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H I G H L I G H T S  

• A high-efficient built-in wave energy harvesting system is proposed for ocean observations. 
• The power output of the system is 1–2 orders of magnitude higher than previously reported ones. 
• The system fully integrated with the buoy succeeded in a 4-month test in the Northwest Pacific. 
• This work provides a promising energy solution of self-sustained ocean observations.  
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A B S T R A C T   

The ocean contains a huge amount of renewable energy. There is a tremendous need to develop new ocean 
energy harvesting technology for long-term and self-sustained global ocean observation. Herein, an omnidirec
tional and high-efficient built-in wave energy harvesting (WEH) system fully integrated in ocean observing 
platform is introduced, realizing energy harvesting and self-powered ocean-wave sensing, simultaneously. Based 
on the chaotic pendulum design and high-efficient electromagnetic coupling effect, the high output power of 520 
mW and power density of 0.66 mW/cm3 have been achieved under ultra-low-frequency wave excitation with 
wave height of 20 cm and period of 1 s, which is extremely higher than most of the reported ones. More 
significantly, the built-in WEH system was fully integrated with the buoy and successfully completed the offshore 
test in the Yellow Sea for one month and open ocean test in the Kuroshio Extension (KE) region of Northwestern 
Pacific for four months. During the offshore test, the working time of an autonomous positioning sensor of the 
buoy was significant extended from 10 to 25 days, which is 2.5 times longer. During the open ocean test, the 
built-in WEH system was able to long-term survive in the Kuroshio Extension, which is one of the most 
dynamically-complex regions in the global ocean. The maximum and averaged output power of 210 and 24.5 
mW, respectively, have been achieved, under the ocean wave heights and periods varying from 0.4 to 2.2 m and 
from 4.2 to 7.2 s. Meanwhile, the generated voltage data can be transmitted via Iridium Satellite and utilized for 
evaluating and sensing the real-time wave conditions, i.e., wave height and period. It comes to an encouraging 
conclusion that the built-in WEH system cannot only harvest sufficient energy to extend the service life of ocean 
observing platform, but also as a self-powered wave sensor to assist ocean monitoring. This work shows a 
promising milestone in WEH technology from laboratory prototype to practical open ocean application.   
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1. Introduction 

The ocean, covering over 70% of the earth’s surface, plays an 
important role in regulating the biogeochemical cycle and water cycle of 
the earth and is a crucial regulator of the global climate. It also contains 
abundant resources for sustainable development of the future [1–3]. The 
implementation of multi-disciplinary and comprehensive observation of 
the open ocean with long-term continuity and high space–time coverage 
is of great strategic and scientific significance to the global scientific 
observation, marine resources exploitation and ocean environmental 
monitoring [4]. At present, thousands of ocean observing platforms 
carrying a variety of sensors have been emerged to construct three- 
dimensional global observation networks, including moored buoys 
[5], drifters [6], underwater gliders [7], Argo floats [8,9], autonomous 
underwater vehicles (AUVs) [10] and so on. Since the observing systems 
have long-term mobile operation and capture a variety of sensing data, 
they consume a large amount of energy [11]. To extend their service 
lifetime, it is far from enough to reply on the high-capacity batteries and 
low power consumption. Not to mention that most of the ocean plat
forms are far from land and replacing the battery of the platform is 
rather challenging. There is a tremendous need to develop ocean energy 
harvesting technology to achieve long-term, self-sustained operation 
goal of the observing systems. 

The ocean contains a huge amount of renewable energy, such as 
wave energy [12–14], tidal energy [15–17], temperature difference 
energy [18,19], solar energy [20–22] and wind energy [23]. Wave en
ergy, as one of the most abundant reserves, has the advantages of wide 
distribution, low acquisition cost, independence of diurnal and atmo
spheric cycles; thus, it can be considered as the power supply candidate 
to ocean observing systems. However, due to the characteristics of ultra- 
low frequency, multi-directional, and irregular waveforms, there is no 
effective approach to harvest wave energy efficiently. Although the 
wave energy collection systems in large-scale have been developed at 
the power generation level of KW or MW as the industry mainstream, the 
weakness such as high cost, large volume and poor mobility make it 
unsuitable to directly power the ocean observing platforms. 

