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ABSTRACT 
 

Marine robots are an important tool for developing and exploring the ocean, which can adapt and 
work in the harsh marine environment. However, energy supply is one of the important factors that 
limit the operational capabilities of marine robots, and obtaining energy from the marine 
environment is an important way to improve the operating time and scope of marine robots. Wave 
energy is the most widely distributed in the ocean, with high energy flow density and easy to 
develop renewable clean energy. Therefore, wave energy can be used to provide energy for marine 
robots. Wave energy provides the possibility to solve the problem between the basic endurance 
and limited energy of marine robots. This paper introduces wave energy, summarizes the 
application of wave energy in marine robots, and analyzes its development trend, so as to provide 
reference for energy research of marine robots. 
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1. INTRODUCTION  
 
So far, due to the emergence of the global 
resource crisis, traditional energy (coal, oil, 
natural gas) is increasingly unable to meet the 
development and survival of human society. The 
ocean contains abundant natural resources, so 
people turn their attention to ocean energy. 
However, the marine environment is complex 
and changeable, and the natural conditions are 
very harsh, making long-term exploration of the 
ocean very difficult. With the rapid development 
of robotics, marine robots have been applied to 
the exploration and development of the ocean. 
Marine robots include unmanned surface 
vehicles (USV), autonomous underwater vehicles 
(AUV), Remotely Operated Vehicle (ROV)Human 
Occupied Vehicle (HOV) and hybrid-driven 
robots [1-3]. Marine robots mainly rely on 
batteries to provide energy for them, but the 
energy stored in batteries is limited and cannot 
provide the required energy for these vehicles for 
a long time. When the battery power is 
exhausted, it needs to be salvaged manually to 
recharge the device, and then replace the device 
after the battery is fully charged [4]. Moreover, if 
the battery suffers damage during use, it can 
cause pollution of the marine environment. Some 
marine robots rely on the surface mother ship to 
provide energy for them through cables.                       
This method is usually limited by the length of               
the cable, so the operating range of marine 
robots is limited [5]. Researchers from various 
countries are seeking new ways to increase                  
the operating range and time of marine               
robots [6]. 
 
One of the most important challenges facing 
marine robotics research over the past few 
decades has been the provision of underwater 
vehicles with long endurance. In order to reduce 
the consumption of vehicles, a lot of effort has 
been made to improve the power supply system, 
thereby extending the mission from hours to 
weeks or months, and extending the range to 
thousands of kilometers. There are a variety of 
energy that can be used in the working 
environment of marine robots, mainly including 
solar energy, wave energy, and temperature 
difference energy. 
 
Wave energy is one of the most important 
sources of ocean energy, and it is a renewable 
and clean energy that is easy to use directly and 
has abundant reserves [7]. According to a survey 
by the World Energy Council, the world's 
available wave energy has reached 2 billion 

kilowatts, and the power generated by wave 
energy is equivalent to twice the current world's 
power generation energy. It can be seen that 
wave energy is rich in renewable energy 
reserves and has broad development prospects 
[8]. The use of ocean wave energy to provide 
power sources for aircraft has become a 
research hotspot in various countries. The use of 
ocean wave energy provides a new way for 
marine robots to develop and explore ocean 
resources in a large range, with long voyages 
and high efficiency. 

 
2. WAVE ENERGY OVERVIEW 
 
2.1 Mathematical Description of Wave 

Energy 
 
Generally, in order to describe the ocean waves 
objectively and accurately, here a simple sine 
curve or cosine curve is used to describe 
mathematical model of the ocean waves [9]. 

 
The study of waves makes the following 
assumptions: the fluid is ideally incompressible, 
the motion is irrotational, there is a velocity 

( , , , )x y z t and the following conditions are 

satisfied [10]. 

 
(1) Governing equation - Lagrangian equation 
 

2 ( , , , ) 0x y z t   in the fluid domain 
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(3) Conditions on the object plane, on the object 
plane S 
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In order to mathematically describe waves, a 
wave motion coordinate system is established, 
and the origin of the coordinate system is 
selected on the water surface at rest, which 

coincides with xOy the still water surface, and 

Oz vertically upwards perpendicular to the still 

water surface. Since the water surface can 
fluctuate freely, it is called a free surface, the 

equation is set to ( , , )z x y t , and the 

corresponding boundary conditions need to be 
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supplemented on the free surface. The wave 
motion coordinate system is shown in Fig. 1. 
 

