
Energy Conversion and Management: X 19 (2023) 100384

Available online 28 April 2023
2590-1745/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Estimation of generator electrical power output and turbine torque in 
modelling and field testing of OWC wave energy converters 

A.A.D. Carrelhas a, L.M.C. Gato a,*, J.C.C. Henriques a, G.D. Marques b 
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A B S T R A C T   

The oscillating water column is one of the most tested and used wave energy converter types. It requires the use 
of an air turbine connected to an electrical generator. The deep understanding of all physical quantities of the 
energy chain components is based on transducers. The electrical generator efficiency is a key input to wave-to- 
wire numerical models for wave energy conversion to enable the industry to embark on projects with reliable 
data. Assembly of a standard torque meter is not feasible in prototypes following an industrial design. Therefore, 
the turbine shaft power must be calculated from the electrical generator dry-testing results at various rotational 
speeds and loads. This paper presents normalised data for estimating generator power output and turbine torque 
based on generator efficiency measurements. Experimental results show the electrical generator efficiency de-
pendency on the rotational speed and load. A new kind of filter to post-process the raw data was used. The results 
will be used as a reference for wave-to-wire numerical models of oscillating water columns and post-processing 
the data from prototypes operating in real sea state conditions.   

1. Introduction 

Given the steady increase in global energy demand and the urgency 
to meet the goals of the Paris Agreement, there is a need to transform the 
global energy system and achieve full decarbonisation between 2055 
and 2080 [1]. Moreover, recent events have triggered the rise and 
volatility of energy commodity prices such as crude oil or natural gas. 
Energy independence and energy security are common goals around the 
world [2]. As a result, the energy transition has taken off, and renewable 
energy technologies are more sought after than ever. Renewable energy 
sources are central to the implementation of this transition [3] because 
of their environmental and economic benefits. 

Wave energy is a renewable form whose power density is expressive 
in territories facing the ocean and can be predicted days in advance. 
There are different types of wave energy converters (WECs). Most WECs 
use the motion of ocean waves to generate electricity. Various physical 
mechanisms for extracting energy from the waves lead to different 
power take-off (PTO) systems concepts. In addition, the device may also 
have other configurations in terms of its structure and location. They can 
be categorised according to their principle of operation: oscillating 
water column (OWC) [4], oscillating body [5], over-topping [6] and 

membrane-pump [7]. For a comprehensive overview and comparison, 
see Ref. [8]. 

The OWC device distinguishes itself from the other concepts due to 
its inherent simplicity in construction and reliability since the only 
moving part is a turbine generator set located above the water-column 
free surface. It consists of a hollow structure open below the water- 
free surface with an air chamber above the free surface. The natural 
movement of the waves forces the water column to compress and expand 
the air inside the pneumatic chamber. There is a hole in the top of the air 
chamber where an air turbine generator set is installed. Compression 
and suction create airflow through the turbine coupled with an electrical 
generator that causes it to rotate and produce electricity. The OWC WEC 
type already has several prototypes operated in real conditions: either of 
the fixed type (e.g., Pico wave power plant [9], Limpet [10], Mutriku 
wave power plant [11]) or floating type (IDOM MARMOK A-5 [12], 
OE35 Buoy [13], UniWave 200 [14]) OWCs. Two recent prototypes 
were tested in real sea conditions equipped with a 30 kW biradial tur-
bine with fixed guide vanes [15] within the European project H2020 
OPERA [16]. First in the Mutriku wave power plant integrated into the 
breakwater and later in the floating MARMOK-A-5 OWC device at the 
BiMEP test site. 

The path from the concept of the OWC to its use under real 
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conditions follows the typical engineering approach [17]: (1) concept; 
(2) wave-to-wire numerical modelling; (3) model tests in dry test rigs; 
and (4) experimental campaign under real conditions. A problem in 
estimating two critical variables in steps 2 and 4 was identified as a 
research gap: How to calculate the generator electrical power output and 
turbine torque in wave-to-wire numerical models and prototypes, respec-
tively? The following two paragraphs explain the problem for each step. 

