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HIGHLIGHTS

o A self-powered triboelectric nanogenerator based buoy’s numerical model is proposed.

e The buoy’s hydrodynamic and electrical performance in small-amplitude waves is analyzed.
e A two-point mooring system of chains vertically to the wave ray favors the buoy application.
e The buoy has potential applications for powering marine internet of things.
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Due to the bottom effect and the shading effect of the land, the energy density of the wave propagation to the
coast reduces significantly, so that small-amplitude waves are widespread offshore. Triboelectric nanogenerators
(TENGsS) offer the prospect of obtaining the energy of small-amplitude waves with centimeter-level wave heights
offshore. This study proposes a numerical model of a self-powered sandwich-like TENGs (S-TENGs) based buoy.
The model is calibrated and verified through experiments. The effects of various parameters (e.g., mooring
configuration, wave frequency, and wave height) on the hydrodynamic and electrical performance of the buoy
under small-amplitude waves of centimeter-level wave height are analyzed. We demonstrated that it is more
conducive for the device to extract wave energy when the mooring lines are perpendicular to the wave direction.
The device’s peak power is 61.20 mW when the wave height is 6 cm, and the wave frequency is the natural
frequency of the device. Moreover, the angle between the S-TENG electrodes and wave direction varies has
slightly varied near the buoy’s natural frequency, thus, affecting the electrical properties of the device. At the
same time, the electrical performance is sensitive to the incident wave height. This study provides a reference on
the benefits of TENGs based self-powered buoys applications for powering marine sensing facilities, marine
ranches, and lake environmental monitoring.

1. Introduction [2]. At present, the extraction of wave energy is mainly performed by

electromagnetic generators (EMGs), which face the disadvantages of

Due to the limited amount of traditional fossil energy and the
strengthening greenhouse effect, the development of renewable and
clean energy has become a common goal worldwide [1]. Marine
renewable energy has promising prospects compared with traditional
renewable energy, as wave energy features the advantages of cleanli-
ness, renewability, high energy density, and attracts extensive attention

heavy mass, high cost, and easy corrosion [3]. At the same time, the
existing large-scale wave energy converters (WEC) for wave energy
extraction by EMGs require sufficiently high energy density. Thus, most
of them are placed in the open ocean, with few hundred kilometers away
from coasts. As the wave travels to the shore, the wave energy is
significantly decreased attribute to bottom effects (such as wave
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refraction, diffraction, underwater friction, and wave breaking) and the
complex effects of shading due to the presence of land (such as islands
and headlands) [4]. Therefore, unlike large waves several meters high in
the open ocean, small-amplitude waves within centimeters high are
more common in offshore areas. Lavidas et al. [5], Choupin et al. [6],
Kamranzad and Hadadpour [7] used the wave height of 0.5 m as the cut-
in and the wave height of 4 m as the cut-off to classify the sea area where
WEGCs are located into low, intermediate and high energy density areas.
Therefore, the sea areas with centimeters-level wave height can be
considered as low energy density sea areas. For these low energy density
sea areas, wave energy extraction by large-volume WECs based on EMGs
is no longer applicable. Hence, it is essential to develop more appro-
priate technologies for extracting wave energy from the small-amplitude
waves.

In 2012, Wang et al. [8] proposed the triboelectric nanogenerator
(TENG) concept, which can efficiently extract energy from various
sources, such as sound, wind, ocean current, low-frequency wave, etc
[9-12]. Meanwhile, they can be combined with high precision sensing
facilities [13]. In contrast to EMGs, TENGs provide higher energy output
performance in low-frequency environments and the advantages of
flexibility, portability, and economy [14]. Thus, the extraction of wave
energy using TENGs should have a broad prospect [15]. Different forms
of TENGs have been designed for the extraction of wave energy. For
instance, Zhang et al. [16] designed a sea snake structure wave energy
converter based on TENGs, but the device can only collect wave energy
in a specific direction. Xu et al. [17] proposed a tower-like TENG capable
of harvesting arbitrary directional wave energy, but the output perfor-
mance of multiple parallel-connected units needs to be further investi-
gated. Zhang et al. [18] presented a self-powered intelligent buoy
system (SIBS) powered by a multilayered TENG. However, the electrical
characteristics of the device have to be further optimized. In our pre-
vious works, Wang et al. [19] investigated the power output perfor-
mance of a sandwich-like triboelectric nanogenerators (S-TENGs)
through a series of physical modeling experiments. It has been demon-
strated that a new type of self-powered buoy with pitching motion
formed by seven S-TENG units in parallel could effectively extract wave
energy under wave action. However, this work focused only on the
structural design and primary output performance of the S-TENG. A
systematic study of the hydrodynamic characteristics of the self-
powered buoy has not been conducted.