 
 

Fig. 1. Wave Motion Coordinate System 
 
The kinematic conditions of the free surface: 

( , , )z x y t the velocity of the fluid particle on 

the free surface rising and falling with the surface 
should be [11]: 
 

d
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on the wave surface: ( , , , )z x y z t  
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on a free surface the boundary conditions need 
to be satisfied: 
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where, ap is the atmospheric pressure, g is the 

gravitational acceleration 
 

2.2 Characteristics of Wave Energy 
 
(1) Renewable and pollution-free 
 
Wave energy is mainly used for power 
generation to provide clean energy for national 
defense and marine facilities in remote sea 
areas. Wave energy has the advantages of high 
energy density and wide distribution. The main 
reason for wave energy is the effect of wind, 
which is essentially formed by absorbing wind 
energy, so wave energy can be generated 
continuously. 
 
(2) Large reserves, wide distribution 
 
Wave energy appears in the form of mechanical 
energy, with the highest power density in Marine 
energy. It is ubiquitous in the ocean, which 

means that wave energy can be used all day 
long. The average density of wave energy can 

reach 2-4 2/kW m ,which is significantly higher 

than solar energy (100-200 2/W m )and other new 

energy sources [12]. 
 

(3) Wave energy can be used as a source of 
driving force 

 

Wave energy can be converted into power 
resources through certain devices. On the other 
hand, wave energy can also be used as a source 
of driving force for new marine robots. The wave-
driven surface robot is a marine robot propelled 
by wave energy, which has the advantages of 
unmanned, high concealment, long endurance, 
zero pollution, and economy. 
 

(4) Unstable wave energy 
 

The distribution of wave energy has significant 
seasonal and regional differences, and the 
energy is difficult to be concentrated and used. In 
terms of energy current density, the wave energy 
current density in January and October in the 
South China Sea is generally higher than that in 
April and July. The wave energy current density 
in January is the highest in four representative 
months, and the energy current density in April is 
the lowest in four representative months. 
However, the energy current density in most of 
the sea areas is still within the available range 
[13]. 
 

(5) Low conversion efficiency of wave energy 
 

Taking wave energy generation technology as an 
example, so far, wave energy generation devices 
have formed three mainstream types: oscillating 
water column type, wave-surpassing type, and 
oscillating body type. Through the statistics and 
evaluation of the existing devices, it is obtained 
that the energy-capturing efficiencies of the 
oscillating water column device and the surfing 
device are about 29% and 17% respectively. In 
the oscillating body device, 70.18% of the 
pendulous device efficiency was lower than 20%, 
and 70.9% of the pendulum device efficiency 
was lower than 40% [14,15]. 
 

3. APPLICATION OF WAVE ENERGY IN 
MARINE ROBOTS 

 

3.1 Wave Propulsion for Marine Robots 
 
The wave-driven surface robot is a marine robot 
propelled by wave energy, which has the 
advantages of unmanned, high concealment, 
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long endurance, zero pollution, and economy. 
Foreign research on wave-driven surface robots 
began in 2005, and it is mainly used to monitor 
and study the sound of humpback whales. Wave-
driven surface robots are identified as 
multifunctional platforms for scientific, 
commercial, and military applications. Liquid 
Robotics has developed two types of Wave 
Glider series, SV2 and SV3 [16,17]. So far, wave 
gliders have been tested in various harsh 
environments, and wave-driven surface robots 
have strong survivability in extreme 
environments. In 2011, a wave-driven surface 
robot set off from San Francisco on an aerial 
survey mission across the Pacific Ocean. In 
2012, after a year of sailing, the wave-driven 
surface robot safely returned to the starting point 
and completed the task of crossing the Pacific 
Ocean, which set a new world record for 
autonomous robot navigation [18]. 
 
Another application of wave propulsion is wave-
driven unmanned surface vessels [19].  Wave-
driven unmanned surface vessels are small 
watercraft that are propelled by ocean waves. 
Due to the widespread and constant presence of 
waves in the ocean, these vessels utilize wave 
energy as their power source, providing them 
with strong endurance. Wave-driven unmanned 
surface vessels find extensive applications in 
military and agricultural sectors. In the military 
domain, they can be used for tasks such as mine 
sweeping, surveillance, and anti-submarine 
operations. In the field of agriculture, various 
fields such as marine environmental monitoring 
and maritime patrol can be carried out. 
 
