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Multi-Mode Vibrational Triboelectric Nanogenerator for
Broadband Energy Harvesting and Utilization in Smart
Transmission Lines

Xiaosong Zhang, Yang Yu, Xiao Xia, Weiqi Zhang, Xiaojun Cheng, Hengyu Li,*
Zhong Lin Wang,* and Tinghai Cheng*

The advantages of the triboelectric nanogenerator (TENG) in environmental
energy harvesting and utilization determine that they have great development
potential in the digital application of power grids. This work focuses on the
harvesting and utilization of vibration energy from transmission lines,
specifically in the context of breeze vibrations and sub-span oscillations. To
this end, this work proposes a novel multi-mode vibrational triboelectric
nanogenerator (MV-TENG) and three smart transmission line application
strategies based on the MV-TENG. The MV-TENG design consists of an
S-beam to broaden the frequency response range by reducing high-order
modal frequencies, and a pair of allegro electrodes to efficiently harvest
horizontal and vertical vibration energy. The MV-TENG demonstrates the
capability to harvest vibration energy within a range of 1-3.5 Hz horizontally
and 4 Hz, 9-60 Hz vertically, covering the occurrence range of breeze
vibrations and sub-span oscillations of transmission line effectively. Three
application strategies include self-powered tower obstacle alerting,
temperature and humidity online monitoring, and high-temperature wireless
warning of transmission lines based on MV-TENG. In summary, this work
presents a comprehensive implementation scheme for digitally integrating
TENGs into smart transmission lines, thereby facilitating the engineering
development of TENG technology in grid systems.

1. Introduction

The increasing intelligence of grid sys-
tems has created a growing demand for
digital monitoring devices.['?! As pivotal
components in smart grid systems, the
transmission lines play a crucial role in
long-distance energy delivery.*! The tra-
ditional digital monitoring devices of the
transmission lines mostly rely on chem-
ical batteries for power supply. How-
ever, the drawbacks of frequent replace-
ments, high operational costs, and en-
vironmental pollution associated with
chemical batteries have become increas-
ingly apparent.*! The surging demand
for digital monitoring in power transmis-
sion has rendered chemical batteries in-
adequate to meet current technical re-
quirements. Given this, the adoption of
small generators to collect energy from
the working environment of the trans-
mission lines and then power the digi-
tal monitoring devices emerges as a vi-

able solution.[”*! Currently, most sens-
ing and warning devices in the transmis-
sion lines are powered by solar power.
Years of practical applications have found that the efficiency of
solar energy harvesting is easily affected by rainy weather and
contaminants on the surface of solar panels. It easily leads to
insufficient power supply during a long-term run, resulting in
the equipment being unable to work stably, which affects the
reliability of the sensing systems.'!!] In addition, the wind
generator and current transformer (CT) have also been demon-
strated to obtain abundant environmental energy in the work-
ing environment of the transmission lines, but also have sig-
nificant disadvantages. The wind generator can not efficiently
generate electricity under a low wind speed range. The CT has
the problems of power supply dead band and core saturation,
and the application scenarios are limited. Thus, the develop-
ment of a novel and sustainable method for environmental en-
ergy harvesting in smart transmission lines becomes an urgent
priority.
The emergence of triboelectric nanogenerator (TENG) based
on triboelectric and electrostatic induction effects has revo-
lutionized the way of environmental energy harvesting and
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utilization. Since the invention by Wang’s group in 2012,
TENG technology has been widely used in micro-nano en-
ergy harvesting,!*-11 self-powered sensing!'¢-1#l and other fields.
Capitalizing on Maxwell’s displacement current, the TENG
can convert various forms of mechanical energy in the sur-
rounding environment into electrical energy, including wind
energy,[1°2!l water energy,?2?] and vibration energy.[>*2¢] Re-
searchers have successfully employed TENGs to power var-
ious small electronic devices, such as temperature and hu-
midity sensors,[?’l anemometers,[?!] and light sensors.[”! On
the other hand, the transmission lines are usually designed
with large spans and elevated structures, and so that the
wires are prone to the periodic vibrations induced by wind
action.3®31] These periodic vibrations mainly manifest as the
vertical breeze vibration and the horizontal sub-span oscillation
and gallop. In response, some researchers have explored the
application of TENGs for harvesting vibration energy in trans-
mission lines.??341 Wu et al. presented a vibration-driven tri-
boelectric nanogenerator for harvesting breeze vibration energy
of transmission lines, enabling the powering of low-power sen-
sors while dampening the transmission line vibrations.** Ad-
ditionally, Gao et al. proposed a triboelectric—electromagnetic
hybridized generator for harvesting the galloping energy from
transmission lines and monitoring their galloping state.’®] No-
tably, the vibration frequency and amplitude range of transmis-
sion lines are different in vertical and horizontal directions. How-
ever, it is difficult for the current research to achieve a broad-
band response for vibration energy harvesting in both directions
simultaneously.