This study proposes a numerical model based on S-TENGs self-
powered buoy, which is calibrated and validated by experiments. Nu-
merical simulations and experiments are performed to investigate the
hydrodynamic and electrical characteristics of the self-powered buoy
under the small-amplitude waves within centimeters high. This study
also provides a reference for applying self-powered buoys in the power
supply of offshore sensing facilities, marine ranches, lake environment
monitoring.

The structure of this study is as follows. Section 2 briefly describes
the physical model tests and numerical simulation method used, and the
numerical model is calibrated and validated. Section 3 presents the
systematic analysis of the hydrodynamic and electrical characteristics of
S-TENGs based self-powered buoy for different wave heights, wave
frequencies, and mooring configurations. Finally, the conclusions are
presented in Section 4.

2. Methods
2.1. Experimental method

While investigating the self-powered buoy under small-amplitude
waves of centimeter-scale wave heights, it is crucial to analyze the de-
vice’s hydrodynamic and electrical characteristics, and to identify the
various factors affecting its energy conversion. Therefore, it is necessary
to conduct a systematic experimental study under regular waves [20].

The experiments of this study were conducted in a wave-current tank
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for the marine environment at the State Key Laboratory of Coastal and
Offshore Engineering, Dalian University of Technology, China. The
flume dimensions are 50 m in length, 3 m in width, and 1 m in depth.
Waves are generated with a piston-type unidirectional wavemaker
installed at one end of the tank. A wave-absorbing beach is located at the
other end to reduce the wave reflection.

Fig. 1(a) schematically shows the experimental setup. The self-
powered buoy was arranged 25 m away from the wavemaker and 1.5
m away from the sidewall of the water tank. Bachynski et al. [21]
concluded that a slack mooring system only affects the pitch motion of
WEC at a shallow frequency. Therefore, two steel rings were attached to
the bottom of the buoy at 0.05 m on both sides of the axis, which along
the incident direction of the wave, and were connected to the bottom of
the tank by 1.05 m long stainless-steel slack anchor chains to reduce the
adverse effect of the mooring system pretension on the pitch motion of
the device. The diameter of the anchor chains is 5 mm, the mass per unit
length is 0.09 kg/m, the axial stiffness is 1232.76 kN/m?, and the
maximum bearing capacity is 88.2 kN. During the experiments, six
capacitive wave gauges were arranged upstream and downstream of the
self-powered buoy to measure the surface elevations, as shown in Fig. 1
(b). The absolute accuracy of those gauges is +1 mm. The sampling
frequency was set to 100 Hz during the measurements, and the stable
data of 20.48 s was selected for data analysis. The motion response of the
buoy was tracked through a high-speed CCD camera recorded from three
light-emitting diodes, which had been fixed on the top of the outer
pontoon (see Fig. 1(c)). Then the captured video was transformed into
visualized data of the response through the data processing software
system. The high-speed CCD camera has an absolute accuracy of +1 mm
in displacement and +10-2 ° in angle.

Due to the flexibility and lightweight of TENG, the prototype can be
used to test directly in the test process, thereby reducing the complexity
of the power take-off (PTO) system simulation caused by the Froude
scaling. The self-powered buoy consists of an external buoy, a PTO
system composed of the seven S-TENG units in parallel, and a counter-
weight unit (see Fig. 1(d)). The external buoy is made of acryl, with a
diameter of 0.35 m and a height of 0.4 m, which isolates the internal unit
from the external environment, thus reducing the impact of humidity on
the power generation efficiency of the S-TENG units. Each internal S-
TENG unit is a cylindrical structure with a diameter of 0.1 m and a
height of 0.2 m (see Fig. 1(e)), and it contains ten layers of internal
structure (Fig. 1(f)). Each layer of the structure contains an acrylic
frame, aluminum electrode, and polytetrafluoroethylene (PTFE) balls,
and all electrode directions in the device are consistent. Under the wave
excitations, the self-powered buoy produces pitch motion, which makes
the PTFE balls in S-TENG units roll back and forth on the aluminum
electrodes. After repeat friction with the electrodes, the balls are nega-
tively charged. When the PTFE balls contact one electrode, the electrode
is positively charged. With the balls moving back, they contact another
electrode to make it positively charged, thus forming a current in the
circuit. More detailed descriptions can be found in Ref. [19]. In this
study, the buoy’s short-circuit current Isc and transfer charge Qsc were
measured by a Keithley 6514 system electrometer. The Keithley 6514
system electrometer absolute accuracy of +1 fA in current and 10 fC in
charge.