As for step 2, preparation must be done before deployment using 
powerful numerical models replicating the system’s behaviour under the 
variable flow conditions in an OWC. The wave-to-wire models help 
predict all the components’ behaviour and performance to have more 
reliable and less risky projects. The generator’s electrical power output 
is usually calculated from the turbine’s shaft power output requiring the 
knowledge of the generator’s efficiency from the mechanical energy 
supplied by the turbine to the generator [18–20]. Wave-to-wire models 
usually assume the generator’s efficiency as a single curve as a function 
of the load, independent of the rotational speed [21–23], as provided by 
the machine manufacturers. This information is supplied for the nominal 
rotational speed, and the air turbines for OWC devices operate at a 
variable rotational speed. Therefore, a complete efficiency map showing 
the performance for different rotational speeds and loads is required. 
This directly affects the estimation of all decision variables derived from 
these models. 

In what concerns step 4, the prototype is deployed into real sea state 
conditions. Five main variables must be correctly measured in assessing 
the air turbine performance: the pressure head, flow rate and air density 
to calculate the available power, and the rotational speed and turbine 
torque to calculate the shaft power produced. Except for the torque, all 
variables may be measured with pressure transducers, temperature 
sensors and encoders. A torque meter may be assembled between the 
turbine’s rotor and the generator in scaled models placed on well- 
balanced test benches, with good access to all the components. In a 
prototype, this sensor should not be mounted into a turbine generator set 
due to its fragility. Therefore, a method to determine the turbine torque 
is essential for developing this component. 

This paper presents a method for estimating generator electrical 
power output and turbine torque in two important phases of an OWC 
WEC development: i) numerical modelling and ii) experimental cam-
paigns with prototypes in the laboratory or at sea, respectively. The 
efficiency of an electric generator is evaluated in a dry test rig with two 
electric machines mounted in the same shaft line. The classical torque 
estimation in squirrel cage induction machines can be performed using 
several other methods [24]. They are generally implemented using 
stator currents and the assessment of stator flux leakages. In this case, 
only the stator copper losses are considered. More recently, in Ref. [25], 

these methods were improved using the same principle but adding extra 
blocks to improve the estimation accuracy. The approach presented here 
for determining efficiency considers all losses in the electrical machine. 

A detailed method of using the experimental data in the two appli-
cations mentioned above is shown. They have been deliberately nor-
malised to the generator’s rated power to be used easily. In addition, 
new filters based on Savitzky-Golay filters were developed for the pulse 
width modulation (PWM) signals. 

The contributions of the paper are:  

• Experimental mapping of the efficiency of a standard induction 
generator that can be used in OWC WECs.  

• Development of a method to estimate the generator electrical power 
output from the calculated turbine shaft torque in wave-to-wire 
numerical models of OWC WECs. 

• Development of a method to estimate turbine torque for OWC pro-
totypes in field testing under real sea conditions.  

• Development of a new type of filter for PWM-generated signals. 

The structure of the paper is as follows. Section 2 describes the methods 
and materials used to determine electrical generator output in wave-to- 
wire models and turbine torque in prototypes under real sea state con-
ditions. Section 3 presents the efficiency mapping results obtained for a 
30 kVA generator. They are later used to determine coefficients of 
rational polynomial functions to estimate generator power output and 
turbine torque for the above applications. The coefficients are normal-
ised to the rated power of the generator so that they can be used for other 
applications with different power ratings. The conclusion is presented in 
Section 4. 

2. Methods and materials 

As identified in Section 1, the generator efficiency at different rota-
tional speeds and loads is required in numerical modelling or experi-
mental campaigns of OWC WECs. Since the turbine-generator rotational 
speed and its loads vary greatly (due to the intrinsic wave resource that 
generates the oscillating pressure in the OWC pneumatic chamber), a 
generator’s efficiency map with a large discretisation of both rotational 
speed and load is needed. A test rig was built to reproduce the PTO 
performance and obtain these data. Note that OWC PTO is a turbine 
generator set, and in the test rig, the turbine is replaced by a motor. The 
generator’s efficiency can be measured for the given rotational speed of 
the assembly and applying a counter torque. This is done at constant 
rotational speed and different counter torque values. Then the rotational 
speed changes and different counter torques are tested again. The result 

Nomenclature 

Romans 
i Current [A] 
I Inertia [kgm2] 
P Power [W, VA] 
t Time [s] 
T Torque [Nm] 
u Voltage [V] 

Greek symbols 
η Efficiency [–] 
Ω Rotational speed [rad/s] 

Superscripts 
rated Rated value 

Subscripts 
12 Line 1 to line 2 
23 Line 2 to line 3 
1 Line 1 
3 Line 3 
gen Generator 
motor Motor 
turb Turbine 

Acronyms 
AC Alternating Current 
OWC Oscillating Water Column 
PTO Power Take-Off 
PWM Pulse Width Modulation 
SG Savitzky-Golay 
VFD Variable Frequency Drive 
WEC Wave Energy Converter  
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is an efficiency map which can be interpolated by the user to calculate 
the generator’s electrical power and turbine torque in numerical 
modelling and experimental campaigns. 