Herein, a S-shaped multi-mode vibrational triboelectric nano-
generator (MV-TENG) is designed. Among them, the S-beam
adopts the arc cantilever beam series connection method to ob-
tain broadband vibration characteristics for the MV-TENG. In ad-
dition, an allegro electrode structure is designed according to the
angular arc swing characteristics of the s-beam end, and a ver-
tical contact-separation mode TENG is integrated into the alle-
gro electrode. This innovation enables MV-TENG to quickly re-
spond to horizontal and vertical vibrations and efficiently har-
vest their energy. This one-piece structure design has the char-
acteristics of a simple structure and is lightweight, which re-
duces the installation complexity of MV-TENG. The research
commences with a modal analysis of the MV-TENG character-
istics, coupled with a detailed explanation of the working mech-
anism of allegro electrodes and an optimized process of the S-
beam structure. A non-parallel vertical contact-separation mode
theory model is proposed to provide a comprehensive under-
standing of the MV-TENG. The horizontal and vertical vibra-
tion experimental systems are built. The prototypes of arc TENG
and MV-TENG are developed and their basic output perfor-
mances are measured. The MV-TENG demonstrates the capa-
bility to harvest vibration energy within a range of 1-3.5 Hz
horizontally and 4 Hz, 9-60 Hz vertically. Furthermore, the
coupling output performance and mean power of the MV-
TENG are studied, which can reach 435.093 and 459.734 uW
in the horizontal and vertical directions, respectively. Finally,
three application strategies in transmission lines are proposed,
and the technical feasibility of the MV-TENG in digitalization
applications of the smart grid is verified through a series of
demonstrations.
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2. Results and Discussion

2.1. Structural Design and Working Mechanism of the MV-TENG

To realize vibration energy harvesting of both horizontal and ver-
tical directions caused by breeze vibration and sub-span oscilla-
tion of transmission lines, a simple multi-mode vibrational tribo-
electric nanogenerator (MV-TENG) is designed. The layout and
detailed structure of the MV-TENG on the transmission line are
shown in Figure 1a. The MV-TENG can collect vibration energy
in two orthogonal directions just by utilizing an S-shaped beam
(S-beam) and allegro electrodes. Among them, the S-beam adopts
the arc cantilever beam series connection method to realize the
broadband vibration of the MV-TENG. Considering that the end
corner of the S-beam is an arc-shaped swing, the allegro elec-
trodes are designed. The design of the electrodes is inspired by
the traditional Chinese art instrument “Allegro” and incorporates
avertical contact-separation mode TENG within the allegro struc-
ture. This innovation allows the MV-TENG to respond to both
horizontal and vertical vibrations efficiently. Among them, the al-
legro electrodes consist of a bottom plate electrode and an upper
plate electrode. The bottom plate electrode is located on the cor-
ner side plates of the S-beam and motion with the vibration defor-
mation of the S-beam. The bottom plate electrode is successively
covered with sponge, copper foil and fluorinated ethylene propy-
lene (FEP) film. A polylactic acid (PLA) plate of the upper plate
electrode is mounted on the corner side of the S-beam through a
hinge structure. The sponge, copper foil, and nylon film are suc-
cessively attached to the PLA plate of the upper electrode. Here,
the copper foil serves as electrodes and the FEP and nylon act
as two triboelectric layers with opposite triboelectric polarity. The
sponge acts as a cushioning material to enhance the planar con-
tact effect of the allegro electrodes and reduce the impact of the
collision on the MV-TENG. The MV-TENG features a pair of al-
legro electrodes at each of the three corners. The MV-TENG can
be arbitrarily distributed on transmission lines to collect the vi-
bration energy of transmission lines and power low-power sens-
ing and warning devices in the grid, enabling self-powered status
monitoring of transmission lines.

