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Abstract: The laboratory test of the wave energy converter model is an important means to evaluate
the performance of the device. At present, there are few performance tests for complete specifications
under the irregular wave. Referring to the test methods and standards at home and abroad, combined
with the actual test work experience in the laboratory, using the irregular wave power calculation
formula with the effective wave height and the spectral peak period as parameters, then the wave-
wire conversion ratio test method of the wave energy converter physical model under irregular waves
in the laboratory is proposed. The method is applied to the basin test experiment of the physical
model of the horn-shaped backward bent duct buoy (BBDB) wave energy converter. The research
results show that the established test method and process of wave-wire conversion performance
have achieved good application results in the irregular waves laboratory test, and can better reflect
the device operating characteristics in real sea conditions. The test results provide data support for
the model design of the wave energy converter in the next test stage, the demonstration test of the
prototype, and the prediction of power generation in real sea conditions.
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renewable energy have received strong support from many countries. Since 2010, China has
set up a special fund for marine renewable energy to develop marine energy exploitation
technology and has achieved rich results. The test work of ocean energy converters is an
important means to evaluate the performance of devices. Marine countries such as Europe
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have started to test and evaluate ocean energy converts earlier, and there are more than ten
Academic Editor: Duarte Valério established marine test sites, including the European Marine Energy Centre (EMEC) in the
Received: 14 November 2022 UK, the Fundy Ocean Research Centre for Energy (FORCE) in Canada and the Folke-center
Revised: 20 December 2022 marine energy test site in Denmark [1]. In 2009, the EMEC published a total of 12 guidelines
Accepted: 22 December 2022 and standardized documents for the experiment, test, and evaluation [2], the International
Published: 16 January 2023 Electro-technical Commission (IEC) has published technical specifications for the utilization

of ocean energy [3], and the International Towing Tank Conference (ITTC) has published
recommended procedures and guidelines for model tests of wave energy converters [4].
BY Compared to developed countries, China’s research on the testing technology of ocean
Copyright: © 2023 by the authors.  energy converters and the construction of advanced marine test sites started late.
Licensee MDPI, Basel, Switzerland. Wave energy, as a type of marine renewable energy, is mainly used to generate elec-
This article is an open access article  trjcity through wave energy converters (WECs). The main methods of research on WECs
distributed under the terms and jj(Jyde theoretical analysis [5-8], numerical simulation [9-12], physical model experi-
ments [13-17], and field tests [18,19]. In the physical model test, the hydrodynamic per-
formance, power generation, and other important parameters can be tested, which can
provide experimental data and a basis for the design and achievement transformation of
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the prototype, and verify the accuracy of the numerical calculation model and theoreti-
cal analysis model [20]. For example, [13] introduced a new point-absorber WEC with a
moonpool buoy, and a 1:10 scale physical model was tested to prove the feasibility of the
system. [14] constructed a 1:50 scale model testing for a 32-oscillating water column (OWC),
V-shaped floating WEC, and the results were compared with the numerical model. In [15],
experiments have been performed on large arrays of up to 25 heaving point absorber type
WECs, for a range of geometric layout configurations and wave conditions. In [16], a one
quarter scale prototype of an autonomous two body heaving point absorber was modeled,
built, and tested in Wave tank. Based on model testing results, [17] built two working
experimental PTO simulators on two different wave energy converters and obtained good
application effects. Laboratory model testing is not only important to evaluate the per-
formance, but also a key component to promote the industrialization and commercial
application of ocean energy. Therefore, the research on the test methods of WECs has
great significance.

In the indoor model test experiments of WECs, the complete performance test condi-
tions include the test in regular and irregular waves [4]. However, at present, many tests
are limited by the test environment, most of them are for the performance test of regular
waves, and the complete and standard test of irregular waves is less. Irregular wave test
conditions can better reflect the operating performance of the devices in real sea conditions.
Therefore, this paper mainly studies the wave-wire conversion ratio test method of the
WECs physical model in irregular waves.