With recent rapid development of vibrational energy harvesting 
technology [24], direct-driven wave energy harvesters with miniatur
ized device size have attracted researchers’ great attentions [25]. In 
terms of working principle, the WEH devices usually require efficient 
energy capture mechanisms to harness the kinetic and potential energy 
of water wave, and then realize the transformation from mechanical to 
electrical energy through energy conversion mechanisms, such as elec
tromagnetic, piezoelectric, and triboelectric. Researchers have adopted 
a variety of external energy capture mechanisms, including turbine or 
seaweed-like blade, heaving or oscillating float, where the whole or part 
of the structure is in contact with water. It is straightforward that the 
water flow can directly drive the turbine [26–28] to rotate or seaweed- 
like blade [29,30,59] to swing, thus triggering the relative motion or 
deformation of the energy conversion materials to generate electricity. 
Besides, a number of researchers employed heaving floats [31–35] to 
absorb the random wave energy, then converted into linear recipro
cating movements of the internal structures. L. Zuo’s group used the 
heaving float for wave energy converter [36], with the buoy floating on 
the ocean surface and the cylinder connected to a submerged body. The 
relative motion between the buoy and cylinder can be generated under 
the wave excitation, and thus produced high power output. However, 
the device size was relatively large, and the integrated buoy required 
custom design. There are also a variety of energy harvesters employing 
different oscillating body shapes, such as raft- [37,38], nodding duck- 
[39,40], tumbler- [41,42], boat- [43,44], and ball- [45,46] shapes, to 
fully harness the multi-directional and irregular wave energy. Conse
quently, the inside oscillating bodies will be excited and the energy 
conversion mechanisms will generate power. However, most of the re
ported ones are still in laboratory prototype stage in watt or milli-watt 
level power output at predefined test conditions. Although they are 

imagined to be potentially used as power supplies in the global ocean, 
there is no reported demonstration for practical integration with ocean 
observing platform and implementation of long-term ocean test. 

In overall, the direct-water-driven WEH devices are the mainstream 
research direction of laboratory prototypes at present, because of the 
ease of fabrication and convenience of distribution in water. However, 
due to the direct contact with seawater, the devices encounter a series of 
practical challenges, such as poor environmental applicability, unstable 
output performance, short service life and easy to be damaged at severe 
sea conditions. Compared with direct-water-driven ones, the built-in 
WEH devices could be easily integrated inside various ocean observing 
platforms [47,48]. They have the advantages of avoiding direct contact 
with seawater and reducing the shock of waves, thus owning high safety 
and stability. The energy capture and conversion of the devices are 
indirectly realized by wave excitation of the observing platforms. Some 
built-in electromagnetic-triboelectric hybrid energy harvesting devices 
based on pendulum energy capture mechanisms have been reported 
[49,50]. But they are mostly laboratory prototypes, and suffer from low 
power output, inefficient power management circuits and low adapt
ability of random wave conditions. Therefore, it is hard to provide suf
ficient power for those sensors in ocean observing systems. 

On the other hand, a few papers have reported the possibility of 
realizing WEH and self-powered sensing at the same time [51–55]. Bao 
et al. [51] designed a biomimetic jellyfish TENG, which could be used 
not only as power supply for green LEDs or a temperature sensor, but 
also as a self-powered fluctuation sensor for potentially flood hazard 
monitoring. Shi et al. [53] designed a spherical WEH device to collect 
energy from internal and external water flow. Moreover, it can be used 
as a self-powered fishing sensor by distinguishing the electrical signal of 
normal wave excitation from tensile force. These works carried out 
preliminary verification of realizing energy harvesting and self-powered 
sensing, simultaneously. But there is still a big gap from the laboratory 
test to long-term and real-time unmanned ocean test. 

The Global Ocean Observing System (GOOS) is a permanent global 
system for observations, modeling and analysis of marine and ocean 
variables to support operational ocean services worldwide. It covers all 
Essential Climate Variables (ECVs) and Essential Ocean Variables 
(EOVs) such as temperature, salinity, pH, and other parameters from air- 
sea interface to deep ocean (Fig. 1(a)). A variety of ocean observation 
platforms (such as drifting floats, moored buoys, unmanned surface 
vehicles, etc.) equipped with a suite of sensors/facilities such as 
conductivity-temperature-depth (CTD), current meter, pH sensor, 
anemometer, and GPS provide unprecedented opportunities to data 
collections covering the global ocean (Fig. 1(b)). With the expansion of 
the system, the energy problems of various observing platforms have 
become increasingly prominent, and the cost of repeatedly placing 
buoys is huge. Therefore, it is imminent to collect environmental energy 
for energy supply. 

Herein, we developed an omnidirectional and high efficiency built-in 
WEH system fully integrated in an ocean observing platform, realizing 
self-sustained power supply and self-powered wave sensing, simulta
neously. Based on the omnidirectional free degree of a planar pendulum 
design, as well as the high-efficiency electromagnetic coupling effect, 
high output power of the harvester is managed to provide stable voltage 
source to automatic identification system (AIS) positioning sensor. In 
addition, the voltage waveform of the harvester in response to different 
wave excitation is analyzed and assessed as a self-powered wave 
monitoring sensor. The built-in WEH system integrates two functions in 
one, i.e., energy harvesting and self-powered sensing, providing a new 
strategy for extending the service life and enhancing the wave moni
toring function. It is worth to mention that the proposed WEH system is 
successfully implemented in an ocean moored buoy in the Kuroshio 
Extension region and completed a long-term, unattended open ocean 
trial of four-month, which is a promising milestone in WEH technology 
from laboratory prototype to open ocean application. 