Fig. 2(a) defines the angle a between the direction of wave and
electrodes. As a varies, Isc and Qsc generated by the S-TENG change
significantly, as shown in Fig. 2(b, c), respectively. When a = 90°, Is¢
and Qg¢ reach their peak values, and the power generation efficiency is
highest. Therefore, the wave direction and the electrode direction
should be perpendicular to each other during the test. Due to the single
point mooring system (Fig. 2(d)), the buoy produces a yaw motion
around the z-axis under the wave action, thus, affecting the stability of
the device’s electrical output performance, as shown in Fig. 2(e, f).
During the test, a two-point mooring system was chosen to constrain the
angle a. In order to determine the effect of the mooring configuration of
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Fig. 1. Experiment layout and the structure of the self-powered buoy. (a) 3D schematic of the experiment setup; (b) physical scene in the wave-current tank; (c) three
light-emitting diodes fixed to on the top of the self-powered buoy; (d) schematic diagram of the self-powered buoy; (e) physical diagram for the S-TENG unit
containing ten layers of internal structure; (f) schematic diagram for each layer of the S-TENG unit.

the self-powered buoy on the device’s energy conversion, two two-point
mooring methods were chosen. The mooring lines are set perpendicular
to the wave ray named mooring configuration I (MC I) and parallel to the
wave ray named mooring configuration II (MC II) for comparative tests,
as shown in the scheme of Fig. 2(g, h).

During the whole test process, the water depth h and the self-
powered buoy draft d remain constant (h = 0.7 m andd = 0.28 m).
The weight and proportion of each part of the device are listed in
Table 1. In order to study the hydrodynamic and electrical characteris-
tics of the device under the centimeter-level small-amplitude waves, the
wave height was set at 4 cm and 6 cm (where the wave height of 4 cm is
the smallest amplitude wave that the wavemaker can generate). The
specific wave parameters are listed in Tables 2 and 3, respectively. The
experimental data were measured three times to ensure the required
accuracy, and the average values were obtained to reduce the impact of
systematic errors.

2.2. Numerical simulation

Due to the long test period of the physical model, which focuses on
analyzing specific conditions, numerical simulations can be used for
analyzing the effects of different factors on the wave energy conversion
of self-powered buoys over a broader range of wave frequencies. The
methods to study WECs’ hydrodynamic properties in waves primarily
include potential flow theory and computational fluid dynamics (CFD).

The latter can study practical nonlinear factors, such as fluid viscosity,
but requires more computational resources. The potential flow theory
enables to study of the nonlinear factors with some modification while
ensuring computational efficiency, such as adding a damping term to
account for the fluid viscosity. Most of the wave conditions’ wave
steepness is much less than 1 in this study, and the wave nonlinearity can
be neglected. Therefore, the potential flow theory was chosen to study
the hydrodynamic characteristics of S-TENGs based self-powered buoy
in linear waves. Numerical simulations of the S-TENGs based self-
powered buoy were conducted by ANSYS AQWA [22].

2.2.1. Numerical model

The numerical model based on the boundary element method was
proposed to simulate the hydrodynamic properties of the self-powered
buoy. The numerical model of the self-powered buoy was simulated
using surface elements. Fig. 3(a) shows the schematic of the numerical
model and the grids of the buoy.