In this paper, by referring to the test standards and methods of WECs and combining
them with the actual test work experience in the Marine Dynamic Environment Laboratory
of the National Ocean Technology Center, the laboratory pool test method for a wave-wire
conversion ratio of the WECs physical model in irregular waves is presented. It is applied
to the test of the horn-type backward bend duct buoy (BBDB) model developed by the
Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, and the test
results are evaluated and analyzed. The research conclusion, the proposed test method,
and the actual test process in irregular waves can provide a reference for researchers at
home and abroad to carry out irregular wave tests of WECs’ physical models.

2. Test Methods
2.1. Wave Energy Converters Type

The energy conversion process of WECs is mainly divided into three stages: (1) Capture
of wave energy by devices, which converts wave energy into mechanical energy for the
relative movement of the device as a whole or inside; (2) convert the captured wave energy
into pressure or hydraulic energy through other energy transfer devices such as air pressure
or hydraulic pressure; (3) the energy converted in the second stage drives the generator
to generate electricity and output the available electric energy. According to the physical
process of energy extraction [21-23], most WECs are mainly divided into three types: os-
cillating water columns, oscillating bodies, and overtopping devices. The classification
methods and types of WECs are shown in Table 1:

Table 1. Classification of WECs.

Classification Method Type
process of energy extraction oscillating water columns, oscillating bodies, overtopping devices
type of fixed fixing, floating
process of energy transfer Mechanical, pneumatic, hydraulic
position Installation Shore, near-shore, offshore, bottom

structure Nod-duck, eagle, raft, hinge, swing, BBDB
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2.2. Experimental Stages

WECsS need to go through a series of t experimental stages from concept to commercial-
ization, which can be divided into concept validation, design validation, system validation,
and prototype demonstration.

Each experimental stage corresponds to the technology readiness levels (TRLs) of the
WECs [24], with TRL 1-3 corresponding to the proof-of-concept research phase, TRL 4-5
corresponding to the component, sub-system and system validation phase in the laboratory
and/or simulated operating environment, and TRL 6-9 corresponding to the phase of the
prototype demonstration in the operational environment through to system validation.

2.3. Test Environment Requirements

The laboratory physical model tests of WECs are usually carried out in the wave flumes
or tanks, and the test environment is selected or equipped according to the test purpose.
Combined with the actual test experience and referring to the Chinese industry standard
HY/T 0299-2020 “The methods of dynamic environment model test for oceanographic
observation instruments in laboratory-General” and relevant regulations, the laboratory
physical model flumes or tanks environment has the following conditions [25]:

1. Test flumes or tanks are equipped with wind, wave, and current generating facilities,
and can ensure accurate simulation of wind-wave-current sea state conditions. For
testing WECSs, the test flumes or tanks are required to have the ability to generate
regular and irregular waves, and the wave-making conditions should be repeatable;

2. Test flumes or tanks effective length should be more than ten times the set wavelength,
and the first and last ends should be equipped with wave-absorbing devices to
minimize the build-up of reflected waves;

3. To avoid the wall effect, the distance between the physical model and the wall of the
test flumes or tanks should be greater than three or four times the model characteris-
tic width;

4. The measuring instruments for the test should be matched, and calibrated before the
test, such as force sensors, wave probes, high precision power analyzer etc.

2.4. Model Design

The scale of the WECs test model should be determined according to the test stage,
test purpose, test flumes or tanks size, and wave-making ability. The similar conditions of
geometric similarity, kinematic similarity, and dynamic similarity should be satisfied in
model design and test.

In the actual test, it is difficult to meet all mechanical similarity conditions. Therefore,
the model test should generally meet Froude’s law of similarity, to ensure that the gravity
between the model and the prototype is similar, which is represented by the Froude number:

_ U Uy
V8&rLy  \/gmLm

where U is the characteristic velocity, g is the gravitational acceleration, and L is the
characteristic width. In the model test, the U should be the upward or downward velocity
of WECs under the action of waves. The subscripts p and m respectively represent the
prototype and model parameters.