As shown in Fig. 1(c), the built-in WEH system contains an 
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omnidirectional pendulum-based WEH (P-WEH) module, a power 
management module, a data acquisition (DAQ) module and an Iridium 
communication module. The P-WEH module is the key component for 
harvesting and converting wave energy into electrical energy, which can 
be utilized from two aspects of roles. On the one hand, the irregular 
voltage output is regulated, boosted and stored in a lithium battery, and 
then provides stable power supply to those sensors of ocean observing 
platform, such as pH sensor, positioning sensor, anemometer, et al. On 
the other hand, the real-time voltage data under different ocean wave 
conditions are collected via the DAQ module and send back to a server 
terminal through Iridium communication module. It can be eventually 
used to evaluate the ocean wave condition, i.e., wave height and period. 
The built-in WEH system is packaged in an ocean observing platform, 
avoiding the direct contact with seawater and reducing the possibility of 
wave damage. Therefore, the whole system has sufficient survival 
capability even under harsh seas, such as strong currents, storms, trop
ical cyclones, or tsunamis. More importantly, the built-in system enables 
the platform possessing with long-term, self-sustainable power genera
tion and wave monitoring capability. The service life of the ocean 
observing platform can be greatly prolonged, while the delivery and 
recovery costs are thus significantly reduced. 

2. Results and discussion 

2.1. Design of the built-in WEH system 

The key components of the P-WEH module are schematically illus
trated in Fig. 2(a), which are divided into three parts, i.e., energy cap
ture, boost, and conversion mechanisms. The energy capture mechanism 
employs a planar pendulum as a chaos mass, which is benefitting to 
capture the mechanical wave energy from ultra-low frequency and 
omnidirectional free degree of freedom. The pendulum motion gener
ated by the wave is transmitted to the energy boost mechanism with a 
transmission ratio of 20:1, which turns the motion into high-speed 
rotation. The energy conversion mechanism as shown in Fig. 2(b) con
sists of a shaft, a radial magnet, and the surrounding coils. The radial 
magnet driven by the shaft produces a high-speed rotating magnetic 
field, which causes the coil to generate induced current output. The 
detailed structures of the chaotic pendulum and the electromagnetic 
conversion mechanism are shown in Fig. S1(a)-(b). 

Fig. 2(c) shows the schematic diagram and picture of the power 
management module, with the printed circuit board size of 8 cm × 8 cm. 
A detailed working principle and circuit diagram are shown in Fig. S2 
(a). The module consists of rectifier, sampling, contrast, boost, clock, 
output control, and discharge circuits. The generated AC voltage output 
from the P-WEH module is decoupled by bridge rectifier and changed 
into pulsating DC output, which is supplied to the voltage boost circuit. 
Then, it is sampled with a frequency of 3 Hz by the voltage sampling 

Fig. 1. A The built-in WEH system for self-sustained power supply and wave monitoring in open ocean: (a) The Global Ocean Observing System (GOOS); (b) A 
variety of ocean observation platforms in the GOOS; (c) Composition and application of the built-in WEH system. 
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circuit. Based on the sampled voltage inputs, the voltage tracking and 
comparison circuit calculates the optimal power output to charge the 
lithium battery with rated voltage of 3.7 V after boosting. The output 
control circuit decides whether to discharge or not according to the 
voltage of the lithium battery. When the voltage of the lithium battery 
reaches 3.75 V, the circuit performs a boost output of 8.4 V or 12 V and 
stops the output when the voltage of the lithium battery is less than 3.55 
V (as shown in Figs. S2(b)-(c)). Fig. S3 shows the voltages and currents 
obtained before and after the power management module. Before the 
power management module, the input voltage and current are irregular 
waveforms obtained from the wave energy harvester (Figs. S3(a)-(b)). 
After the power management module, the output voltage is regulated as 
a stable voltage source. The output current is adjusted as well. Thus, the 
charged lithium battery can be a stable power supply to the sensor loads 
of the ocean observing platform. 

The DAQ module has the same size as the power management 
module. As shown in Fig. S4, it consists of signal sampling storage and 
satellite communication units. The generated voltage output from both 
the P-WEH module and the power management module can be sampled 
and stored in the memory card and transmitted back to the server. 
Therefore, the working status of the WEH system can be monitored in 
time even in distant open ocean. The complete built-in WEH system is 
shown in Fig. 2(d). 

2.2. Theoretical modelling and analysis of the P-WEH module 

The P-WEH module integrates the functions of energy harvesting and 
self-powered sensing together by using a planar pendulum design as well 
as an electromagnetic conversion mechanism. It is straightforward that 

the pendulum mass embedded in the ocean platform responds to 
omnidirectional and irregular wave excitation and induce chaotic 
rotation along the axis of the pendulum. This mechanical energy of the 
chaotic rotation will be partially converted into electric energy output 
through electromagnetic conversion mechanism. The output waveform 
of the P-WEH module can conversely reflect the dynamic motion of the 
pendulum. Since the pendulum is excited by its own buoy, the output 
waveform of the harvester objectively indicates the wave condition, 
such as wave height and period. As a result, the generated irregular 
voltage output of the P-WEH module can be considered as the power 
supply signal and self-powered sensing signal, simultaneously. To 
improve the energy capture and conversion efficiency, as well as to 
evaluate the wave sensing capability, theoretical modeling and analysis 
of the energy harvesting and wave sensing mechanisms are conducted as 
shown in Fig. 3. 