The experimental apparatus and the methods used for the study are 
presented and discussed in the following sections. 

2.1. Dynamics of the oscillating water column system 

In an OWC device, the movement of the water-free surface in the 
pneumatic chamber causes an alternating airflow in the turbine rotor 
blades. Since the turbine is self-rectifying, this airflow will produce a 
one-way movement in the rotor, producing mechanical power. The 
turbine is directly coupled to a generator. When the turbine produces 
torque, the generator must apply counter torque to reach the rotational 
speed set by the turbine-generator controller. The counter torque must 
be such that the turbine generator operates at its best efficiency to 
maximise power generation. 

The dynamics of the turbine and generator is derived from Newton’s 
second law of motion as 

I
dΩ(t)

dt
= Tturb(t) − Tgen(t), (1)  

where I is the inertia of the rotating masses of the power take-off (tur-
bine, generator and couplings), t is the time, Tturb is the turbine shaft 
torque, Tgen is the generator counter torque and Ω is the rotational speed. 
The relation between the electrical generator counter torque, Tgen, and 
the electrical power at output terminals, Pgen, is given by 

Tgen =
Pgen

Ωηgen
, (2)  

where ηgen is the electrical generator efficiency. Depending on whether a 
user performs calculations with wave-to-wire numerical models [23] or 
post-processes experimental data from prototype field campaigns [26] 
different variables are unknown from Eq. (1) and (2). 

As far as the numerical models are concerned, it is a question of 
determining the electrical power output. The inertia is known. The 
turbine torque is calculated from the rotational speed and pressure using 
the turbine performance curves, and the generator counter torque is the 
torque calculated by the control algorithm. The generator counter tor-
que and the rotational speed are then used to calculate the generator’s 
efficiency, ηgen(Tgen,Ω), to subsequently find the electrical power output 
from Eq. (2). 

In the case of experimental post-processing data from prototypes, the 
unknown variable is the turbine torque. The inertia is known. The 
measurement of the generator’s electrical power output and rotational 
speed is done with robust instruments easily available. With these two 
variables the efficiency of the generator is calculated ηgen(Pgen,Ω) and 
subsequently the counter torque using Eq. (2). The turbine torque is then 
calculated from Eq. (1). 

Therefore, determining the generator’s efficiency for different rota-
tional speeds and loads is paramount. Note that the load profile of a 
turbine generator set for OWC devices is variable due to the intrinsic 
nature of the flow that drives it. 

2.2. Efficiency mapping: Experimental procedure 

An experimental procedure was developed to determine the gener-
ator’s efficiency at different loads and rotational speeds. In a test rig 
equipped with a torque meter, the generator is driven by an electric 
motor at a constant rotational speed for different values set by a variable 
frequency drive (VFD). Both machines were grid connected through a 
VFD. The one that controls the motor uses speed control to maintain the 
imposed rotational speed. The generator’s VFD uses torque control with 
an encoder to set the prescribed counter torque. 

The experimental procedure was as follows. The rotational speed was 

set by the motor’s VFD and the torque by the generator’s VFD. The 
torque and the rotational speed were set in opposite directions. For a 
given test with pair of variables (Ω,Tgen), the prescribed rotational speed 
Ω is the same during the test because the motor’s VFD is being controlled 
in speed control. Since the generator’s VFD is controlled in torque 
control with encoder it will impose the prescribe torque. For each pair of 
rotational speed and torque, voltage, current, torque and rotational 
speed measurements were performed and acquired by the data acqui-
sition system. The acquired signals were then filtered following the 
method described in Section 2.5, and the calculations were performed 
following the procedure presented in Section 2.4. The rotational speed 
was varied in intervals of 100 rpm, between 100 and 2900 rpm. 