(1) Structure and components of wave-driven 

surface robots 
 
The structure of the wave-driven surface robot is 
mainly composed of three parts, which are the 
surface floating body, the middle mooring cable 
and the underwater driving carrier, as shown in 
the Fig. 2. The cabin of the floating body on the 
water surface is divided into three parts, 
consisting of the front cabin, the rear cabin and 
the control cabin in the middle [20-22]. The front 
compartment and the rear compartment are 
mainly load compartments, and communication 
systems, sensor systems and energy systems 
are installed in these two compartments. 
Wireless communication equipment, a weather 
station, a wave height meter and a camera are 
installed on the deck of the floating body on the 
water surface. The fixed tail rudder at the tail of 
the floating body adopts a sickle shape, and the 

tail rudder makes the hull have good stability, 
which can make the hull avoid obstacles and sail 
normally according to the predetermined track. 
Solar panels are installed on the surface of the 
floating body, which can provide energy for the 
electronic communication equipment and sensor 
equipment in the cabin. Solar panel power 
generation is greatly affected by seasons and 
geographical locations, and sometimes cannot 
provide the maximum output power. 
 
The underwater drive carrier is mainly composed 
of a main frame, a hook, a gliding hydrofoil and a 
steering tail rudder. The underwater drive carrier 
is shown in the Fig. 3 [23]. The main frame is the 
frame of the carrier, the hook is used to lift the 
carrier and connect the middle tether cable, and 
the steering rudder is used to control the 
direction of the robot's movement. The gliding 
hydrofoil is the key to the entire underwater drive 
carrier, and the hydrofoil provides a steady 
stream of power for the wave-driven surface 
robot. 
 

 
 

Fig. 2. Structure of a wave-driven surface 
robot 

 

 
 

Fig. 3. Structure of the underwater drive 
carrier 
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The length of the middle mooring cable should 
not be too long, otherwise it will cause 
asynchronous movement and increase the 
overall resistance of the wave glider. According 
to the working environment of the wave-driven 
surface robot, the length of the middle mooring 
cable can refer to the working water depth. The 
material selection of the intermediate tether 
needs to have good tensile resistance and 
toughness. Since it works in a seawater 
environment, it should also have good waterproof 
and corrosion resistance. There are cables inside 
the middle tether, which transmit signals for the 
floating body on the water surface and the 
underwater drive carrier. When the surface 
floating body receives the shore-based signal, 
the middle tether cable transmits the signal to the 
tail rudder of the underwater drive carrier to 
control the robot to turn according to the 
predetermined route. 
 
(2) Propulsion mechanism of wave-driven 

surface robot 
 
The movement of the wave-driven surface robot 
in the waves is shown in the Fig. 4. The wave-
driven surface robot moves in the waves, among 
which the underwater drive carrier plays a 
decisive role, which provides power for the entire 
robot. Wave undulations cause the heave motion 
of the floating body on the water surface. The 
heave motion causes the lifting motion of the 
underwater drive carrier through the middle 
tether cable. The 12 hydrofoils of the underwater 
drive carrier generate forward driving force, and 
then pass through the middle will pull the entire 
robot forward. 
 

 
 

Fig. 4. The wave-driven surface robot in the 
waves 

 
When the wave crest comes, the floating body 
moves upwards driven by the waves, and the 

underwater drive carrier is pulled through the 
middle mooring cable, and the whole robot 
moves upwards. At this time, under the action of 
hydrodynamic force, the wing plates on both 
sides of the underwater drive carrier rotate 
counterclockwise at a certain angle, causing the 
water to generate a horizontal forward 
component force on the underwater drive carrier, 
which is transmitted through the middle tether 
Give the floating body on the water surface and 
pull the whole robot to move forward. When the 
trough comes, the water surface floating body 
will move downward due to its own gravity, and 
the middle mooring cable will become slack 
without tension for a period of time. The 
underwater driving carrier will also move 
downward due to its own gravity. At this time, 
under the action of hydrodynamic force, the wing 
plates on both sides of the underwater driving 
carrier will rotate clockwise at a certain angle. 
The rotation of the wing plate will cause the 
water to generate a horizontal forward 
component force on the underwater drive carrier, 
which is also transmitted to the water surface 
floating body through the middle tether cable, 
and then pulls the entire robot to move forward. 
In short, when the waves come, no matter the 
crest or the trough, the floating body on the water 
surface does heave motion in the vertical 
direction, and the hydrodynamic component of 
the underwater wing plate is always forward, so it 
can always provide direction for the wave-driven 
surface robot. previous driving force. Wave-
driven surface robots use mechanical means to 
directly convert wave energy into propulsion, 
without consuming other energy sources, and 
can achieve long-term battery life and large-    
scale work The propulsion mechanism of the                       
wave-driven surface robot is shown in the                    
Fig. 5 [24]. 
 