Figure 1b shows a schematic diagram of the energy conver-
sion and corresponding motion mechanism of the MV-TENG.
The frequency range of breeze vibration of transmission lines is
mainly 3-50 Hz, and the amplitude is not more than 2 times the
diameter of the transmission line (~50 mm).?”) Excited by the
breeze vibration, the MV-TENG is subjected to vertical vibrations
that bend the S-beam, causing the three allegro electrodes to open
and close (Figure 1b(i)). Conversely, the frequency range of sub-
span oscillation of transmission lines is generally 1-3 Hz, and
the amplitude is generally 0.1-0.5 m.[®) Under the excitation of
the sub-span oscillation, the MV-TENG is subjected to horizontal
vibration to cause the upper plate electrode of allegro electrodes
to move due to inertia, so that the three allegro electrodes are
opened and closed (Figure 1b(ii)). Based on triboelectric and elec-
trostatic induction effects, the MV-TENG converts external me-
chanical energy generated by the breezy vibration and sub-span
oscillation into electrical energy during the opening and closing
motion of the allegro electrodes.

To verify the motion mechanism of the MV-TENG and illus-
trate the broadband response characteristics of the MV-TENG, a
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Figure 1. Structural design of the MV-TENG. a) Layout of transmission lines and detailed structure of the MV-TENG. b) Schematic diagrams of the

energy conversion and corresponding motion mechanism of the MV-TENG.

series of modal simulations about beams with different layers are
carried out. The modal contours are shown in Figure 2a. The end
corners of the one-layer beam, two-layer beam, and three-layer
beam produce arc-shaped swings under the vertical vibration.
Video S1 (Supporting Information) records the simulated motion
process. In addition, the first 20 modes under the three structures
are simulated and the results are shown in Figure 2b. It is clear
that the number of modes in the low-frequency range also in-
creases when the number of beam layers increases. The specific
modal frequencies in the range of 0-60 Hz are shown in Table 1.
To enhance the frequency response range of the MV-TENG un-
der the breeze vibrations of transmission lines (3-50 Hz), the
three-layer beam is selected as the S-beam structure of the MV-
TENG. In addition, the modal of S-beams with different widths
are analyzed. As shown in Figure S1 (Supporting Information),
as the beam width increases, the modal frequency shows an up-
ward trend, but the changed values are very small. The width of
the beam determines the size of the TENG. The larger the size
of the TENG, the better the output performance. However, if the
length-to-width ratio of the beam is too small, it does not meet
the theoretical calculation conditions of the beam, thereby a large
error may be introduced. Therefore, the width of the S-beam is
chosen to be 60 mm.

The MV-TENG adopts the vertical contact-separation mode
and the working mechanism is shown in Figure 2c. The bottom
and upper plate electrodes of allegro electrodes are constantly
opened and closed under the vibration excitation. There are three
typical locations in the entire power harvesting process. In the
initial stage, the allegro electrodes are in full contact. Based on
the principle of contact electrification and electrostatic induction
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effects, the FEP and nylon film surfaces produce equal amounts
of opposite charge. During the opening stage, the allegro elec-
trodes begin to separate. The original electrostatic equilibrium is
broken, and a potential difference occurs between copper elec-
trodes due to electrostatic induction. The potential difference
causes electrons to move directionally between the two copper
electrodes, creating a new electrostatic equilibrium. During this
process, a current with the opposite direction of electron move-
ment is formed in the external load (Figure 2c(i)). In the maxi-
mum opening position stage, the distance between the two elec-
trodes is maximized. At this point, the amount of transferred
charge and the value of the voltage reach a maximum value at the
same time. And the current is zero as there is no longer any trans-
fer of electrons. When the allegro electrodes are closed, the exter-
nal load creates a current opposite to the opening process of the
allegro electrodes (Figure 2c(ii)). When the allegro electrodes re-
turn to the original position, the initial electrostatic equilibrium is
re-established. This is a complete process of the MV-TENG gener-
ating a periodic electrical signal. When the external vibrations are
continuously excited, the MV-TENG generates a continuous cy-
cle of power generation that enables continuous vibration energy
harvesting. To better illustrate the working mechanism of the
MV-TENG in continuous vibration, the potential distribution of
allegro electrodes at three typical angles is simulated using COM-
SOL software (Figure S2a, Supporting Information), and probes
are used for fixed-point potential monitoring (Figure S2b, Sup-
porting Information). The simulated power generation process
is consistent with the working mechanism shown in Figure 2c.
In addition, the real output curves of the allegro electrodes shown
in Figure 2d further verify the above working mechanism.
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Figure 2. Working mechanism analysis of the MV-TENG. a) Contours of first-order modal and b) modal simulation frequency results of beams with
different layers. c) Charge transfer process of allegro electrodes under i) opening and ii) closing stages. d) Output curves of the prototype.