The dynamics of this assembly follows Eq. (1) where Tturb is now 
Tmotor. At steady state the rotational speed is constant (dΩ(t) = 0) and 
from Eq. (1), it is Tmotor = Tgen. This result shows that the two machines 
apply an equal torque magnitude acting in different directions to 
maintain the set rotational speed. Note that this procedure is performed 
to determine the efficiency of the generator for a pair (Ω,Tgen). During 
simulation or operation in the real sea, the rotational speed varies 
greatly because the load profile of a turbine generator set for OWC de-
vices is variable due to the intrinsic nature of the flow. 

2.3. Efficiency mapping: Description of the apparatus 

The electrical generator is a 480 V, 30 kVA four-pole squirrel-cage 
asynchronous machine. It is connected to the grid using a 37 kVA four- 
quadrant VFD allowing the electric machine to operate as a motor or 
generator. 

The constructed rig for the experimental tests is schematically shown 
in Fig. 1. It consists mainly of the generator, the VFD that controls the 
generator, a 160 kW motor controlled by a second VFD, a torque meter 
connecting the generator and the electric motor via semi-rigid cou-
plings, and current and voltage transducers at mains terminals. Four 
conductor cables connected the generator to the VFD and the VFD to the 
grid: three phases and ground. Fig. 2 shows photos from different per-
spectives of the test rig. 

A total of six variables were measured: two line currents, two line-to- 
line voltages, the torque and rotational speed. Table 1 lists the instru-
mentation used for the experimental tests. 

The current measurement was carried out with Hall effect current 
transducers. A calibration was performed with the simultaneous reading 
of the current measured by the sensor and by a calibrated ammeter, with 
a range of 0–50 A and an accuracy of 0.5% of the measured value. 

Voltages were measured with Hall effect closed loop transducers. 
They were calibrated with a 0–120 A range voltmeter with an accuracy 
of 0.1% of reading. As with the previous instrument, the voltage read-
ings from the voltmeter and the transducers were measured 
simultaneously. 

Fig. 1. Schematic representation of the test rig.  
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The torque was measured by a torque meter in-house calibrated with 
a mechanism based on the lever arm principle and a set of calibrated 
masses. 

The rotational speed was measured with an encoder, the signal of 
which was input into the control unit of the generator’s VFD. Then the 
signal was acquired at one of the analogue connections of the VFD 
control unit. 

The data acquisition system consisted of two data analogue-to-digital 
boards and a Matlab session-based interface routine to read and process 
the signals from the transducers. One of the acquisition boards had read 
the voltage and current signals, and the second read the torque and 
rotational speed. Trigger and clock signals were sent between each 
board to start/stop the test and ensure simultaneous data acquisition. In 
a preliminary study, the sampling rate was set at 62500 Hz to avoid 
aliasing in the acquired signals. 

2.4. Power and efficiency calculation 

The electrical power output of the generator, Pgen, was calculated 
using Aron’s method. The method calculates the power of a three-phase 
AC electric machine by measuring the current in two lines and two line- 
to-line voltages. It is given by 

Pgen = u12i1 − u23i3, (3)  

where u12 and u23 are the line-to-line voltages in the three-phase system 
and i1 and i3 are the currents in lines 1 and 3, Fig. 1. 

The sum of the voltage and current inaccuracies mainly gives the 
inaccuracy of the electrical power at the generator terminals. The value 
of 0.6% is obtained using the calibrated transducers. 

After the rotational speed Ω and the generator’s counter torque Tgen 

were set, the voltages u12 and u23 and the currents i1 and i3, Fig. 1, were 
measured. Then the generator’s efficiency ηgen is calculated using Eq. 
(2). The inaccuracy of the efficiency is the sum of the electrical and 
mechanical inaccuracy, (0.6 + 0.25)%. The inaccuracy in the counter 
torque estimate is then 1.45%, which is acceptable for field testing data 
and numerical modelling. 

In this instrumentation layout, the difference between measured 
electrical power output and the mechanical power input corresponds to 

the copper, stray and core electrical losses and the generator’s windage 
and bearings friction mechanical losses. 

Although acceptable for input power or torque estimation purposes, 
higher accuracy is needed for loss calculation purposes, especially for 
high-efficiency machines. For 5% inaccuracy in loss estimation using the 
direct method, higher levels of accuracy in measurement instruments 
should be used [27]. 