The self-powered buoy’s kinematic equation in the frequency
domain can be expressed below [23]:

—o*{[M] + [u] Hx} — io[Bu){x} + [K]{x} = {f} @

where [M] is the device’s mass matrix, [y] is the additional mass matrix of
the structure; [By,] = [B] +[Buvis]+[Bpro] is the total damping matrix, [B] is
the radiation damping matrix, which is relevant to the wave form energy
dissipation, [B,;] is the viscous damping matrix, which accounts for the
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Fig. 2. Electrical characteristics of the S-TENG unit under the wave action in different directions and schematic diagrams of different mooring configurations
employed by the self-powered buoy. (a) Defining the angle a between the wave direction and electrode direction; (b) directional map of the short-circuit current Isc;
(c) directional map of the transfer charge Qsc; (d) schematic of the self-powered buoy with single point mooring; (e, f) time histories of Isc and Qs¢ of the self-powered
buoy under single point mooring condition; (g) mooring lines perpendicular to the wave ray (mooring configuration I); (h) mooring lines parallel to the wave ray

(mooring configuration II).

Table 1
The parameters of each component of the self-powered buoy.

Component Mass (kg) specific weight (%)
PTEFE balls 1.36 4.89
Frame of S-TENGs 5.22 18.78
External Buoy 3.72 13.38
Clump Weight 17.5 62.95
Table 2
Wave conditions of the validation tests.
Hi(cm) T (s) w/wn
6 0.66, 0.75, 0.87, 1.03, 1.04, 1.05, 1.60, 1.40, 1.20, 1.01, 1.00, 0.99,

1.20, 1.30, 1.46, 1.62, 1.72, 1.88 0.87, 0.80, 0.71, 0.64, 0.60, 0.55

H; is the incident wave height, T denotes the wave period, w is the wave fre-
quency, and w, denotes the natural frequency of the self-powered buoy.

Table 3
Wave conditions of the formal tests.
H; T (s) o/an
(cm)
4 0.66, 0.75, 0.87, 1.03, 1.04, 1.05, 1.60, 1.40, 1.20, 1.01, 1, 0.99,

6 1.30 0.80

fluid viscosity effect. The effect of fluid viscosity can be decomposed into
three parts: inertia due to water acceleration, the effect due to viscous
boundary layer, and the effect due to vortex shedding [24]. [Bpro] is the
PTO damping matrix, which represents the effect of the TENG units
within the buoy; [K] is the stiffness matrix of the system, including the
linear hydrostatic stiffness and additional stiffness of the anchor chains;
{x} is the displacement amplitude matrix of the structure, {f} is the 6 x
1 matrix of all combinations of external forces as function of wave fre-
quency .

As shown in Table 1, the PTFE balls’ mass is less than 5% of the total
mass of the self-powered buoy. Thus, the effect of the relative motion
between the balls and the buoy on the device’s inertial moment is
neglected in the modeling process. The balls’ mass is equated to the
structure. As displayed in Fig. 2(g), the buoy generates pitch motion
around the y-axis under waves, which drives the movement of the in-
ternal PTFE balls, resulting in the PTO damping. In the present study, a
linear damping model simulated the PTO damping according to the
mechanical features of the balls’ motion in the experimental model [17].

The PTO resistance for the self-powered buoy’s pitch direction can be
expressed as:

Frro = Bproy* @RY 2

where o is the wave frequency, Bpro ry is the PTO damping of the S-TENG
units in pitch motion, and RY is the pitch motion amplitude of the self-
powered buoy in the frequency domain. The pitch response amplitude
operator (RAO) is the ratio between RY and the incident wave amplitude
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Fig. 3. The present numerical model of the self-powered buoy and its calibration and validation. (a) Numerical model of the moored self-powered buoy and meshing
of the numerical model; (b) motion time series of the device with substitution units; (¢) motion time series of the device with S-TENG units; (d) comparison of the
experimental results with numerical simulations for the self-powered buoy pitch response amplitude operator (RAO) with MC L.

or the half wave height (H;/2), i.e.,

RY
RAO =
H,/2

3)

The average power absorbed by the PTO system from the incident
wave can be obtained below:

1
Paps = E(DZBPTO,WRYZ C))

The capture width ratio (CWR) of the device can be expressed as:

_ Pab:
N Py, «D

(5)

where D is the device’s diameter and P;, is the average power of the
incident wave, which represents the work done by the dynamic pressure
on the fluid in one wave period, i.e.,

1 wngf( 2kh >

= 6
"6k sinh(2kh) ©)

where p is the water density, g is the acceleration of gravity, h is the
water depth, and k is the wave number.

2.2.2. Calibration and validation of the numerical model

In order to calibrate and verify the numerical model of the self-
powered buoy, which is used to simulate the PTO system with a linear
damping model, two types of tests were performed.