2.2.1. Dynamic analysis of the energy harvesting mechanism 
The P-WEH module adopts the rotational pendulum and electro

magnetic coupling effect to generate power. The rotation angle and 
angular velocity of the pendulum affect the voltage output of the module 
greatly. In order to maximize the output characteristics, theoretical 
modeling of the P-WEH module integrated with its own buoy has been 
built. As shown in Fig. 3, when the buoy swings with multiple degrees of 
freedom exited by omnidirectional and irregular ocean waves, the 
embedded pendulum produces chaotic rotation along the shaft axis 
under gravity effect. It is assumed that the rotating shaft of the 
pendulum is coaxial with that of the buoy. The flat plane of buoy as well 
as the rotation plane of pendulum is consistent with the tangent plane of 
wave at the corresponding buoy position. 

Fig. 2. Structural design and working principle of the built-in WEH system: (a) Schematic diagram of the P-WEH module; (b) Energy conversion mechanism; (c) 
Power management module; (d) photos of the built-in WEH system. 
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In the modeling, an omnidirectional and irregular waveform z(t) can 
be simplified as the superposition of multiple regular sinusoidal wave
forms with different wave heights, periods and phases along two 
orthogonal directions, i.e., x and y. Therefore, the irregular waveforms 
zx(t) and zy(t) in time domain along x and y axes are described as: 

⎧
⎪⎨

⎪⎩

zx(t) =
∑∞

m=1
Axmsin(ωxmt + φxm)

zy(t) =
∑∞

n=1
Aynsin(ωynt + φyn)

(1)  

where Axm,Ayn,ωxm,ωyn,φxm, and φyn are the heights, angular fre
quencies, and phases corresponding to different regular sinusoidal 
waves along x and y axes, respectively, and t is the time. Subsequently, 
the dip angle γ(t) of tangent plane of an irregular waveform z(t) at a 
particular buoy position can be divided into the angle of inclination α(t)
and β(t) along x and y axes of the waveforms, which are expressed as: 
{

α(t) = arctan(z
′

x(t))

β(t) = arctan(z
′

y(t))
(2) 

The chaotic motion of the pendulum mass is mainly driven by its 
gravity force, which can be projected into two orthogonal forces Fx(t)
and Fy(t) along x and y axes on the rotation plane of pendulum. 
{

Fx(t) = mgsinα(t)
Fy(t) = mgsinβ(t) (3)  

where m is the mass of pendulum, and g is the acceleration of gravity. 
Therefore, the driving force along tangential direction Fτ(t) induced by 
gravity on the rotation plane of pendulum can be expressed as: 

Fτ(t) = Fx(t)sinθ(t)+Fy(t)cosθ(t) (4)  

where θ(t) is the rotation angle of pendulum relative to the rotation shaft 
of buoy. According to Newton-Euler equation, kinetic equation of the 
chaotic pendulum on its rotation plane is given by. 

Fτ(t)e − (Cm + Ce)θ̇(t) − J0θ̈(t) = 0 (5)  

where e is the center distance between pendulum mass and rotation 
shaft, Cm is the mechanical damping factor, Ce is the electromagnetic 
damping factor, and J0 is the rotational inertia of chaotic pendulum 
relative to the axis of rotation shaft. According to Eqs. (1)-(5), the 
instantaneous angular velocity of chaotic pendulum θ̇(t) can be calcu
lated. 

From Eq. (5), the mechanical energy consumed by the electromag
netic damping moment is converted into electrical energy output. 
Hence, the instantons voltage output of the P-WEH module is propor
tional to the angular velocity of pendulum at the moment: 

UR(t) = keθ̇(t) (6)  

where ke is the equivalent electromagnetic damping coefficient consid
ering the combination effect of energy transmission and conversion 
mechanisms. Fig. S5, Note S1 show the experimental calculation steps to 
obtain ke value of the P-WEH module. 

Based on the above dynamic analysis, Simulink model was estab
lished as shown in Fig. S6. The dynamic motion of chaotic pendulum 
relative to buoy can be analyzed, such as rotation angle θ(t) and angular 
velocity θ̇(t) on the rotation plane under different wave excitation 
conditions. Accordingly, the eccentricity and mass of the pendulum for 
energy capture were optimized in Fig. S7 and Note S2 to achieve 
maximum power output. The parameters of the pendulum were finally 
determined as follows: the sector angle was 120◦, the thickness was 49 
mm, and the radius was 56 mm. 

2.2.2. Theoretical derivation of the wave sensing mechanism 
The instantaneous output voltage signal from the P-WEH module can 

be utilized not only for power supply, but also for evaluating and sensing 
the wave conditions, i.e., wave height and period. The basic approach is 
just opposite to the dynamic analysis of energy harvesting mechanism 
described above. 

