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Abstract: The mooring system not only plays a vital role in keeping wave energy generators floating
stably, but also affects the success of engineering design. Combining wave force theory and the
hydrological data obtained from the field measurements of a certain sea area in the Bohai Sea, the
Stokes second-order wave theory was adopted to design the mooring system of a new type of power-
generating device. At the same time, the study uses the Aqwa software to gather the dynamic data of
a power-generating device in a real test, and then makes models and carries out regular wave tests so
as to verify the viability of the mooring system and the stability of the whole power-generating device.
All of this work will provide a theoretical basis for the manufacture of an engineering prototype and
its reliable supply of power.

Keywords: wave force; horizontal axis rotor; mooring system; hydrodynamic response

1. Introduction

Currently, China accounts for about one-fifth of the world’s total energy consumption,
becoming the largest energy consumer in the world. With the continuous advance of
industrialization, China’s energy consumption is projected to increase by 60% by the
year 2030. Thus, China’s policy on energy consumption is bound to influence the energy
consumption trends in the whole world. New and green energy such as wind energy,
solar energy, marine energy, and other types of renewable energy are progressively being
promoted by China’s government. The application of new energy has exerted an important
influence in the country’s adjustment of its industrial structure, the fostering of emerging
industries, and reform of its energy structure [1–4]. Over the past decades, the US, South
Korea, the EU, and other countries and regional organizations have successively formulated
schemes on exploring marine renewable energy [5,6]. The Chinese government has also
organized the detailed strategic deployment of marine renewable energy, implemented
relevant plans, and funded the research, development, and deployment of MRE. Abundant
in marine resources, China has much marine renewable energy to be explored in the Bohai
Sea and the sea areas of its eastern and southern parts [7–9]. As one of the most promising
types of marine energy, wave energy has also been developed enormously. China’s research
on wave energy converters began at the end of the 1970s, the time when only a few science
and research institutions were carrying out studies in the field. At present, the situation
has changed greatly. Apart from the support of policies and finance from the central and
local governments, many research institutions, colleges and universities, and enterprises
have all carried out a large number of research projects related to marine renewable energy.
Moreover, some experiment devices and engineering prototypes have been set up in
succession, and many of them have been tested at sea [10–12].
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In recent years, the utilization of wave energy has become the hot topic in new energy
that coastal countries in the world have focused on. The power-generating device of the
horizontal axis rotor is relatively mature in the application of tidal current energy. Industrial
groups and power companies in France have employed the OpenHydro turbine technology
to build up the first exemplary tidal current turbines. The 150 kw ORPC OCGen®power
system that MRE companies in the US developed has also been put into commercial use.
Both devices use the horizontal axis rotor to transport the driving force of the impeller
to power devices in order to generate electricity [13]. The Korea Maritime and Ocean
University developed a floating horizontal axis wave energy model device. It mainly uses
the rise and fall of flanked water that follows the movement of the wave to propel the
turbine to rotate, and then transports the driving force to power devices through the force
transmitter. An engineering prototype of the device has not yet been created [14]. Wuhan
University and the Chinese Academy of Sciences jointly developed a 1 kw vertical axis
tidal current energy generating device and performed marine experiments in the sea area
of Zhuhai. Shanghai Ocean University designed a horizontal axis generating device and
conducted a series of experiments in the sea areas of Xiamen [15].

In order to satisfy the progressively rising power demand of China’s coastal sea areas
and remote islands, the marine ranch’s needs for new energy, and in order to make more
efficient use of marine energy, a new type of horizontal axis rotor direct-drive wave energy
generating device has been designed. The device has a capacity of 1.1 kw and weighs
about 28 tons, and it has been tested in the Chengshantou sea area in Weihai, Shandong
province(see Figure 1) [16]. The principle of power generation is shown in Figure 2 [17].
It forms a closed body of water through the entry and exit passage of the cross-flow
turbine. As a result of the strike and backflow of the wave, the water body in the passage
flows back and forth, and then drives the rotor in the passage to rotate in one direction to
make the direct-drive generator produce electricity. The main feature of the device is its
direct transformation of wave energy into electricity, which will maximize the efficiency of
transformation. The device can float on the surface of the sea by means of four mooring
points. Thus, the mooring system is a crucial element that will affect the stability of power
generation. However, research on the mooring systems of wave energy generating devices
is rare at present. Based on the hydrological data from the new generating devices working
in the sea area, the study will simulate the feasibility and stability of a four-point mooring
system and verify this through a regular wave test in order to provide a theoretical basis
for the manufacture of a power-generating prototype and its reliable supply of power.
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2. The Frequency Domain Analysis of Device