2.5. Filters 

Since the purpose is to obtain the electrical power from measure-
ments at the generator’s terminals, and the generator is fed by pulse 
width modulators (PWM) waveforms that give approximately sinusoidal 
currents, the effect of high harmonics on the current and voltage signals 
were neglected for efficiency calculation purposes. In this way, only the 
first harmonics’ voltage and current were of interest. Pulse width 
modulators use voltage pulses with appropriate widths to create almost 
sinusoidal currents in the electrical machine. This is characterized by 
nearly sinusoidal currents and voltages, with switching having a first 
harmonic and other high-frequency harmonics. Since the electrical 
power is given by the product of voltage per current, only the first 
harmonics are necessary. To eliminate the high-frequency harmonics in 
calculating the electrical power, new zero-phase filters were proposed to 
access the measured variables correctly [28]. 

The efficiency calculation was based on the correct measurement of 
torque, rotational speed, currents and phase-to-phase voltages, as well 
as on the filtering of the signals. A band-pass filter was obtained by 
sequentially applying a low-pass filter, and a high-pass filter for this 
purpose. 

The low-pass filter was defined by a six-stage Savitzky-Golay (SG) 
cascade filter whose responses are shown as a function of frequency in 
Fig. 3a). Fig. 3b) shows that the selection of SG filters with different 
window lengths n makes it possible to remove the unwanted oscillations 
in the rejection band of the cascaded filter by exploiting the location of 
the zeros of the individual filter stages. Since the response of the 
cascaded filter is defined by the product of the response of the six SG 
filters, the resulting cascaded filter has a gain in the rejection band 
several orders of magnitude less than the response of the stage filters. 
The designed low-pass filter shows a gain of 0.9992 for 50Hz and drops 
to 10− 4 for 200Hz, see Fig. 3 a). 

The high-pass filter is obtained as follows. First, the SG filter depicted 
in Fig. 4 is applied to the signal. Next, the filter output is subtracted from 
the original signal to obtain the filtered data. The SG filter of Fig. 4 has a 
gain of 0.9992 at 3Hz, which drops to 10− 4 at 11Hz. 

Fig. 5 depicts the line-to-line voltage u12 and the current i1 in line 1. 
The raw voltage signal presents the power pulses of the PWM of the VFD 
to control the voltage and frequency of the generator, see Fig. 5a). It 

Fig. 2. Test rig views: (a) VFD of the generator and the current and voltage transducers; (b) top view of the generator with the torque meter; (c) test bench.  

Table 1 
List of the instrumentation used for the experimental testing. RV - Reading value.  

Designation Range Accuracy 

Ammeter 0–200 A ±1% RV 
Voltmeter 0–500 V AC ±0.9% RV 
Torque meter ±200 Nm ±0.5 Nm 
Encoder 0–4000 rpm ±1/30 rpm  
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consists of a series of voltage pulses to emulate a sine wave. In analysing 
the filtered voltage signal, this has indeed been achieved. The current 
signal represented in Fig. 5 b) has a considerable amount of noise that 
the designed low-pass filter could remove. 

3. Results 

This section first presents the overall results showing the generator’s 
efficiency for different speeds and loads. These results are helpful for 
wave energy applications where the rotational speed and generator loads 
vary significantly in a short time due to wave grouping effects [29] and in 
a long time due to seasonal variations [23]. It follows the description of 
the methods for using the data for the two applications: 1) for wave-to- 
wire numerical modelling of wave energy converters and 2) for post- 
processing results from experimental campaigns under real sea state 
conditions. Rational functions are used to approximate the results facil-
itating further use of the results of this work. Furthermore, they are 
normalised to the generator’s rated power to adapt to other power levels. 

Fig. 6 depicts the generator’s efficiency as a function of the genera-
tor’s mechanical power input, TgenΩ, and the rotational speed, Ω. For a 
rotational speed range between 700 and 1900 rpm, Fig. 6 shows that the 
generator’s efficiency follows the standard curves for this type of ma-
chine. As expected, high efficiency is achieved at relatively low loads. 
The maximum efficiency is ηgen = 0.92. At constant load, the efficiency 
decreases with increasing rotational speed for speeds above 1900 rpm. 
At rotational speeds below 400 rpm, the current and voltage values are 
very low and inaccurate due to the sensors used. They have been 
excluded from this analysis. 

For application in numerical wave-to-wire models, the efficiency of 
the generator can be expressed as a function of the mechanical input 
power, normalised to the rated power of the generator, TgenΩ/Prated

gen , and 
the rotational speed, Ω, using the experimental data fitting by the 

Fig. 4. Savitzky-Golay filters with n = {17419, 16603,15787, 14971,14155,
13315} and the resulting cascade filter for a sampling rate for 62500Hz. 