2.2. Model Analysis of the MV-TENG

A non-parallel vertical contact-separation mode theory model is
developed to explain the working mechanism of allegro elec-
trodes with deflection motion. Since the allegro electrodes are
non-parallel motion, the inside electric field of electrodes is non-
uniform. From the electrostatic field loop theorem, the electric
field lines at the proximal end of the two electrodes are denser
than those at the far end (Figure S3, Supporting Information).
The extension wires of the electrodes A and B intersect at point
O with an angle of 6 (9 < 180°). The electric potential between
two electrodes at the deflection center axis O distance r is:

U, =E(r)ro (1)

where E(r) is the electric field strength and r6 is the arc electric
field line length.

The area between the two electrodes A and B is considered to
be a large number of arc-shaped units connected in parallel. The
electric field energy of any arc-shaped unit can be expressed as:

1, 1 .U
dw = ESOE (T’) dv = Eeolﬁd] (2)
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where ¢, is the vacuum permittivity, and I is the length of the elec-
trode. Therefore, the energy of the electric field inside the entire
allegro electrodes is:

U> R
W = /dW S P 2 3)
v 276 R

where R, and R, are the closest and farthest distances from the
electrode to point O, respectively. The capacitance of the allegro
electrodes solved is:

I R
_E=6_°]n_2 (4)
Uz 6 R

The angle 6 is a function of time t during the movement of the
allegro electrodes. Suppose the amount of charge carried by the
two electrodes is Q. Then the potential difference U of the two
electrodes during motion can be expressed as:

_9_ Q
v=c= £l (lnRZ—lan)e(t) Gl
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Table 1. Modal frequencies in the range of 0-60 Hz (Unit: Hz).

Mode 1 2 3 4 5 6
Layer-1 26264 38219 N/A N/A N/A N/A
Layer-2 7.757 30.79 31599 42353 N/A N/A
Layer-3 5.881 13.012 18511 30.639 34249 56556

From the above equations, the value of the potential difference
of the allegro electrodes increases with the increase of the open-
ing angle, which verifies the previous analysis. More specific pro-
cesses can be found in Equations S1-S9 (Supporting Informa-
tion).

2.3. Basic Output Performances of the MV-TENG

To verify the feasibility of combining the arc cantilever beam with
the allegro electrodes to achieve vibration energy harvesting in
two directions, an arc TENG with a one-layer beam is developed.
The prototype photographs and the excitation systems in two vi-