The frequency domain analysis employs frequency response to analyze the response
characteristics of the floating body under the effect of wave force. After having studied
the effect of viscous force on the floating body, Lopes found that the acting force that the
viscous force—in contrast with wave force and the power take off system—has applied
to the floating body can be negligible [18–20]. The research carried out by Muliawan and
Vicente indicates that the force produced by relaxed moorings hardly affects the way the
floating body absorbs the energy of the wave [21]. The proper choice of wave theory is
not only the key to calculating the mooring’s force response, but also the crucial factor
that involves the success of the engineering design. Current studies on the widely applied
wave theories have shifted from regular wave to irregular wave. In 1887, Stokes, a British
expert on hydromechanics, put forward the Stokes wave theory. Advanced Stokes wave
theory is often used in the calculation of maximum wave in terms of offshore construction.
However, the Stokes wave theory fails to take the effect of changes in water depth into
account, so it is exclusively applicable to the average depth of water.

The experiment on the engineering prototype was carried out in a certain sea area of
the Bohai Sea. According to the wave data of the sea areas neighboring Weihai in the year
2016, 2017, and 2018 in the Monthly Report of China’s Offshore Marine Climate Monitoring
provided by the National Marine Environmental Forecasting Center, the average wave
height of the sea area during the three years was 0.75 m, and the average cycle was 3.9 s.
Additionally, the water depth of the place where the generating device was tested stood
at 15 m. The statistics showed that the wave height ranged from 0.5 m to 1.0 m during
the three years, while the cycle ranged from 3.4 s to 4.4 s. Thus, the length of the wave

was L =
gT2

2π ≈ 23.76 m, and the wave number was k = 2π
L ≈ 0.26, d

L = 15
23.76 ≈ 0.63 > 0.5.

According to the Le Mehaute theory, the two dimensionless parameters have a horizontal
coordinate d

gT2 ≈ 0.10 and a vertical coordinate H
gT2 ≈ 0.005. The Stokes second-order wave

theory is applied theoretically to the tested sea area [22,23].
In terms of the horizontal axis rotor wave energy generating device, based on the

hydrological data, the study selected the optimal wave theory that matched the concerned
engineering project, conducted experiments, and analyzed the floating stability of the
device with moorings. As a critical component of the wave energy generating device, the
mooring system acts as the basis for the stable functioning of a generating device, the effect
of which will influence the entire operation of power generators. The study conducted
simulations to analyze the limiting effect of the mooring system on the floating body so as
to ensure that the floating body can produce stable electricity. To reduce statistical errors,
the catenary mooring method was adopted to simulate numerical values, and then the
experiment was conducted to confirm the moving trajectory of the floating body [24–27].

In order to ensure the stability of the device, a four-point mooring method was
adopted. That is, four identical gearless anchor chains were used, with the angles between
neighboring chains being 90◦. The arrangement of chains are shown in Figure 3. The device
floats on the sea, and the damping plate under the device connects to the bottom of the sea
through anchor chains to ensure the stability and balance of the device when wind wave
flows strike it. The water depth of the area where the device is placed is 15 m, and the
device´s draft is 4.7 m; thus, the vertical length of the anchor chains is 10.3 m. The weight
of the chains is 7/8 of their weight in a vertical position. There are four anchor chains
with a total vertical length of 41.2 m. According to the prototype of the anchor chains, a
chain’s diameter is 50 mm and its weight is 49.5 kg/m; therefore, the total weight of the
chains is 2040 kg, and their weight in the water is about 1759 kg when the buoyant force is
excluded [28–30].
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Dangling chain length:

Sh =

√
2HT0

qw
+ H2 (1)

In the equation above, H refers to the vertical distance from the ground of the anchor
point to the anchor hole; T0 is the tension at the ground end of the hanging chain; qw
represents the wet weight of the anchor chain per unit length in water.

T0 = Pa + Pw (2)

In the equation above, Pa stands for the acting force of wind applied to the device; Pw
refers to the acting force of water flows applied to the device.

Pa =
1
2
ρaCaV2

a

(
Aa cos2 θ+ Ba sin2 θ

)
(3)

In the equation above, ρa represents the density of the air, which is 1.25 kg/m3; Ca
is the wind factor, at 0.70∼0.95; Va refers to the relative wind speed; Aa stands for the
area of the device above the waterline; Ba represents the flank area of the device above the
waterline; θ is the wind’s chord angle.

Pw = f·Ω·V1.83
w (4)

The equation above is the Froude formula. Here, f represents the water’s friction
coefficient, f = 0.17; Vw stands for the speed of water flows; Ω is the wet surface area of
the device below the waterline.