In the design and test of the WECs physical model, the physical parameters between
the prototype and the model should meet the scale coefficient as shown in Table 2 as far
as possible. Where, the A is scale ratio, y is the ratio of water density in the test flumes or
tanks to the actual operating sea area.

Fr

M



Energies 2023, 16, 1001

40f13

Table 2. Similarity principle scale coefficient of physical quantities of prototype and model.

Parameter Symbol Coefficient
LP
length T A
T,
period ™ VA
D,
velocity T VA
. p
acceleration Im 1
MP
mass M pA3
force % §A3

2.5. Wave-Wire Conversion Ratio Calculation Method

In the test of laboratory wave flumes or tanks, for different types of WECs, it is difficult
to test the wave power absorbed by the device in the three stages of energy conversion
process, due to their complex internal structure. However, it is relatively simple to test the
electrical power through the generator or air turbine.

Therefore, referring to the definition of wave-electricity total conversion efficiency in
GB/Z 40295-2021 “Power performance assessment of electricity producing wave energy
converters”, this paper proposes the definition of wave-wire conversion ratio, to evaluate
the overall energy conversion performance of the WECs, in the laboratory physical model
test. The wave-wire conversion ratio, represented by 7, is defined as the ratio of the average
power generated of the WECs, represented by P, to the incident wave energy within the
incoming wave width per unit time:

Pg
= 1 Oo 2
n PwLX 00% 2)
1 X
PE:N‘ Pz' (3)

where L is the width of incoming waves, P; is the WECs output electric power obtained
by a single sampling of the high precision power analyzer, and N is the total number of
samples, Py, is the incident wave energy per unit width.

For the calculation of incident wave energy under irregular waves, the results of
different methods vary greatly. The results show that the irregular incident wave energy
calculation method, in the laboratory, using ITTC and related empirical formulas has a
good effect [26], and there are:

_ PgPHITE @

6471
where H; is the significant wave height, p is the density of water, Tr is the energy period
and is defined by:

Py

Te = aT, (5)

where T) is the peak period, and « is the shape parameter. When the irregular spectrum is
P-M spectrum, a = 0.86, and JONSWAP spectra, a =0.9.

The EMEC recommended guide “Tank Testing of Wave Energy Conversion Systems”
gives the calculation method of irregular wave power in the time domain:

_ pg’HIT:

64 ©)

Py

where H, is the average period from zero-crossing analysis of time series.
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3. Test Case
3.1. Model

This test model is the horn-shaped BBDB designed by the Guangzhou Institute of En-
ergy Conversion, Chinese Academy of Sciences. The wave-wire conversion characteristics
of the model was tested under regular and irregular wave. The BBDB was first proposed
by Masuda in 1986 [27], and the Guangzhou Institute of Energy Conversion has begun to
study the BBDB wave energy conversion technology in 1989, and showed excellent energy
conversion characteristics and economy [28,29]

This test device is a new wave power generation model developed by further optimiz-
ing the shape of the Backward Bent. The actual length is 3.78 m, the incoming wave width
is 1.61 m, the height is 2.72 m, and the weight is 961 kg. The physical model is shown in
Figure 1.

Figure 1. BBDB wave energy converter model with horn type.

3.2. Test Facilities

This test was carried out in the multifunctional hydrodynamic laboratory of the
National Ocean Technology Center (NOTC). The laboratory issued the first indoor test
report for a wave energy conversion system in China and has a domestic advanced multi-
functional wave-making basin and wind-wave-flow circulation flume, which can conduct
wind-wave-flow environment coupling tests. The laboratory environment is shown in
Figure 2.

Figure 2. Multifunctional hydrodynamic laboratory of NOTC.

The multi-functional wave-making basin was 130 m long, 18 m wide, 6 m deep, and
the maximum working depth is 5 m. It is equipped with a motion platform and track,
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which can simulate various marine environments such as wind and waves, and can carry
out tests and experiments for all kinds of marine instruments and equipment prototypes or
large-scale models. The index parameters of the wave-making basin are shown in Table 3.