www.advenergymat.de

bration directions are shown in Figure 3a. The linear motor is
used to simulate horizontal vibration excitation and the electrody-
namic shaker is used to simulate vertical vibration excitation. The
output performances of arc TENG under different amplitudes are
studied, and the results are shown in Figure 3b and Figure S3
(Supporting Information). The output performances in horizon-
tal and vertical vibration directions increase with the increase of
amplitude, and the performance changing trend in vertical vibra-
tion is more obvious. Therefore, it is preliminarily proved that the
design method can achieve energy harvesting under horizontal
and vertical vibration directions. The 100 mm horizontal vibra-
tion amplitude and 3 mm vertical vibration amplitude meet the
vibration conditions of the transmission line. Therefore, the sub-
sequent experiments are carried out with a horizontal vibration
amplitude of 100 mm and a vertical vibration amplitude of 3 mm.
Subsequently, the vibration frequency response of the arc TENG
is studied. The vibration frequency response of the arc TENG in
the horizontal direction is shown in Figure 3c and Figure S4 (Sup-
porting Information). In the 0.5-3.5 Hz vibration range, the out-
put performance of the arc TENG increases with increasing fre-
quency. It shows that the arc TENG can realize energy harvesting
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Figure 3. Output performance of arc TENG. a) Schematic diagrams of horizontal and vertical vibration excitation systems. b) Output performances of arc
TENG with different amplitudes under i) horizontal and ii) vertical vibrations. c) Output performances of arc TENG with different vibration frequencies

under horizontal and d) vertical.
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Figure 4. Output performance of the MV-TENG. a) Output performances of unit 1 with different vibration frequencies in i) horizontal and ii) vertical
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unit 3 with different vibration frequencies in i) horizontal and ii) vertical directions. d) Frequency response range of the MV-TENG under i) horizontal

and ii) vertical vibration directions.

within the vibration range of the sub-span oscillation in trans-
mission lines. In addition, the arc TENG can also achieve hori-
zontal vibration energy harvesting in the high-frequency range of
10-50 Hz (Figure S5, Supporting Information). Therefore, this
design method can also be applied to high-frequency vibration
energy harvesting in other horizontal vibration fields. The vibra-
tion frequency response of arc TENG in the vertical direction is
shown in Figure 3d and Figure S6 (Supporting Information) The
arc TENG has good output performance in the vertical vibration
frequency range of 17-60 Hz. This result indicates that the arc
TENG can realize energy harvesting within the vibration range
of breeze vibration in transmission lines. And the arc TENG has
two obvious vibration peak points of 23 and 40 Hz, which are
consistent with the simulation results (26.264 and 38.219 Hz) in
Table 1. To observe the entire process, the low-speed motion pro-
cesses of the arc TENG under horizontal and vertical vibration di-
rections are recorded (Video S2, Supporting Information), which
clearly shows the feasibility of the design method.

To enhance the frequency response range and further improve
the output performance, an MV-TENG with the three-layer beam
is developed (Figure S7, Supporting Information). The prototype
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has the advantages of a simple structure and low weight (255.5 g).
In addition, the experimental systems for horizontal and verti-
cal vibration are built as shown in Figure S8 (Supporting In-
formation). Video S2 (Supporting Information) shows the low-
speed motion processes of the MV-TENG prototype under hor-
izontal and vertical vibration directions. The three units of the
MV-TENG are measured separately, and the results are shown in
Figure 4a—c. In the horizontal vibration experiment, the output
performance of the MV-TENG first increases with the increase
of vibration frequency and then tends to stabilize. All units have
good output performances in the sub-span oscillating vibration
frequency range (1-3 Hz). In the vertical vibration experiment,
the three units of the MV-TENG have multiple peak points. Al-
though the peak points of the three units have a slight difference,
they are basically concentrated at 4, 14, 19, 30, 40, and 48 Hz.
They are basically consistent with the first four-order modal fre-
quencies of the 3-layer beam shown in Table 1 but differ greatly
from the modal frequencies of the 5th and 6th orders of that.
The main reason for this phenomenon is that higher-order modal
analysis is more sensitive to small differences in relevant distri-
bution parameters and local structural details, resulting in the
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Figure 5. Coupling output performance of the MV-TENG. a) Schematic diagram of the coupling output and measurement circuit. b) Schematic diagrams
of the rectification conversion process of voltage and current signals. c¢) Coupling output performances of the MV-TENG with different frequencies
under i) horizontal and ii) vertical vibrations. d) Mean current and power of the MV-TENG on different external loads under i) horizontal and ii) vertical
vibrations. e) Charging voltage of the MV-TENG on different capacitors under i) horizontal and ii) vertical vibrations.

experimental results of higher-order modes being far from the
simulation results. The actual output curves of the MV-TENG
in the horizontal and vertical vibration are shown in Figures S9
and S10 (Supporting Information). According to the experimen-
tal results, the vibration frequency response ranges of the MV-
TENG in the horizontal and vertical directions are established
(Figure 4d). Through the superposition of the frequency response
range of the three units, the total frequency response range of
the MV-TENG in the horizontal vibration direction is 1-3.5 Hz
(Figure 4d(i)), and that in the vertical vibration direction is 4 Hz,
9-60 Hz (Figure 4d(ii)). It is verified that the MV-TENG can real-
ize broadband vibration energy harvesting in both horizontal and
vertical directions.