During the open ocean test, the DAQ module sent back the real-time 
discrete voltage waveform data Ui(t) via an Iridium communication unit 
with a time interval Δt of 0.1 s. According to Eq. (6), the discrete angular 
velocities of pendulum θ̇i is coinciding with the voltage outputs Ui at the 

Fig. 3. Theoretical modeling and analysis of the P-WEH module for self-sustainable power supply and wave sensing in ocean.  
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moment: 

θ̇i(t) =
Ui

ke
(i = 1, 2, 3, ..., t/Δt) (7) 

Accordingly, the tangential and normal accelerations aτi, ani of 
rotational pendulum relative to the buoy shaft are derived as: 
⎧
⎪⎨

⎪⎩

aτi = eθ̈i

ani = eθ̇
2
i

(8) 

The gravity projection forces Fx(t) and Fy(t) along two orthogonal 
axes x and y on the rotation plane of pendulum are then expressed as: 
{

Fxi = maτisinθi + manicosθi
Fyi = maτicosθi − manisinθi

(9) 

Therefore, the angle of inclination αi and βi along x and y axes, as 
well as the dip angle γi of irregular waveform z(t) at a particular moment 
t can be calculated as: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

αi = arcsin(
Fxi

mg
)

βi = arcsin(
Fyi

mg
)

γi = arctan(
cosαi + cosβi̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

sin2αi + sin2βi

√ )

(10) 

Eventually, the evaluated wave height A, period T and wavelength λ 
of irregular waveform can be obtained as long as its main wave is 
simplified as a sinusoidal function. By building the corresponding 
Simulink model (Fig. S8), self-powered wave sensing can be realized 
without the additional use of commercial wave sensors in the ocean 
observing platform. 

2.3. Simulation and laboratory test of the P-WEH module 

In the P-WEH module, the electromagnetic conversion mechanism is 
used to convert the rotating mechanical energy of the energy capture 
mechanism into electrical energy, which strongly affects the output 
waveform and conversion efficiency. To obtain the optimized output 
performance, various rotational coil-magnet configurations as shown in 
Fig. 4 were analyzed by using the electromagnetic simulation software 
JMAG. According to the coil phase number as well as the coil-magnet 
configurations, i.e., fixed-coil rotational-magnet with brushless 
connection or fixed-magnet rotational-coil with brushed connection, the 
electromagnetic voltage waveforms of the two-, three- and four-phase 
brushless and brushed designs were simulated, as shown in Fig. 5. 

It is obvious from Fig. 5(d) and (h) that the averaged output voltage 
of every coil-magnet design increases as the rotating speed raises from 

500, 800, 1200, to 1500 r/min. The simulated voltage outputs of the 
brushless designs are shown in Fig. 5(a)-(c). The two-phase brushless 
design has larger coils than other brushless ones, and the voltage can be 
increased exponentially when the two coils are connected in series. 
While the coils of three-phase and four-phase brushless ones have phase 
differences of 180◦ and 90◦, respectively, which will offset each other to 
a certain extent after series or parallel connection, the output voltage 
will be reduced instead. Thus the output voltage of the two-phase one is 
more than two times higher than other designs. The simulated voltage 
output of the brushed designs can be seen in Fig. 5(e)-(g). Although the 
peak voltage of the three-phase brushed design is lower than that of the 
two-phase brushed one, it has relatively smaller voltage fluctuation, so 
the averaged voltage is nearly twice as high as the other two. Based on 
the above simulation results, it is concluded that brushless design gen
erates induction potential through fixed coil and rotational magnet, 
which has the advantages of low energy loss and high output voltage. 
But it is always accompanied by high frequency of alternating signal and 
difficulty of power tracking, which is hard to maximize the energy 
conversion efficiency. The brushed design generates electric potential 
through fixed magnet and rotational coil, and completes circuit 
connection through brush commutator, which produces voltage output 
with small height variation and high mean value. It is easy to track 
power and can be effectively matched with power management circuit 
with high energy conversion efficiency. Therefore, the coil-magnet 
configurations of the two-phase brushless and three-phase brushed de
signs, named as EM-I and EM-II, respectively, are selected to be the 
electromagnetic conversion mechanisms in the P-WEH module. 

