power losses (loss 

model) 

Ploss2 

[W] 

Relative error 

(PL2- PL1)/PL1 

1 3364.4 3582.7 6.49% 

2 3454.7 3699.1 7.08% 

3 3765 4105.4 9.04% 

4 4046.5 4331.8 7.05% 

5 4000.8 4187.1 4.66% 

6 2848.7 3041 6.75% 

7 3218.4 3498.4 8.70% 

8 4228.1 4444.8 5.13% 

9 2913.7 3192.6 9.57% 

10 4462.8 4707.1 5.47% 

11 2810.8 3063.6 8.99% 

12 3368.8 3522.3 4.56% 
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In addition, it is also worth mentioning that the reduced 

PTO loss model provides results with a mean error of the 

12 simulation cases under the 7% for average or mean 

values (as shown in Table IV). Fig. 12 shows an example of 

the matching in the results from the point of view of the 

dynamic behaviour. The reason for the differences 

observed could be that the detailed model incorporates the 

commutation of power electronics, which leads to some 

“ripple” over the power losses profile, while the profile 

obtained from the loss model is smoother (Fig. 12.b). 

VI. CONCLUSION 

Building upon the advantages of the inclusion of a PTO 

model in WEC models, this work describes a PTO model 

based on the evaluation of the losses that are present in a 

direct-drive PTO (in particular, linear electric generator). 

The utilisation of a PTO model allows to evaluate the 

electric production of a WEC and should be integrated in 

the control algorithm to calculate the mechanical 

commands in order to maximise the final electric power 

instead of the intermediate mechanical power. 

At certain design stages, the implementation of a 

simpler PTO loss model preferable to an electric detailed 

model due to the reduction in computational time of 

simulations (a 200-fold reduction in computational effort 

of the simulation can be reached).  

The results of this reduced PTO loss model have been 

reviewed and compared with an electric detailed model in 

long-term scenarios with acceptable results: error under 

10% and a good matching of the time profile behaviours. 

In this work, the PTO loss model has been parametrised 

from the electric detailed model data, but in the coming 

future it will be parametrised from the real data obtained 

in the lab tests over an electric linear generator by applying 

the same methodology. First, a series of tests will be 

carried out at constant velocity and force to parametrise 

the model, followed by emulation of the WEC behaviour 

in order to validate the parametrisation. 
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