Firstly, the free decay tests were performed to determine the natural
frequency and PTO damping coefficient of the self-powered buoy. The
device without a mooring system was placed in the center of the water
tank for the free decay test. Because there are many PTFE balls in S-
TENG units, contact collision and other complex phenomena occur be-
tween the balls during the movement of the device. The free decay test
was carried out with the same shape and mass substitutable units as the
S-TENG units, and then the S-TENG units were put into the buoy to carry
out the free decay test under identical test conditions.

In still water, after releasing from the initial position, the device’s
motion decays until it returns to the equilibrium position. The corre-
sponding motion equation in the time domain is as follows [23]:

n n

ry(t) =ryg4 /1 + <l> ZeY'cos (wnt — arctan l) 7)

where ry(t) is the pitch angle in the time domain while ry, is the initial

value; y = Byot/[2(M +p)] is the decay factor; w, = ,/wé —y2 and wg =

K/(M+ u) are the damped and undamped natural frequencies,
respectively. Here, K is the hydrostatic restoring force coefficient, M is
the moment of inertia and y is the added mass moment of inertia.

The initial pitch angle of the self-powered buoy in the free decay tests
was 0.227 rad. The tests were repeated three times to eliminate random
and systematic errors. A representative group of test results was selected
for normalization, and the displacement time series with substitution
units and S-TENG units were obtained, as shown in Fig. 3(b, c),
respectively. Correspondingly, the resonance period and the logarithmic
decrements of the device can be measured. The detailed data are pre-
sented in Tables 4 and 5. Based on the above results, the resonance
period of the self-powered buoy isT,, = 1.04 s, which agrees well with the
result calculated by the potential flow theory. The natural frequency of
the device was measured to be w, = 6.02 rad/s, whereas the PTO
damping coefficient wasBpro = 0.276 N-m/(rad/s).

Secondly, the absence of waves in the free decay experiment may
lead to highly conservative damping forces [25], which plagues the

Table 4
The resonance period T, of the self-powered buoy, according to Fig. 3(b, c).
T (s) Th2 (s) Th3 (s) T (s)
Substitution Units 1.00 1.02 1.02 1.01
S-TENG Units 1.02 1.05 1.04 1.04

T, is the average resonance period of the device.
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Table 5
The logarithmic decrements of the self-powered buoy according to Fig. 3(b, c).
In(ryo/ry1) tn(ry1 /ry2) In(ry2/rys)
Substitution Units 0.61 0.26 0.45
S-TENG Units 0.93 0.52 0.53

calibration of the model’s damping coefficients. In order to verify the
numerical model, free motion tests were conducted. Fig. 3(d) shows the
comparison of the numerical simulations with experimental measure-
ments for the self-powered buoy pitching RAO with MC I to validate the
numerical model. The PTO damping was taken into account by adding
linear damping in the numerical simulation process, and the corre-
sponding structural parameters were consistent with those for the
experimental tests. The wave conditions during the validation process
are also identical for the experimental tests and numerical calculations.
The specific parameters are listed in Table 2.

Evidently, the difference between the experimental and simulation
results is overall very small, except near the natural frequency of the
device at 0.87< @w/w, <1.20, where the simulations exceed the experi-
mental results. This distinction can be attributed to the unavoidable
mechanical friction and the effect of fluid viscosity, which are non-
linearly increased with the pitch response amplitude of the device
[26,27]. During the numerical simulation, the mechanical friction and
fluid viscosity were simulated by a linear damping model. On the other
hand, the effect of the PTFE balls colliding with each other caused by the
buoy motion was neglected during the simulation. These may be the
reasons for deviations between experiments and numerical calculations.
Nevertheless, the experimental results and numerical simulation results
generally agree well, proving the correctness of the numerical model.

The numerical model can calculate the hydrodynamic characteristics
of the self-powered buoy, and the specific wave conditions for the nu-
merical simulation are listed in Table 6.

3. Results and discussion
3.1. Hydrodynamics performance of S-TENGs based self-powered buoy

In this subsection, the effects of the mooring configuration, incident
wave frequency (w), and wave height (H;) on the hydrodynamic per-
formance of the self-powered buoy are analyzed.

First of all, let us investigate the effect of the two mooring configu-
rations. For the wave height H; = 4 cm, the specific values of the wave
frequency w are listed in Tables 3 and 6, respectively. The hydrodynamic
characteristics and capture width ratio (CWR) of the self-powered buoy
numerical and experimental results under different mooring configura-
tions are demonstrated in Fig. 4.