To verify the energy harvesting performance of the P-WEH module 
with both EM-I and EM-II designs, laboratory test by using a large wave 
flume as shown in Fig. 6(a) was performed. Under different wave exci
tations of various wave heights and periods, real-time output voltages of 
the P-WEH module placed in a sealed float can be collected by DAQ 
module and transmitted wirelessly to the computer. Fig. 6(b)-(c) show 
the output voltage waveforms of the P-WEH module with EM-I and EM- 
II designs, respectively, under the wave excitations of fixed period of 1 s 
and varied heights. It is found that as the wave excitation height varies 
from 10, 15 to 20 cm, both the EM-I and EM-II designs produce gradually 
increased voltage spectra of 7.6, 12.5, 12.7 V and 4.0, 9.0, 9.2 V, 
respectively. Similarly, Fig. 6(d)-(e) show the output voltage waveforms 
of the two designs under the wave excitation of fixed height of 20 cm and 
varied periods. It is obvious that as the wave excitation period is 
extended from 1, 2 to 3 s, the voltage spectra of both EM-I and EM-II 
decrease greatly from 12.0, 5.2, to 0.8 V, and from 8.8, 2.3, to 0.7 V, 
respectively. This is because when the wave period is fixed, the smaller 
height will reduce the buoy inclination and the driving torque of energy 
capture mechanism during the excitation process, thus reducing the 
output power. After calculation, the EM-I with brushless two-phase 
design has a relatively higher peak power of 310 mW than the EM-II 
with 210 mW due to the larger coil size of brushless two-phase design. 

Fig. 4. Various coil-magnet designs of the energy conversion mechanism.  
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From the above data, it can be concluded that the P-WEH module 
integrating the EM-I and EM-II transducers has a maximum power of 520 
mW under the excitation of the wave height of 20 cm and the period of 1 
s. Based on the volume of 790 cm3, the maximum power density of the P- 
WEH module reaches 0.66 mW/cm3, which is much higher than most of 
the reported ones. For a more intuitive comparison of high performance 
of our device, relevant information is listed as Table 1. 

We have also evaluated the wave sensing capability according to the 
output voltage data of the device. The P-WEH module was fixed on a 6- 
degree-of-freedom (6-DOF) platform and the output voltage of the P- 
WEH was measured by an oscilloscope. Different water waves were 
imitated by changing the motion parameters of the 6-DOF platform, and 
then the output voltage of the P-WEH was collected to estimate the 
excitation wave parameters. Fig. 7(a) shows the output voltages of P- 

WEH under wave excitations in the laboratory with periods of 3, 5, 7, 9 s 
and wave heights of 10, 15, 20, 30 cm, respectively. Due to the small 
randomness of waves in the laboratory test condition, we can clearly 
distinguish the different wave periods of 9, 7, 5, 3 s by the number of 
voltage peaks in each data set in Fig. 7(a). From the analysis results in 
Fig. 7(b), the mean values of wave periods can be effectively distin
guished with an average error of 0.8%. Comparing the voltage signals of 
different wave heights of 10, 15, 20 and 30 cm at the same period in 
Fig. 7(a), the wave heights can be identified according to the voltage 
waveform variations. As shown in Fig. 7(c), the mean values of wave 
heights have an average estimation error of only 0.7%. The error bar 
indicates the maximum and minimum estimation values obtained at a 
specific wave condition. In general, it is reasonable and valid to use the 
output voltage data of the P-WEH module for wave assessment. 

Fig. 5. Simulation of voltage waveforms for the coil-magnet designs at different rotation speed: (a-d) the brushless designs; (e-h) the brushed designs.  

Fig. 6. (a) Laboratory test of the P-WEH module; Laboratory test results at (b-c) different wave heights and (d-e) different wave periods.  
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2.4. Offshore test: Wave energy self-powered technology extends the 
service life of ocean buoys 

The built-in WEH system, including the P-WEH module, power 
management module, DAQ module, and Iridium communication mod
ule, is initially integrated into an observing buoy for unmanned offshore 
test. Together with an AIS positioning sensor, the built-in ocean 
observing system is accomplished with the capabilities of high-efficient 
energy harvesting and supplying power to the autonomous positioning 
sensor. As shown in Fig. 8(a), the optimized P-WEH module is the key 
component for harvesting and converting the wave motion energy 
offshore into electrical energy. The irregular voltage output is regulated, 
boosted and stored in a lithium battery by using the power management 
module. According to the upper and lower voltage thresholds of 3.75 
and 3.55 V, the charging and discharging period of the lithium battery is 

controlled automatically. Subsequently, the AIS positioning sensor of 
the ocean observing system can be fully powered and provide its real- 
time position track. Meanwhile, to monitor and evaluate the working 
performance of the P-WEH module, real-time voltage data are collected 
via the DAQ module and transmit to a server terminal through Iridium 
communication module. It should be noted that the DAQ module re
quires an additional power supply during the laboratory and offshore 
test, so as to obtain a large amount of real-time testing data for further 
improvement, which is actually not necessary in future practical appli
cation. Fig. S9 shows the working circuit diagrams. 