Table 3. The experimental equipment and main indicators of multi-functional wave-making basin.

Facility Indicators Range Accuracy
Wave-makine svstem Wave Hight 0.02-0.6 m +4%FES.
&5y Wave period 1.0-50s +4%ES.
Wind-making system Wind velocity 0-10m/s +5%FES.
Motion platform Move velocity 04m/s +4%FES.

3.3. Test Scheme
3.3.1. Incident Wave Paraments Measure

In the test process, the wave height data should be collected and processed by the
wave data acquisition sensor, and through the statistical analysis of the collected irregular
wave height data, the incident wave energy can be calculated in real time. According to the
regulations of wave hydrodynamic model test in Chinese industry standard JTS/T 231-2021
“Technical Specification of modeling Test for Port and Waterway Engineering”, the irregular
waves basin test and data acquisition have the following reprovisions [12]:

(1) The significant wave height of irregular wave should not be less than 2 cm, and the
peak period should not be less than 0.8 s; (2) the wave data collection interval should be
less than 1/10 of the significant wave period; (3) for the continuously collected wave height
data, in the stable wave making process of the wave maker of the test, there should be no
less than 100 complete waves, and no less than 300 in the multiphase irregular waves test.

During the test, one digital wave probe was selected to collect the wave height data in
real time, and another one was selected as a backup. The selected digital wave probes have
been certified by the National Center of Ocean Standards and Metrology, the instrument
model is YWH200-W, its measuring range is 0-1000 mm, and the accuracy is 0.3%FE.S. Before
the test, the selected wave probe should be calibrated, and Figure 3 shows the wave probe
and calibration facility.

Figure 3. Wave probe(a) and calibration facility(b).

The calibration method of the wave probe is as follows: first, select not less than
four water depth values through the measuring cylinder, then obtain readings in the data
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acquisition system. Taking the reading as the input value and the water depth value as
the output value, and fitting the curve of each wave probe reading, the fitting results are
shown in Figure 4, and R? is the correlation coefficient.
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Figure 4. Fitting curve of wave probe calibration.

After calibration, the wave probe was placed according to the test layout (see 2.4)
and real-time data were collected during the test. The sampling frequency was set as
50 Hz. Then, it is necessary to calibrate the wave-making basin, that is, input the test wave
parameters into the control system of the wave maker, record the input values and output
values, and adjust the wave-making transfer function to make the wave height of the test
area meet the test requirements. Wave height data were processed and irregular incident
wave energy was calculated according to Section 2.5.

3.3.2. Electric Power Measure

After the WECs model is placed in the test area according to the test layout, the output
electric power is collected by the high precision power analyzer, which has been certified

and the instrument model is HIOKI3390. The main performance parameters are shown in
Table 4.

Table 4. The performance parameters of HIOKI3390 high precision power analyzer.

Project Range Accuracy
Voltage 15/30/60/150/300/600/600/1500 V +0.05%rdg. +0.05E.S.
Current 0.4/0.8/2/4/8/20/40/80/200 A +0.05%rdg. £0.05ES.
Electric power 6.0000 W-2.2500 MW £0.05%rdg. £0.05ES.
Sampling frequency 0.5 Hz-150 kHz /

The selected high-precision power analyzer has been certified by metrology. The
instrument model is HIOKI3390, and the main performance parameters are shown in
Table 4. During the test, the power generation system of the horn-shaped BBDB model
is connected to high-precision power analyzer in the motion platform, and the load is
connected. The wire lead is passed forward through the power analyzer current clamp to
measure the output current, and the voltage clamp is connected to the load to measure the
output voltage with a sampling frequency of 20 Hz.

Figure 5 is the test site of the power analyzer, and the average output power is
calculated according to Formula (3). Finally, according to Equation (2), the wave-wire
conversion ratio of the horn-shaped BBDB model is calculated.
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Figure 5. High-precision power analyzer test site.