To facilitate the storage and utilization of energy in subsequent
applications, a coupling rectifier circuit is designed, and the cou-
pling voltage and current after the MV-TENG rectification are
measured. The circuit schematic and signal rectification conver-
sion process are shown in Figure 5a,b. The bridge rectifiers are
used to convert the AC signals output by the three units into DC
signals separately. All waveforms with short-circuit currents Iy
less than zero are converted to positive pulse signal waveforms
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(Figure 5b(i)), while the open-circuit voltage V. waveforms are
converted to positive pulse signal waveforms at the waveform
edges (Figure 5b(ii)). Then, all signals are coupled to the output
in parallel. The coupling output performances of the MV-TENG
under horizontal and vertical vibration directions are shown in
Figure 5c and Figure S11 (Supporting Information). The MV-
TENG achieves stable and good output in the horizontal vibration
frequency range of 1-3.5 Hz (Figure 5c(i)) and the vertical vibra-
tion frequency range of 4 Hz and 9-60 Hz (Figure 5c(ii)), which
are consistent with the frequency response range of Figure 4d.
Subsequently, the average current of the MV-TENG under dif-
ferent external loads is measured and the corresponding aver-
age power is calculated. As can be seen from Figure 5d, the
mean current gradually decreases as the external load increases.
The mean power of the MV-TENG reaches the maximum value
when the load resistance is 20 MQ. Among them, the maximum
mean powers corresponding to horizontal and vertical vibration
directions are 435.093 and 459.734 uW, respectively. The charg-
ing voltage curves of electrolytic capacitors with different ca-
pacitances are shown in Figure 5e. When the horizontal vibra-
tion frequency is 3 Hz and the amplitude is 100 mm, a 2.2 pF
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warning.

capacitor can be charged to 5 Vin 5 s, whereas a 100 pF capacitor
needs to take 94 s. It takes 104 s to charge the 100 uF capacitor
to 5 V when the vertical vibration frequency is 14 Hz and the
amplitude is 3 mm. These results demonstrate the feasibility of
the MV-TENG to power various low-power sensing and warning
devices in smart transmission lines.

3. Demonstration

Combined with the development trend of digital application
of smart transmission lines, three application strategies of
self-powered tower obstacle alerting, temperature and humid-
ity online monitoring, and high-temperature wireless warning
of transmission line based on the MV-TENG are proposed
(Figure 6a), and a transmission line simulation system is built
according to the actual vibration state of the power transmission
system.

First of all, according to the “Convention on International Civil
Aviation” and relevant national regulations, aviation obstruction
lights need to be installed on transmission lines of 500 kV and
above, cross-river transmission lines, and overhead transmission
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towers near airports and desert areas. The MV-TENG is first in-
stalled in the transmission line simulation system, which extracts
energy from the vibration of transmission lines and lights up
130 LEDs (diameter of 10 mm), the MV-TENG photographs and
application are shown in Figure S12 and Video S3 (Supporting
Information). Subsequently, six obstruction lights with LEDs are
installed around the contour of the transmission tower model
and lit up by the MV-TENG. The shape and height of the tower
are marked by obstruction lights so that the aircraft operator can
judge the position, height, and contour of the tower to avoid flight
accidents. The application system and demonstration process are
shown in Figure 6b and Video S4 (Supporting Information). This
application proves the feasibility of using TENG to realize self-
powered tower obstacle alerting.