Fig. 5. a) Raw (red) and filtered (blue) signals of voltage between lines 1 and 2 and b) current in line 3, for rotational speed Ω = 1993 rpm and Pgen = 11.9 kVA.  

Fig. 3. Savitzky-Golay filters with n = {1063,1015, 967,919,871,811} and the resulting cascade filter for a sampling rate of 62500Hz. a) semi-logarithmic scale and 
b) linear scale. 
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rational polynomial function 

ηgen

(
TgenΩ
Prated

gen
,Ω

)

=

∑2

k=0
ak,j

(
TgenΩ
Prated

gen

)k

TgenΩ
Prated

gen
+ bj

, (4)  

where the coefficients ak,j and bj are listed in Table 2 as a function of the 
rotational speed Ω. The R-square coefficient of determination presents a 
minimum value of R2 = 0.9724. From Fig. 7, it can be seen that the 

curve fitting expressed by Eq. (4) shows good agreement with the 
experimental values, as expected given the value of R2. 

In post-processing routines of experimental data of turbine generator 
prototypes, the efficiency of the generator as a function of the load, 
Pgen/Prated

gen , and the rotational speed, Ω, may be approximated by a 
rational polynomial function 

ηgen

(
Pgen

Prated
gen

,Ω

)

=

∑2

k=0
ck,j

(
Pgen
Prated

gen

)k

Pgen
Prated

gen
+ dj

, (5)  

where the coefficients ck,j and dj are listed in Table 3 as a function of the 
rotational speed, Ω. The R-square coefficient of determination presents a 
minimum value of R2 = 0.9891. From Fig. 8, it can be seen that the 
curve fitting by Eq. (5) shows good agreement with the experimental 
values, as expected from the R2 values. 

The coefficients of the rational polynomial functions found for each 
data set were determined using the Curve Fitting toolbox of MATLAB 
2022b. 

4. Conclusion 

As with any emerging technology, the initial deployment of pro-
totypes primarily focuses on ensuring the functioning of the entire sys-
tem, consolidating operation and maintenance strategies, and analysing 
the details that have been missed. Careful analysis of all the data from 
the test campaigns for these prototypes is of utmost importance, using 
the most accurate data possible. The complete characterisation of the 
energy chain, from the kinetic and potential energy from the waves to 
the electric power injected into the grid, is a requirement of the wave 

Table 2 
List of the coefficients for Eq. (4).  

j Ω[rpm] a0,j a1,j a2,j bj R2 

1 [400, 2100] − 0.008211 0.947866 − 0.047832  0.000202 0.9724 
2 2200 − 0.014040 0.921300 − 0.034090  − 0.003214 0.9999 
3 2300 − 0.010510 0.912600 − 0.036910  0.001371 0.9997 
4 2400 − 0.013710 0.903400 − 0.037830  0.000279 1.0000 
5 2500 − 0.012800 0.895800 − 0.042710  0.004842 0.9999 
6 2600 − 0.017370 0.876500 − 0.042290  0.001866 0.9998 
7 2700 − 0.014000 0.846700 − 0.037160  0.003523 0.9999 
8 2800 − 0.016520 0.803900 − 0.025730  − 0.001978 1.0000 
9 2900 − 0.015070 0.774100 − 0.027590  0.004074 0.9999 
10 2980 − 0.015210 0.740500 − 0.023310  0.004324 1.0000  

Fig. 7. Fitting of experimental data, as given by Eq. (4), for selected rota-
tional speeds. 

Table 3 
List of the coefficients for Eq. (5).  

j Ω[rpm] c0,j c1,j c2,j dj R2 

1 [400, 2100] 0.000480 0.940900 − 0.037260 0.007993 0.9891 
2 2200 0.000832 0.922500 − 0.039990 0.010560 0.9999 
3 2300 0.000478 0.912700 − 0.042630 0.012270 0.9997 
4 2400 0.000123 0.903700 − 0.044580 0.014170 1.0000 
5 2500 0.001221 0.894900 − 0.050120 0.018050 0.9999 
6 2600 0.000382 0.876200 − 0.051560 0.019310 0.9999 
7 2700 0.000803 0.846300 − 0.046530 0.017680 0.9999 
8 2800 0.000316 0.804700 − 0.034370 0.014840 0.9999 
9 2900 0.000674 0.773200 − 0.037110 0.018730 0.9999 
10 2980 0.000624 0.739500 − 0.032310 0.018830 1.0000  

Fig. 8. Fitting of experimental data, as given by Eq. (5), for selected rota-
tional speeds. 