3.4. Test Layout

This test layout is shown in Figure 6. The layout of the test model and instrument is
as follows:

(1) Layout of test model: Referring to the industry standard “ Technical Specification
of modeling Test for Port and Waterway Engineering ”, the distance between the test area
and the wave maker should be more than six times the wavelength, so the test model is
arranged in the test area 90 m away from the wave maker.

(2) Layout of wave probe: To avoid the radiation influence in the wave field of the test
model and ensure the accuracy of wave height data acquisition, the wave probe is placed
60 m away from the wave maker and 0.5 m away from the basin side wall to collect the
wave height data in real time.

(3) Layout of power analyzer: the output electrical signal of the test device is led to
the motion platform through the electrical wire, and the electrical wire is forward through
the current clamp of the power analyzer and connected to the battery load, and the voltage
clamp of the power analyzer is connected to the load.

(4) Layout of the wave-making control system: the integrated wave-making control
system is arranged in the control room. The tester controls the wave-making system in the
control room and monitors the working condition of the wave-maker in real time.

Wave Motion
maker Platfoam

o {1

@ Wave-making system

8 control room
e (S — [ T R — 71:| __________
// i
-

® Wave probe ®  Wave-making system

® Poweranalyzer ~ 3  Test model
Figure 6. Test layout.

4. Test Result and Analysis

In this test, a total of 15 sets of irregular wave tests were performed, and the wave
number in each group was 120. JONSWAP spectral analysis method was used to statistically
process the irregular wave data, and the spectral peak enhancement factor was 5. According
to Equation (2), the irregular incident wave power, within the incoming wave width of the
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test model, is calculated, and the wave-wire conversion ratio of the device is obtained. The
test results are shown in Table 5.

Table 5. The irregular waves test results.

No Significant Wave Peak Period (Ts)/s Incident Wave Power Average Output Electric Wave-Wire Conversion Ratio
Height (Hg)/mm P (Pw)/W Power (Pg) /W /%
1 172.8 2.423 50.08 10.08 20.13
2 142.4 2432 34.13 4.53 13.27
3 141.2 2.616 36.10 8.63 2391
4 157.5 2.616 4491 8.61 19.17
5 163.1 2.621 48.26 10.60 21.97
6 142.9 2.621 37.04 7.60 20.52
7 146.4 2.621 38.88 8.02 20.63
8 145.0 2.643 38.46 7.95 20.67
9 181.9 2.643 60.53 14.07 23.25
10 183.8 2.653 62.03 11.69 18.84
11 176.1 2.664 57.18 11.98 20.95
12 173.4 2.783 57.92 8.64 14.92
13 114.1 2.789 25.13 1.97 7.84
14 155.3 2.789 46.56 7.74 16.62
15 167.8 2.945 57.39 8.75 15.25

Figure 7 shows the wave-wire conversion characteristics of the horn-shaped BBDB
test model in irregular waves with peak period and significant wave height. As can be
seen from Table 5, in all irregular waves test conditions, the test model had the maximum
wave-wire conversion ratio when the peak period was 2.616 s and the wave height was
141.0 mm, and Figure 8 is the test data of irregular wave and output electrical power at
this condition. When the ITTC method is used to calculate the irregular wave power, there
are eight groups of test conditions with wave-wire conversion ratio greater than 20%, and
the maximum is 23.91%; when the EMEC method is used, the maximum is 30.17%. The
difference between the two calculation methods is 6.26%. The source of the difference is
that the characteristic wave period used between Formula (4) and Formula (6) is different,
namely T and T, and TF is related to T). For irregular waves, T, can better reflect the
wave periodic characteristics, so ITTC method is recommended to calculate the incident
wave power.

25007

S SN S
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= Ty

Figure 7. The wave-wire conversion characteristics of test model in irregular wave.