Fig. 4(a) displays the experimental layout. Fig. 4(b, ¢) compare for
the simulations and experiments the time histories of pitching responses
with the mooring configurations MC I and Il at H; = 4 cm and @ = @p.
Obviously, the experimental and numerical results agree very well with
each other. Fig. 4(d) shows the amplitude spectra of the corresponding
pitch response of the self-powered buoy with MC I from the simulations
and experiments. First-order harmonics are used to calculate the de-
vice’s RAO, and second-order harmonics are used to evaluate the
nonlinear effects of the device. As shown in Fig. 4(d), the contribution of
the second-order sum frequency component can be neglected at H; = 4
cm and @ = wp.

Table 6
Wave conditions of the numerical calculation in formal test.
H;(cm) T(s) w/wn
2 0.66, 0.70, 0.75, 0.80, 0.87, 0.95, 1.60, 1.50, 1.40, 1.30, 1.20, 1.10,
4 1.03, 1.04, 1.05, 1.16, 1.30, 1.49 1.01, 1.00, 0.99, 0.90, 0.80, 0.70
6
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Fig. 4(e) illustrates the pitch RAO of the self-powered buoy versus
different wave frequencies with the two mooring configurations. The
peak frequencies of the pitch RAO of the device under the two different
mooring methods are consistent. In particular, the pitch motion
response of the device reaches its maximum as the wave frequency
gradually approaches the natural pitching frequency of the self-powered
buoy. It is worth noting that the wave frequency gradually approaches
the natural frequency of the device at 0.87< w/w, <1.20, while the
numerical results are slightly larger than the experimental ones. The
nonlinear mechanical friction and fluid viscosity in the actual process
are considered in the numerical method by a linear damping factor,
which leads to overestimation. The pitching motion response of the
device with MC I reaches the maximum value of RY = 0.23 rad at the
resonant frequency, which exceeds the other mooring method by about
8%. This distinction is because MC II arranges the anchor chains parallel
to the wave direction compared with MC I. The pitch motion amplitude
of the self-powered buoy reaches its maximum at the resonance, and the
anchor chain on the waveward side constrains the motion response of
the device.

Fig. 4(f) demonstrates a difference in the CWR of the self-powered
buoy () between the MC I and II. As the wave frequency (w) gradu-
ally increases to wp, n reaches the maximum. As w further rises, n will
decrease. The linear damping model was used to approximate the fluid
viscosity. This caused a slight overestimation of simulations compared
with the experimental results, with a maximum relative error of about
5% for the case of 0.87< w/wy, <1.20. It is worth noting that, at ® = wy,
n takes its maximum value numerically of about 0.47 for MC I and 0.42
for MC I, versus the theoretical maximum value of 0.5 [28]. Namely, the
use of MC I results in the CWR to be about 12% higher than that for MC
II. It is more efficient for the self-powered buoy to extract wave energy
by using MC I. Therefore, the device has good energy extraction char-
acteristics under the small-amplitude wave of centimeters wave height.
The MC I is used in the following research process.

Subsequently, the effect of the wave height (H;) is studied, and the
specific wave parameters are listed in Tables 3 and 6, respectively. The
hydrodynamic characteristics and the capture width of the self-powered
buoy with MC I for various H; are shown in Fig. 5.

Because increasing the wave height significantly affects the wave
nonlinearity, it is necessary to check the consistency between the
experimental and numerical results. Fig. 5(a) shows the device’s pitch
motion response time series from the simulations and experiments forH;
=6 cm and w = wy. It can be seen that there is no significant deviation
between the test and numerical results.

Fig. 5(b, c) displays the wave surface elevation around the self-
propelled buoy for different H;. As H; increases, the wave surface
elevation becomes more noticeable on the waveward side of the device.
Fig. 5(d) shows the comparison of the amplitude spectra for the pitch
response of the device between the simulations and experiments at
various H; for ® = w,. The influence of the second-order term can be
ignored. It should be noted that there is noise in the experimental results
compared to the calculated results for H; = 6 cm. Due to the increase in
H;, the motion response for each degree of freedom of the device will
increase, and the wave radiation will be more obvious. At the same time,
the influence of reflected waves cannot be eliminated entirely in the
wave tank, which leads to the diffraction, reflected, radiated, and inci-
dent waves are mixed to introduce noise.