Fig. 6. Generator’s efficiency as a function of the input mechanical power and 
rotational speed. 
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energy industry. 
The robustness of numerical models simulating oscillating water 

columns (wave-to-wire models) and the post-processing of experimental 
data from prototypes depend heavily on the generator’s efficiency that 
equips this wave energy converter. This paper discusses the method for 
both situations based on the experimental characterisation of a 30 kVA 
induction generator. A new filter was designed to allow the correct post- 
processing of the raw data from the current experiment. 

Results show that under different load conditions and rotational 
speeds, the typical curve of these electric machines is considerably 
different from the single curve usually adopted when oscillating water 
column devices are simulated. Because the turbine-generator rotational 
speed is easily measured with high accuracy, the torque estimation ac-
curacy obtained using this methodology is mainly determined by the 
mechanical power inaccuracy, given by the generator power and effi-
ciency inaccuracies. 

This study is essential for the numerical simulation and field testing 
of oscillating-water-column wave energy converters with the presenta-
tion of detailed data for different rotational speeds and loads of a 
squirrel cage asynchronous electrical generator connected to a four- 
quadrant variable frequency drive. The results are normalised to the 
generator’s rated power, allowing quick adaptation to the user’s needs. 
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[28] André JMCS, Savitzky-Golay cascade filter design, IST Technical Report, 2021. 
[29] Carrelhas AAD, Gato LMC. Reliable control of turbine-generator set for oscillating- 

water-column wave energy converters: Numerical modelling and field data 
comparison. Energy Conversion Manage 2023;282:116811. https://doi.org/ 
10.1016/j.enconman.2023.116811. 

A.A.D. Carrelhas et al.                                                                                                                                                                                                                        

https://doi.org/10.1016/j.ecmx.2022.100271
https://doi.org/10.1016/j.rser.2016.01.015
https://doi.org/10.1016/j.ecmx.2022.100274
https://doi.org/10.1016/j.ecmx.2022.100285
https://doi.org/10.1016/j.ecmx.2022.100285
https://doi.org/10.1016/j.ecmx.2022.100190
https://doi.org/10.1016/j.ecmx.2022.100190
https://doi.org/10.1016/j.renene.2008.04.036
https://doi.org/10.1016/j.renene.2008.04.036
https://doi.org/10.1016/j.renene.2021.09.011
https://doi.org/10.1016/j.renene.2021.09.011
https://doi.org/10.1016/j.rser.2009.11.003
https://doi.org/10.1016/j.rser.2009.11.003
https://doi.org/10.1016/j.apor.2020.102104
https://doi.org/10.1016/j.energy.2020.117211
https://doi.org/10.1016/j.energy.2020.117211
https://doi.org/10.1016/j.apenergy.2020.115638
https://doi.org/10.1016/j.renene.2019.08.074
https://doi.org/10.1016/j.renene.2019.08.074
https://doi.org/10.1109/TSTE.2015.2504463
https://doi.org/10.1109/TSTE.2015.2504463
https://doi.org/10.1109/IMCCC.2015.109
https://doi.org/10.1109/IMCCC.2015.109
https://doi.org/10.3390/en12203977
https://doi.org/10.1016/j.energy.2016.06.054
https://doi.org/10.1016/j.energy.2016.06.054
https://doi.org/10.1016/j.renene.2022.05.015
https://doi.org/10.1017/CBO9780511754630
https://doi.org/10.1109/TPEL.2021.3080129
https://doi.org/10.1016/j.enconman.2022.115936
https://doi.org/10.1016/j.enconman.2023.116811
https://doi.org/10.1016/j.enconman.2023.116811

	Estimation of generator electrical power output and turbine torque in modelling and field testing of OWC wave energy converters
	1 Introduction
	2 Methods and materials
	2.1 Dynamics of the oscillating water column system
	2.2 Efficiency mapping: Experimental procedure
	2.3 Efficiency mapping: Description of the apparatus
	2.4 Power and efficiency calculation
	2.5 Filters

	3 Results
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	References