The length of anchor chains in the water is calculated as follows:

Sb =
1
2

Sh (5)

The total length of anchor chains is obtained with the following equation:

S = Sh + Sb = 1.5Sh (6)

The AQWA software was used to carry out a coupling simulation analysis of the
device when the wind, wave, and flows were in the same direction; the following data
were obtained: the total length of the single anchor chain was 23.13 m, the cycle of the
wave was at 3.9 s, the height of the wave was 0.75 m, the speed of the wind was 6 m/s,
and the water flow velocity was 2 m/s. The value of the response amplitude operators, or
the RAO in the X, Y, and Z directions varied with the wave frequency, which is shown in
Figure 4. Likewise, the value of the RAO in the RX, RY, and RZ directions varied with the
wave frequency, which is shown in Figure 5.
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As is shown in Figure 4, when the device is installed at 90 degrees, the value of the
RAO in the X direction barely varies with the increase of wave frequency. The value of
the RAO in the Y direction firstly rises and then falls as wave frequency increases, and it
reaches the maximum value when the frequency is around 0.33 Hz; the wave cycle is at
3 s. The value of the RAO in the Z direction falls gradually with the rise of wave frequency.
When the wave frequency approximates 1 Hz, the value of the RAO of the device is roughly
equivalent to zero, and the device fails to synchronize with the wave frequency due to the
effect of inertia.

As is shown in Figure 5, when the device is installed at a 90-degree angle, the value
of the RAO in the RX direction varies greatly with the increase of wave frequency, and it
reaches the maximum value when the frequency is about 0.13 Hz, which indicates that
the device moves greatly in the RX direction. The value of the RAO in the RY and RZ
directions barely varies with the increase of wave frequency.

3. Regular Wave Simulation

Based on the state of the sea in the experimental marine area, three working conditions
with regular wave are simulated to obtain the movement changes of the device in a state of
stability so as to determine the rationality of the mooring system design, as is shown in
Table 1.
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Table 1. Regular wave working conditions chart.

Wave Element
Working

Conditions

Prototype Value Model Value
Wave Height H

(m)
Cycle T

(s)
Wave Height H

(m)
Cycle T

(s)

Case 1 0.7 3.6 0.07 1.15
Case 2 0.8 3.6 0.08 1.15
Case 3 0.9 3.6 0.09 1.15

According to the actual state of the sea, the movement of the device becomes stable
after 25 s, so the simulation selects a 120-s movement for the device and makes a comparison
with the experimental data under three working conditions.

As we can see in Figure 3, in the regular wave simulation, the device is set to face
the wave at 90◦. In Figures 6–8, we can see that the device drifts with the tide for some
time at first, and then becomes stable after 25 s with the tension of the mooring system,
while its rotation in the RX, RY, and RZ directions also gradually plateaus. As the wave
height increases, the angles of RX and RY barely change. That is, the angles of the roll
and pitch barely change. The angle of the RZ or yaw begins to grow under the third
working condition, and then hovers around plus or minus 18 degrees. Thus, the yaw’s
angle gradually becomes large in the same cycle as wave height changes.
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4. Mooring Stability Experiment
4.1. Model Experiment

Based on the principle of resemblance and in view of the fundamentals of engineering
construction and the condition of the water trough, the tested model was built at a scale of
1:10, and the design of anchor chains was made to resemble the prototype in length, mass,
and elasticity. The test of the model was carried out in the wave–current coupling water
trough of the National Engineering Laboratory. The installation of the model is shown in
Figure 9. The facilities and instruments employed in the experiment include the motion
alignment tool, tension sensor, mooring lines, wave height recorder, and current meter.
The motion alignment tool was installed before placing the model in the water for testing.
The parameters of the model such as its center of gravity, the depth of draught, and the
rotary inertia through ballast lead or iron were subsequently adjusted. In view of the wave
mass and current reflex caused by the current flowing through the water trough, the model
was placed as far as possible, near the center of the water trough. The distance between the
model and the wall of the water trough was about 1.7 m, much larger than the diameter
of the model; thus, the effect of the wall can be excluded. The experiment is shown in
Figure 10.
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4.2. Analysis of Experiment Results

The change of the shaking angle is taken as an absolute value. As shown in
Figures 11–13, the statistics of the test in the water trough reflects the model’s angle
variations in the RX, RY, and RZ directions under different working conditions. The model
selects 25 s of experimental time. The model oscillates irregularly before 10 s due to the
influence of wave flow, but after 10 s, the model gradually becomes stable on the whole.
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The comparison of the experimental results under three different working conditions
reveals that the model’s rotary angle hardly varies in the RX direction when the cycle
remains unchanged and the wave height increases. That is, the roll’s change always
stays within an angle of plus or minus 3 degrees. Such a slight change barely affects
the generating stability of the whole device, which will enable the device to absorb the
uttermost energy produced by the wave current. The model’s rotary angles in the RY
and RZ directions, namely the angles of pitch and yaw, both change within an angle of
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plus or minus 15 degrees, the effect of which on the whole operation of the device is
relatively small.