The offshore test of nearly one-month was conducted near the 
Jiaozhou Bay of the Yellow Sea from Feb. 8 to March 4, 2021. Fig. 8(b) 
shows the site photos of the built-in WEH system equipped with an 
ocean buoy. During the test, the local weather conditions were sunny or 
rainy with an average wind speed of about force 4, and wave height of 
about 0.6 m. The real-time voltage data of the P-WEH module with both 
EM-I and EM-II designs are collected and transmitted to the computer 
terminal. As can be seen in Fig. 9(a)-(b), under the same test condition, 
the EM-I design with the maximum voltage of 12 V and power of 0.3 W 
processes relatively higher output performance than those of EM-II with 
the maximum values of 7 V and 0.12 W. The maximum power density of 
P-WEH is about 0.54 mW/cm3 at the wave condition of 0.6 m wave 
height, 3 s wave period. It not only verified the previous simulation 
results of the P-WEH module, but also proved that the generated output 
of the P-WEH module can provide sufficient power to the AIS positioning 
sensor. Fig. 9(c)-(d) shows the charging and discharging cycle of the 
lithium battery of 2800 mAh capacity by connecting with the P-WEH 
and power management modules. As long as the battery voltage is 
charged to 3.75 V, it will be discharged and boosted to supply a voltage 
source of 8.4 V to the AIS positioning sensor. When the battery voltage 
decreases to 3.55 V, the circuit will switch to the next charging cycle. 
During the offshore test period, a single charging and discharging cycle 
was about 165 h, which provided about 2000 mAh power to the posi
tioning sensor. It is worth mentioning that the working time of the AIS 
positioning sensor was significant extended from 10 to 25 days, which 
was about 2.5 times longer by using this built-in WEH system. The 
mobile phone client clearly shows the running track of the buoy given by 
the AIS positioning sensor during the unmanned offshore test of nearly 
one month (Fig. 9(e)). The implementation of long-term and self- 
sustainable ocean observing system is preliminarily demonstrated by 
the offshore test. 

Table 1 
Comparison of the reported WEH with various output performances.  

Reference Type Output 
power 

Test 
period 
(s) 

Volume 
(cm3) 

Power 
density 
(mW/ 
cm3) 

Normalized 
power 
density 
(mW/ 
cm3⋅Hz) 

[31] EMG 7.94 W  1.6 48 × 48 
× 22  

0.156  0.250 

[33] EMG 2.51 W  1.0 Φ 19 ×
h35  

0.252  0.252 

[39] TENG 9.5 μW  5.0 10 × 20 
× 0.01  

0.004  0.020 

[41] TENG 12.5 
mW  

1.0a Φ 20b  0.006b  0.006 

[47] EMG 
+

TENG 

6.7 mW  0.7a 4 × 4 ×
6 b  

0.070  0.049 

[50] EMG 
+

TENG 

1.25 
mW  

0.4 Φ 10 ×
h16.7  

0.009  0.004 

[56] TENG 40 mW  0.3 a 180  0.444  0.133 
This 

work 
EMG 520 

mW  
1.0 Φ 12 £

h8.5  
0.660  0.660  

a The period is estimated according to the frequency of AC voltage given in the 
article. 

b The volume is estimated according to the dimensional parameters given in 
the article. 

Fig. 7. Wave sensing analysis of the P-WEH module: (a) Output voltages of the P-WEH module under different wave excitations; (b) Estimation results of the wave 
period; (c) Estimation results of the wave height. 
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2.5. Open ocean test: The built-in WEH system for long-term wave energy 
harvesting and self-powered ocean monitoring sensing 

To explore the built-in system’s capability and stability of energy 

harvesting and self-powered wave sensing in open ocean, a four-month 
test was conducted in the Kuroshio Extension region of Northwestern 
Pacific at 146.6◦E and 35◦N. The Kuroshio Extension, one of the most 
dynamically-complex regions in the global ocean, is full of intensive 

Fig. 8. (a) Logic diagram and (b) photos of the built-in WEH system integrated in ocean buoy for offshore tests.  

Fig. 9. Offshore test of the built-in WEH system: (a-b) Output performances of the EM-I and EM-II designs during the offshore test; (c-d) Charging and discharging 
voltages during power supply to the AIS by the power management module; (e) The running track of the buoy displayed by the mobile client. 
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currents, strong winds and rough waves, posing challenges in long-term 
continuous ocean observations. Due to the coexistence of strong storms 
and currents, it is very difficult for moored buoys to survive in this area. 
In view of above key problems, the CKEO (China Kuroshio Extension 
Observatory) was developed by Ocean University of China and main
tained from 2019 until very recently, which was verified to withstand 
severe typhoons and winter storms and operate stably [57]. 

Fig. 10 shows the assembly diagram and sea trial photos of the built- 
in WEH system integrated in CKEO. Fig. S10 shows the working circuit 
diagrams. From Jun. to Oct., 2020, the built-in WEH system has been 
continuously generating output voltage under the excitation of ocean 
waves for about four months. For the convenience of data analysis, the 
DAQ module was implemented to collect the real-time voltage data at a 
sampling frequency of 10 Hz. In the meantime, continuous voltage 
waveform data of 60 s was returned to the computer through Iridium 
communication for every 50 h. Eventually a series of voltage waveform 
data were online monitored. Fig. 11(a) listed the averaged wave heights 
and periods at the targeted area with an interval of 50 h from Jun. 22 to 
Oct. 22. The wave height varied from 0.4 to 2.2 m, while the wave 
period changed from 4.2 to 7.2 s, respectively. The detailed meteoro
logical information during this period was provided in the Fig. S11. The 
inset figures show a series of real-time transmitted voltage waveforms 
under the corresponding wave conditions. A completed 63 sets of real- 
time voltage data during these periods can refer to Fig. S12. It is 
found from these voltage waveforms that the maximum output voltage 
of the WEH system is larger than 10 V. The maximum power and power 
density can reach to 210 mW, and 0.27 mW/cm3. In the long-term un
attended open ocean test, the built-in WEH system can always work 
stably with an averaged output power of about 24.5 mW. 