In addition to this test, the multifunctional hydrodynamic laboratory of NOTC has car-
ried out the performance tests of two BBDB physical models developed by the Guangzhou
Institute of Energy Conversion, Chinese Academy of Sciences (shortened to “Generation
Model 1”7 and “Generation Model 2” according to the sequence of test time), including
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regular and irregular waves test, and issued the test reports. The test site is shown in
Figure 9.
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Figure 8. The data of wave height and electric power with maximum wave-wire conversion ratio.
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Figure 9. The test site of the BBDB wave energy conversion laboratory physical model.

Table 6 shows the regular wave test results of the three BBDBs physical model, and
the regular incident wave power is calculated according to the linear wave theory, and
the average output electric power is calculated according to Equation (3). In the regular
waves test of these test models, 58 groups of tests were carried out, and the number of
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waves was 50 in each test condition. Table 7 shows the maximum wave-wire conversion
ratio of three generation models in the irregular wave tests. The test results show that the
maximum wave-wire conversion ratio of horn-shaped BBDB is 63.36% when the wave
period is 2.580 s and the wave height is 104.0 mm. There are 22 groups of test conditions in
which the wave-wire conversion ratio is greater than 50%.

Table 6. Regular wave test results of three test models.

Maximum Wave-Wire . Incident Wave Average Output
. . Average Period Average Wave A
Model Conversion Ratio (To)ls Height (H,,)/mm Power Electric Power
m)/% m gt m (Pw)W (Pg) /W
Generation Model 1 35.65 2.45s 137.0 80.47 28.69
Generation Model 2 50.73 2.56 129.0 65.67 33.32
Horn-shaped Model 63.36 2.58 104.0 42.90 27.18

Table 7. Irregular wave test results of three test models.

Maximum Wave-Wire . Significant Wave Height
Model Conversion Ratio (1)/% Peak Period (Tp)/s (Hg)/mm
Generation Model 1 19.33 2.45 258.0
Generation Model 2 20.55 2.50 273.0
Horn-shaped Model 23.91 2.61 141.2

As shown in Tables 6 and 7, with the continuous optimization of the BBDB wave
energy conversion technology at the Guangzhou Institute of Energy Conversion, Chinese
Academy of Sciences, compared with the two previous models, the maximum wave-wire
conversion ratio of the horn-shaped model in the regular wave test has been significantly
improved, respectively, by 27.71% and 12.63%, showing better energy conversion per-
formance. However, in the irregular wave test, the wave-wire conversion ratio of the
horn-type model only increased by 4.58% and 3.36%, respectively.

Compared with the regular waves test results, in the irregular waves, the maximum
wave-wire conversion ratios in the three models are 54.22%, 40.50%, and 37.73% of the
regular waves, respectively. Since the irregular wave test conditions are closer to the
actual operating sea conditions, the wave energy converters need to optimize the design of
irregular wave characteristics, improve the wave-wire conversion ratio under the irregular
wave tests, and provide a reference for the future prototype design in the actual sea
condition test and operation. It is worth mentioning that in this BBDB model test, due to
Froude’s law of similarity, it is necessary to consider the impact of air compressibility when
predicting the output power or wave-wire conversion ratio of the prototype. For example,
to ensure the correctness of the prototype power prediction, the calculation methods of air
chamber output power that consider model scales and air compressibility should be used.

5. Conclusions

Based on the reference to the literature and laboratory test work, this paper proposes
the test method of WECs physical model performance in the irregular waves, which has a
good application effect in the actual test of BBDB. The results show that in this irregular
wave test, by comparing the regular wave test results, the maximum wave-wire conversion
ratio is 37.73% of the regular wave, and the irregular wave test can better reflect the
operating characteristics of the WECs in the actual sea state. In future wave tank tests, the
PTO damping optimal test under irregular waves can be carried out for the test model,
to better predict the maximum wave-wire conversion ratio of the prototype under real
sea state.

The test results can provide data support for the optimization design of the model
and prototype of WECs, for the further improvement of the wave-wire conversion ratio,
the test and operation of the prototype, and the power prediction in the real sea state. The
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test method and process of practical application, proposed in this paper, can provide a
reference for WECs laboratory model testing and research at home and abroad.
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