 
 

Fig. 5. Propulsion mechanism of wave-driven 
surface robot 
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(3) Application of wave-driven surface robots 
 
The characteristics of low cost, long-lasting 
endurance, and wide application range of wave-
driven surface robots make them widely used in 
the monitoring of marine environments. The 
wave-driven surface robot relies on the 
conversion of wave energy by the underwater 
drive carrier to provide driving force for the robot 
without the consumption of other energy sources, 
which greatly improves the range and time of its 
navigation. 
 
Wave-driven surface robot applied to fishery 
acoustic survey [25]. The fisheries research 
community has been working to reduce the noise 
of vessels used in acoustic stock assessment 
surveys, and while significant noise reductions 
have been achieved, no vessel powered by a 
diesel engine can match the quiet operation of a 
wave-driven surface robot. Acoustic data 
obtained from wave-driven surface robots will 
have significant advantages over data obtained 
from traditional low-noise shipboard surveys for 
population assessment. Most importantly, the 
survey of fish stock distribution by wave-driven 
surface robots takes less time than traditional 
low-noise shipboard surveys. 
 
Wave-driven surface robots are used in military 
aspects such as sea area surveillance. Wave-
driven surface robotic ocean observation 
platforms can be controlled remotely, with some 
capability for autonomous operation. They are 
powered by wave energy and are designed for 
constant surveillance. The wave-driven surface 
robot applied in sea area surveillance is shown in 
the Fig. 6 [26]. 
 

 
 

Fig. 6. The wave-driven surface robot applied 
in sea area surveillance 

 

Wave-driven surface robots are used in ocean 
exploration. The wave-driven surface robot 

attaches the two equipment with side-scanning 
sonar to the tail end of the underwater tractor of 
the wave- driven surface robot to realize terrain 
mapping, and the experimental results are good. 
Wave-driven surface robots applied to marine 
hurricane forecasting and research. Wave-driven 
surface robotic ocean observation platforms have 
become a major component of many U.S. and 
international ocean hurricane warning systems. 
 

3.2 Marine Robot Wave Power Generation 
 
One of the most important challenges in marine 
robotics research over the past few decades is to 
provide long endurance for underwater vehicles. 
A great deal of effort has focused on power 
system improvements to reduce the consumption 
of the aircraft, thereby extending missions from 
hours to weeks or months, and to ranges of 
several thousand kilometers. Recharging the 
internal batteries of marine robots during 
missions is another unique approach to long-
term autonomy. A more flexible, almost 
unexplored idea is to equip marine robots with a 
portable device capable of harvesting energy 
directly from surrounding waves to power the 
marine robot's internal electrical equipment. 
Waves in the ocean are not limited by time and 
place, so it is of great research significance to 
directly convert wave energy into usable energy. 
 
(1) Introduction of marine robot wave power 

generation device 
 
Townsend team at the University of 
Southampton in the UK have considered a new 
rotary, wave-based energy harvesting system for 
charging underwater vehicles. The schematic 
diagram of the wave-based energy harvesting 
system is shown in the Fig. 7 [27]. A control 
moment gyro is installed inside the underwater 
vehicle. The control moment gyroscope is 
composed of a universal flywheel, and the swing 
of the underwater vehicle caused by waves will 
cause the movement of the universal flywheel, 
thereby generating relative motion and torque. 
The flywheel rotates to store energy in the form 
of kinetic energy. The flywheel has a diameter of 
0.1 m, a mass of 3.5 kg, a moment of inertia of 
0.00482 kg·m

2
, a rotation speed of 5000 r/min, 

and can collect an average of 0.05 W～0.6 W of 

energy per hour, the peak can reach 8 W per 
hour [28,29]. 
 