Fig. 5(e) displays the pitch RAO versus the wave frequency for the
self-powered buoy with different H;. It can be seen that when w=wj, as
H; increases from 2 cm to 4 cm, the device movement is small, the effect
of fluid viscosity is not prominent. However, as H; increases from 4 cm to
6 cm, the buoy’s motion increases significantly, which generates more
vortex shedding at the boundary of the structure and produces signifi-
cant viscous dissipation [29]. At the same time, the effect of the
nonlinear mechanical friction is more pronounced. According to the
above analysis, with the increase of H;, more energy dissipation is
generated, which leads to the decrease in the pitch RAO of the device,
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and it is most apparent whenw = . decrease. However, as H; increases from 4 cm to 6 cm, the wave fre-
As shown in Fig. 5(f), when H; increases from 2 cm to 4 cm, the effect quency is near w,. The influence of fluid viscosity increases significantly
of the fluid viscosity is not obvious. The CWR of the device almost no with the increase of H;, which leading energy loss and making the CWR
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of the device decreases. When H; = 6 cm, ® = wp, = 0.32 accounting for
approximately 68% of the CWR for H; = 4 cm and @ = w,. It is worth
noting that when H; = 6 cm, the difference between the numerical and
experimental results of the self-powered buoy’s pitch RAO and CWR is
greater than that when H; = 4 cm (see Fig. 5(e, f)). The differences
increment is caused by the experiment’s noise effect when H; = 6 cm
(see Fig. 5(d)).

3.2. Electrical performance of S-TENGs based self-powered buoy

In this subsection, the electrical performance of the self-powered
buoy is investigated. Simultaneously simulating the hydrodynamic
and electrical properties of WECs is usually called the wave-to-wire
modeling, which is widely used in wave energy research [30]. Howev-
er, the wave-to-wire model is currently only applicable to electromag-
netic generators. The numerical simulation method for TENGs’ electric
performance still in studying. Therefore, the numerical model proposed
in this study was only used to simulate the hydrodynamic characteristics
of S-TENGs based self-powered buoy, and the electrical performance of
the buoy was studied by physical model tests. Since the minimum wave
height that can be achieved in our laboratory is 4 cm in the wave fre-
quency range of the test set. The case of H; = 2 cm was not considered in
the experimental process. The specific wave parameters are listed in
Table 3.

Fig. 6 displays the electrical characteristics of the self-powered buoy
with MC I for H; = 4 cm and 6 cm. Fig. 6(a, b, c) respectively show the
time series of the short-circuit current Isc, the transfer charge Qsc, and
the open-circuit voltage V, of the self-powered buoy for different wave
frequencies when H; = 6 cm. In the relatively low-frequency region
(0.80-1.00 wy), the motion response of the device increases with wave
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frequency, which makes the device’s power output parameters rise. The
power output parameters reach their maxima at the device resonance
point (@ = wy), especially Isc ~20.911%A, Qy ~2.22 1%C, and V, ~
2.93 kV, for H; = 6 cm. When w>w,, the power generation reduces
significantly as w rises since the power generation of S-TENG is affected
more strongly by the motion amplitude.

Fig. 6(d, e) show the w-dependent variation of the averaged short-
circuit current Isc and transfer charge Qs for the two cases of H; = 4
cm and 6 cm. Both Isc and Q¢ vary with @ similarly for different H;. As
expected, Isc and Qsc reach their peak values atow = w,. Compared with
the cases of H; = 4 cm, the stability of the buoy electrical performance
decreases at H; = 6 cm. The decrease is explained by the fact that the
device yaw motion amplitude around the z-axis increases with H;,
further changing a. As a result, the PTFE balls no longer move perpen-
dicular to the gap between the two electrodes. Interestingly, Qsc just
slightly changes as @ varies from w, to 1.2 w,. The reason is that, in both
cases of H; = 4 cm and 6 cm, the PTFE balls have been entirely driven to
produce their maximum charges, which do not have a significant dif-
ference [19]. According to the single S-TENG unit’s forced motion ex-
periments, when the PTFE balls have been fully charged by the
triboelectric effect, Isc of the unit still increases with the balls’ motion
amplitude increased at constant movement frequency, and it has a top
roof [31]. Therefore, Isc of the S-TENG based self-powered buoy also has
a maximum value when constant wave frequency.