According to Eqs. (7)-(10), the wave sensing during this period can 
be realized based on the backward derivation of the real-time voltage 

waveforms. Fig. 11(b)-(c) shows the comparisons of derived and 
measured values of wave heights and periods from Jun. 22 to Oct. 22, 
which were obtained separately from the generated voltage waveform 
data of the P-WEH module and the commercial wave sensor mounted in 
the buoy. The built-in WEH module as a self-powered wave sensor was 
basically consistent with the actual measured sea wave curve in terms of 
mean wave height and wave period. The mean relative errors and the 
root mean square error of the wave height and period between derived 
and measured values are 0.18 m, 0.21 m, and 0.30 s, 0.36 s, respectively. 
It is therefore the long-term, self-powered wave sensing and energy 
harvesting can be realized by using the built-in WEH system, simulta
neously. With two functions in one, it is hopeful that the built-in WEH 
system can not only harvest sufficient energy to extend the service life of 
ocean observing systems, but also serve as a self-powered wave sensor to 
assist open ocean wave monitoring. 

3. Conclusion 

To achieve long-term and self-sustained operation of the ocean 
observing system, we have developed an omnidirectional and high- 
efficient built-in WEH system, realizing both energy harvesting and 
self-powered wave sensing at the same time. The high output power of 
520 mW and power density of 0.66 mW/cm3 can be achieved under the 
ultra-low frequency wave excitation of 1 s in period and 20 cm in height. 
In the offshore test, the P-WEH module can harvest wave energy and 
provide a stable voltage source of 8.4 V for the AIS positioning sensor. 
The cumulative power supply of about 2000 mAh was able to extend the 
working time of the AIS positioning sensor from 10 to 25 days. During 
the four-month open ocean test, the built-in WEH system was not only 
able to power the moored buoy with a maximum and average power of 
210 mW and 24.5 mW, but also combined with the DAQ module as a 

Fig. 10. (a) Logic diagram, (b) assembly, (c) location and (c) sea trial photos of the built-in WEH system integrated in CKEO for open ocean tests.  
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self-powered wave sensor to assist ocean observation studies with an 
average error of only 0.18 m in wave height and 0.3 s in period. It is 
shown that the proposed built-in WEH system integrated with the ocean 
observation buoy can be used as a wave monitoring sensor and energy 
harvester at the same time, which can extend the service life of the buoy 
and also assist in strengthening the long-term ocean observation ability. 

4. Methods 

4.1. Fabrication of the P-WEH module 

The P-WEH module was manufactured via precision machining and 
laser cutting technologies. The module has a dimension of 8.5 cm in 
height and the diameter of support pedestal is Φ12 cm, including energy 
capture, boost, and conversion mechanisms. The energy capture mech
anism is a fan-shaped pendulum made of copper, with a radius of 5.6 cm 
and a thickness of 4.9 cm. The encapsulation material of the conversion 
mechanism is acrylic, there is a radial magnet made of sintered NdFeB 
material with a diameter of 8.4 cm and a height of 1.4 cm, and the outer 
copper coil has a wire diameter of 0.02 mm. The boost mechanism is a 
copper gear pair with a 20:1 transmission ratio. In order to adapt to the 
installation of different buoys, a 3 cm diameter through hole is reserved 
in the middle of the P-WEH module, and the loss module volume is 
approximately 166 cm3. The total height of the built-in WEH system 
formed by installing an acrylic stand above the module is 13.5 cm. 

4.2. JMAG-designer simulation 

The output voltages of conversion mechanisms with different coil- 
magnet designs were numerically calculated by the commercial soft
ware JMAG-Designer 16. The flux density and the relative magnetic 
permeability for the magnet were set as 1 T and 1.05, respectively. The 
electrical potential difference at different rotational speeds was 
calculated. 

4.3. Experimental setup 

The P-WEH module was fixed and excited by a 6-DOF platform 
(MHMF082L1V2M). The output voltage of the P-WEH module was 
measured by an oscilloscope (Tektronix MDO3034). The power man
agement circuit connects a regulated power supply (DPS-3005D) to 
simulate the input current and the output voltage is measured by a 
handheld oscilloscope (UTD1025C). In addition, a large wind-wave- 
current flume and a wave maker simulated waves in the open ocean, 
and a data acquisition card (RF2048) was used to measure the output 
voltage of the P-WEH module in the laboratory test. 
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