Researchers from Northwestern Polytechnical 
University have developed a shaking power 
generation device based on wave kinetic energy. 
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The power generating device is mainly 
composed of a rare earth permanent magnet 
generator and a swinging pendulum. The rare 
earth permanent magnet generator is fixedly 
installed on the unmanned underwater vehicle, 
and the swing pendulum is installed on the rotor 
of the generator. Its structure and installation 
position are shown in the Fig. 8 [30]. 
 

 
 

Fig. 7. Schematic diagram of a wave-based 
energy harvesting system 

 

 
 

Fig. 8. Principle structure of power generation 
device 

 
(2) Application of marine robot wave power 

generation 
 
Townsend team at the University of 
Southampton in the United Kingdom conducted 
two experiments on the south coast of England. 
The first test was carried out at low tide after high 
tide, in order to avoid the influence of tide on the 
waves. The second trial took place in 
Southampton waters at around high tide. This 
experiment found that the angular velocity of the 
underwater vehicle was greatest in roll, which 
exhibited different amplitudes and a larger 
frequency range compared to the measured pitch 
and yaw angular velocities. When the underwater 
vehicle oscillates and rotates under the 

interference of waves, the voltage is generated at 
the frequency of the angular velocity of the wave 
excitation of the vehicle. Experiments performed 
at low tide after high tide yielded a maximum 
instantaneous power of 3.58 W, and experiments 
performed at high tide yielded a maximum 
instantaneous power of 2.86 W. 
 

4. THE PROSPECT OF WAVE ENERGY 
APPLICATION IN MARINE ROBOTS 

 
Wave energy is widely distributed, abundant in 
reserves, and relatively convenient to develop 
and utilize, which provides a new way for the 
energy supply of marine robots. At present, there 
are two main ways of applying wave energy to 
marine robots. First, the wave energy is directly 
converted into mechanical energy for the 
movement of marine robots, such as wave-driven 
surface robots and wave-driven ships; second, 
the wave energy is converted into electrical 
energy through the device and stored, and then 
the electrical energy is used. The two methods 
have different advantages and disadvantages, 
and a reasonable choice needs to be made 
according to the task requirements. 
 
Wave energy still needs to be improved in 
several aspects in the application of marine 
robots. First, improve the conversion efficiency of 
wave energy directly into mechanical energy. 
Through the optimization of the motion 
mechanism and parts, the marine robot can 
make full use of wave energy. Second, efficient 
energy storage technology. After passing through 
the wave energy capture device on the marine 
robot, the obtained electric energy needs to be 
stored. The pros and cons of energy storage 
technology have a great impact on the working 
ability of the marine robot. In addition, the energy 
storage method must also meet the 
characteristics of safety, reliability and stability. 
Third, the wave energy conversion device and 
the robot body structure should be integrated. 
The integration of various devices can reduce the 
loss in the energy conversion process, reduce 
the weight of the marine robot. 
 

More new technologies are coming soon. With 
people's attention to the development of wave 
energy technology, it is certain that in the near 
future, more and more new technologies will be 
cited and carried on marine robots, such as new 
materials, new methods, new devices, etc. For 
example, efficient energy storage technology. 
After energy is obtained, energy must be stored, 
and the advantages and disadvantages of 
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energy storage technology have a direct impact 
on the endurance and sustainable operation 
ability of marine robots. 
 

The comprehensive utilization of new energy is 
an important development trend. In the future, 
the comprehensive utilization of various marine 
new energy sources will expand the operating 
time and scope of marine robots. With the 
development of new energy technology, more 
forms of energy will be used in the design and 
development of marine robots in the future. 
 

5. CONCLUSION 
 

The utilization of ocean wave energy is a way of 
utilizing new ocean energy. With the rapid 
development of ocean wave energy utilization 
technology, the conversion method and 
utilization efficiency of wave energy will continue 
to improve. Regarding the research on the use of 
wave energy by marine robots, this paper draws 
the following conclusions. 
 

(1) At the same time, more and more marine 
new energy sources such as solar energy, 
wind energy, and temperature difference 
energy will be widely used in marine robots.  

(2) With the advancement of material technology 
and engineering technology, energy 
harvesting devices will become safe and 
reliable, providing a stable and efficient 
energy supply for marine robots. 

(3)  It is foreseeable that more and more marine 
new energy will be utilized by marine robots 
in the future. 

(4) The comprehensive utilization of multiple 
energy sources has expanded the scope of 
application of marine robots. To a large 
extent, this solves the problem of insufficient 
energy supply of a single energy source 
under specific sea conditions. 
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