Fig. 6(f) shows the device’s power P, forH; = 4 cm and 6 cm. Note
that Py, = IgcamR, where Iscex is the extremum of the short-circuit
current, and R is the resistance of the seven S-TENG units (R ~ 140 M
1©). It is worth noting that the maximal values of P, occur at o=wp,
which are 61.20 mW and 46.72 mW for H; = 6 cm and 4 cm,
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respectively. The former maximum is about 31% higher than the latter,
while a 50% increase in H;. This indicates a nonlinear increase in the
maximal P, with an increase H;. These nonlinear results are likely from
several factors. For instance, as H; increases, the effect of fluid viscosity
becomes more significant, thus, producing more energy loss and
reducing the device’s CWR. Meanwhile, when the pitch motion response
of the device reaches the maximum at w=w,, there must be a change in
a, and there should be a variation in electrical generation, which is
unfavorable for the extraction of wave energy by the device.

Although S-TENGs based self-powered buoy is still in the research
stage, its feasibility has been confirmed in a previous study that the self-
powered buoy could light up a 12 W high-brightness LED light under
wave action [19]. In practical engineering, the power range of some
marine sensing facilities is 0.01-10 W, such as wave gauge ~0.02 W,
pressure sensor ~0.7 W, oxygen sensor ~1.4 W, ultrasonic thickness
gauge ~4.5 W [32]. Meanwhile, comparing the working conditions of
WECs based on TENGs and EMGs (as shown in Table 7), TENGs can
compensate for EMGs’ inability to extract energy in low energy density
seas. Therefore, S-TENGs based self-powered buoy is a competitive
method to power offshore sensing facilities in low energy density seas.

In future work, two aspects can be considered to increase the self-
powered buoy power output performances. With latching control,
model predictive control, and multi-freedom combinations, the capture
width of the device can be further enhanced [36-38]. On the other hand,
the device’s electrical output can be improved by adding management
circuits, and treating the electrode surface [39,40].

4. Conclusions

The present study has developed a numerical model of S-TENG based
self-powered buoy using the three-dimensional potential flow theory by
the boundary element method. Subsequently, the model has been cali-
brated and verified by experiments. The hydrodynamic and electrical
performances of the buoy under small-amplitude waves of centimeters
high have been investigated using the model through numerical simu-
lations and experiments. This investigation has found the following
under the specific conditions of the present study:

(1) The use of mechanical features of the PTFE balls motion in the S-
TENG unit enables the PTO system to be simulated by a linear
damping model in the pitch direction. The numerical results
agree well with the experimental test, validating the availability
of the numerical model of the self-powered buoy.

(2) If the mooring chains are perpendicular to the wave ray, the
device’s movement amplitude can be increased whilst main-
taining the power output stability.

(3) Near the device’s resonant frequency (wy), the capture width
ratio of the device decreases significantly with increasing wave
height from 4 cm to 6 cm.

(4) The stability of the electrical output of the device reduces as the
angle between the wave and the electrode direction changes
within (0.87-1.20)w,,.

(5) The capture width ratio of the self-powered buoy is 0.32, and the
peak power of the device is 61.20 mW at H; =6 cm and @ = wp,.

Overall, this study has analyzed the effects of mooring configura-
tions, incident wave height, and wave frequency on the hydrodynamic
and electrical performance of S-TENGs based self-powered buoy through
numerical simulations and experiments. It has provided a reference for
further optimization of the self-powered buoy. Moreover, it has offered
the possibility of applying self-powered buoys based on TENGs to power
sensing facilities such as lake aquaculture, marine ranching, and marine
environmental monitoring.
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Table 7
Working conditions comparison of WECs based on EMGs and TENGs.
Mode Classification Wave Height (m) Reference
EMGs Point absorber 1.0<H; <65 Carballo et al. [33]
Oscillating water 0.5<H; <55 Veigas and Iglesias.
column [34]
Point absorber 1.0 <H; < 8.0 Rusu and Onea [35]
Overtopping converter 1.0 <H; <8.0 Carballo et al. [33]
TENGs Point absorber 0.0625 < H; < Rodrigues et al. [15]
0.25

Point absorber 0.04 < H; < 0.06 Present study

H; is the significant wave height, H; is the incident wave height.
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