5. Conclusions

In this study, the mooring system of the power-generating device was designed, and
the mooring angle was determined by calculation. After simulating the wind, wave, and
current coupling of the power-generating device, the angle changes of the device under
three different working conditions were obtained. At the same time, a series of experiments
were carried out in the sink and the following conclusions were obtained:

Under the same working conditions, a comparison of the simulation and experimental
results shows that due to the lack of airflow equipment, the angle of change in the experi-
ment is about 2 degrees smaller than that in the simulation, but the overall curve of the
experiment and the simulation is the same, which has reference value.

Both simulation and experimental results show that under regular wave conditions,
when the period remains the same and the wave height increases, the roll angle change is
stable within plus or minus 3 degrees.

This design of the mooring system can ensure the stability of the device, thereby
absorbing the most extreme wave energy.

Author Contributions: Conceptualization, software, methodology, data curation, writing original
draft preparation, and validation, Z.M.; conceptualization, supervision, and funding acquisition Y.L.;
supervision, Y.L. and Y.C.; writing—review and editing, Z.M. and Y.D.; project administration, Y.D.
and Y.C. All authors contributed to the design of the study. All authors discussed, read, edited, and
approved the article. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Major Science and Technology Innovation Program of
Shandong Province under Grant No.2018CXGC0104, and the National Nature Science Foundation of
China under Grant No.U1706230.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Thank you very much for the support provided by the cooperation project of
China Institute of Water Resources and Hydropower Research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Østergaard, P.A.; Duic, N.; Noorollahi, Y. Sustainable development using renewable energy technology. Renew. Energy. 2020, 146,

2430–2437. [CrossRef]
2. Mwasilu, F.; Jung, J. Potential for power generation from ocean wave renewable energy source: A comprehensive review on

state-of-the-art technology and future prospects. IET Renew. Power Gener. 2019, 13, 363–375. [CrossRef]
3. Liu, P.; Chu, P. Wind power and photovoltaic power: How to improve the accommodation capability of renewable electricity

generation in China. Int. J. Energy Res. 2018, 42, 2320–2343. [CrossRef]
4. Stougie, L.; Giustozzi, N.; Vander Kooi, H. Environmental, economic and exergetic sustainability assessment of power generation

from fossil and renewable energy sources. Int. J. Energy Res. 2018, 42, 2916–2926. [CrossRef]
5. Wang, Z.; Carriveau, R.; Ting, D.S.K. A review of marine renewable energy storage. Int. J. Energy Res. 2018, 43, 6108–6150.

[CrossRef]
6. Baek, S.; Park, E.; Kim, M. Optimal renewable power generation systems for Busan metropolitan city in South Korea. Renew

Energy 2016, 88, 517–525. [CrossRef]
7. Qiu, S.; Liu, K.; Wang, D. A comprehensive review of ocean wave energy research and development in China. Renew Sustain.

Energy Rev. 2019, 113, 109271. [CrossRef]
8. Hou, J.; Zhu, X.; Liu, P. Current situation and future projection of marine renewable energy in China. Int. J. Energy Res. 2019, 43,

662–680. [CrossRef]
9. Wang, Z.; Dong, S.; Li, X. Assessments of wave energy in the Bohai Sea, China. Renew Energy. 2016, 90, 145–156. [CrossRef]
10. Chang, Y.; Wang, N. Legal system for the development of marine renewable energy in China. Renew Sustain. Energy Rev. 2017, 75,

192–196. [CrossRef]

http://doi.org/10.1016/j.renene.2019.08.094
http://doi.org/10.1049/iet-rpg.2018.5456
http://doi.org/10.1002/er.4013
http://doi.org/10.1002/er.4037
http://doi.org/10.1002/er.4444
http://doi.org/10.1016/j.renene.2015.11.058
http://doi.org/10.1016/j.rser.2019.109271
http://doi.org/10.1002/er.4218
http://doi.org/10.1016/j.renene.2015.12.060
http://doi.org/10.1016/j.rser.2016.10.063


J. Mar. Sci. Eng. 2021, 9, 1095 10 of 10

11. Wang, Z.; Dong, S.; Dong, X. Assessment of wind energy and wave energy resources in Weifang sea area. Int. J. Hydrog. Energy
2016, 41, 15805–15811. [CrossRef]

12. Yang, X.J.; Hu, H.; Tan, T. China’s renewable energy goals by 2050. Environ. Dev. 2016, 20, 83–90. [CrossRef]
13. Zhou, Z.; Benbouzid, M.; Charpentier, J. Developments in large marine current turbine technologies-A review. Renew Sustain.

Energy Rev. 2017, 71, 852–858. [CrossRef]
14. Kim, B.; Wata, J.; Zullah, M.A. Numerical and experimental studies on the PTO system of a novel floating wave energy converter.

Renew Energy 2015, 79, 111–121. [CrossRef]
15. Ren, W. Dynamic Analysis of Flexible Direct-Drive Wave Power Turbines; Shanghai Ocean University: Shanhai, China, 2016.
16. Guo, X.; Wu, Y. Research on power bandwidth design method of wave energy utilization device of direct drive turbine. J.

Hydroelectr. Eng. 2013, 32, 197–203.
17. Meng, Z.; Liu, Y.; Qin, J.; Sun, S. Mooring Angle Study of a Horizontal Rotor Wave Energy Converter. Energies 2021, 14, 344.

[CrossRef]
18. Pham, H. Methodology for modeling and service life monitoring of mooring lines of floating wind turbines. Ocean. Eng. 2019,

193, 106603. [CrossRef]
19. Pham, H. Dynamic modeling of nylon mooring lines for a floating wind turbine. Appl. Ocean. Res. 2019, 87, 1–8. [CrossRef]
20. Le, C.; Ding, H.; Zhang, P. Dynamic response analysis of a floating mooring system. J. Ocean. Univ. China 2014, 13, 381–389.

[CrossRef]
21. Muliawan, M.J.; Gao, Z.; Moan, T. Application of the Contour Line Method for Estimating Extreme Responses in the Mooring

Lines of a Two-Body Floating Wave Energy Converter. J. Offshore Mech. Arct. Eng. Trans. Asme. 2013, 135, 0313013. [CrossRef]
22. Dai, G.; Gong, W.; Shen, J. Theoretical analysis of basic waves of Donghai Bridge offshore wind farm. Chin. J. Geotech. Eng. 2013,

35, 456–461.
23. Zhu, Y. Analysis of the applicable scope of several wave theories. Coast. Eng. 1983, 2, 11–27.
24. Fan, T.; Ren, N.; Cheng, Y. Applicability analysis of truncated mooring system based on static and damping equivalence. Ocean.

Eng. 2018, 147, 458–475. [CrossRef]
25. Xu, S.; Ji, C. Dynamics of large-truncated mooring systems coupled with a catenary moored semi-submersible. China Ocean. Eng.

2014, 28, 149–162. [CrossRef]
26. Meng, Y.; Ju, F.; Zhu, R. Mooring system potential energy based on catenary theory. J. Shanghai Jiaotong Univ. 2011, 45, 597–603.
27. Zhu, T.; Yang, J.; Li, X. Research on the dynamic characteristics of deep-water semi-submersible platform mooring system. Ocean.

Eng. 2009, 27, 1–7.
28. Zhu, G.; Wu, J. Calculation of mooring catenary length based on parabola method. China Water Transp. (Second Half Mon.) 2013,

13, 140–169.
29. Meng, Z.; Liu, Y.; Qin, J.; Chen, Y. Mathematical Modeling and Experimental Verification of a New Wave Energy Converter.

Energies 2021, 14, 177. [CrossRef]
30. Guo, X.; Wu, Y. Study on bandwidth design method for direct-drive turbine wave energy converter. J. Hydrog. Eng. 2013, 32,

196–197.

http://doi.org/10.1016/j.ijhydene.2016.04.002
http://doi.org/10.1016/j.envdev.2016.10.001
http://doi.org/10.1016/j.rser.2016.12.113
http://doi.org/10.1016/j.renene.2014.11.029
http://doi.org/10.3390/en14020344
http://doi.org/10.1016/j.oceaneng.2019.106603
http://doi.org/10.1016/j.apor.2019.03.013
http://doi.org/10.1007/s11802-014-2023-9
http://doi.org/10.1115/1.4024267
http://doi.org/10.1016/j.oceaneng.2017.10.033
http://doi.org/10.1007/s13344-014-0012-9
http://doi.org/10.3390/en14010177

	Introduction 
	The Frequency Domain Analysis of Device 
	Regular Wave Simulation 
	Mooring Stability Experiment 
	Model Experiment 
	Analysis of Experiment Results 

	Conclusions 
	References