In addition, according to the development needs of smart
grids, it is necessary to monitor digital information online such
as temperature and humidity, wind speed, wind direction, and
ice cover conditions of transmission lines to ensure the opera-
tion status of transmission lines and the safety of power grid
operation. This work builds a wireless monitoring system for
online temperature and humidity monitoring and warning in
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transmission lines, which combines a low-power wireless tem-
perature and humidity sensor and a software design by LabVIEW.
The circuit diagram and software flow of the system are shown
in Figure 6¢ and Figure S13a (Supporting Information). The out-
put energy of the MV-TENG is stored in an electrolytic capacitor
via rectifier bridges and powers a wireless microcontroller unit
(MCU) equipped with a temperature and humidity sensor. The
MCU controls the wireless transmitter to transmit temperature
and humidity data to the wireless receiver. The wireless receiver is
connected to the computer and provides the data to the tempera-
ture and humidity monitoring and warning software designed by
LabVIEW through the serial interface. The temperature and hu-
midity are displayed through the software and the alarm is issued
when the temperature and humidity exceed the set threshold
(Figure S13b, Supporting Information). And all historical moni-
toring data are also stored in the software. The photographs of the
temperature and humidity monitoring and warning system and
the voltage of the electrolytic capacitor in operation are shown
in Figures 6d,e. Within 30 min, the voltage of the electrolytic ca-
pacitor can reach >3.3 V. After the power supply starts, the first
connection between the wireless transmitter of the MCU and the
wireless receiver on the computer consumes a large amount of
energy. Subsequently, after the first data transfer is completed,
the MCU goes to sleep. At this time, the sleep current of the MCU
isaslowas 2 pA, and the energy of the electrolytic capacitor is con-
tinuously replenished to meet the subsequent normal operation.
The system monitoring period is set to 5 min. The application
demonstration process is shown in Video S5 (Supporting Infor-
mation), which proves the feasibility of adopting TENG to realize
all-weather self-powered temperature and humidity online mon-
itoring of transmission lines.

Finally, the excessive wire temperature is a particularly promi-
nent problem affecting the normal operation of transmission
lines, which will lead to reduced transmission efficiency and
loose joints. To monitor the maximum temperature of trans-
mission line wires and reduce the power consumption and de-
vice cost of sensors, this work designs a high-temperature wire-
less warning system for transmission lines. The circuit princi-
ple of the high-temperature wireless warning system is shown
in Figure S14 (Supporting Information). Most wires of the over-
head network are made of aluminum conductor steel reinforced
(ACSR). The operating temperature of ACSR is generally 40—
50 °C, and the maximum allowable temperature is ~70 °C. There-
fore, the system is equipped with a 60 °C normally open tempera-
ture control switch, and the warning lamp is controlled by a wire-
less sensing device. The warning lamp can be installed around
transmission line towers or in offices on duty. In a laboratory en-
vironment, a heat gun is used to heat the wire and then a system
warning is triggered. The photographs of the high-temperature
wireless warning system of the transmission line and the voltage
of the energy storage unit in operation are shown in Figures 6f,g.
The MV-TENG charges the voltage of the energy storage unit to
>3.3 V within 90 s. The temperature control switch is turned on,
and then the wireless warning system is triggered. Subsequently,
the voltage of the energy storage unit drops to 0.9 V. Since the
temperature control switch remains on state until the tempera-
ture recovers to 60 °C, the voltage of the energy storage unit re-
mains constant during this period. When the wire temperature
drops below 60 °C, the temperature control switch returns to the
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open state. The voltage of the energy storage unit is replenished,
and remains unchanged after reaching the stabilizing value of
the zener diode, waiting for the next operation. The application
demonstration process is shown in Video S6 (Supporting Infor-
mation). This application proves the feasibility of using TENG to
realize all-weather self-powered wireless high-temperature warn-
ing of wires in smart transmission lines.

The successful applications of the above three application
strategies meet the actual work requirements of the transmission
lines. Considering the scalability of the above application strate-
gies, they can be applied to most TENGs for harvesting wind or
vibration energy and other sensing and warning devices with dif-
ferent functions in transmission lines.

4. Conclusion

In summary, combined with the motion characteristics of the
cantilever beam and allegro electrodes, an innovative MV-TENG
that can realize broadband vibration energy harvesting in two or-
thogonal directions was proposed. The broadband vibration char-
acteristics of the MV-TENG were verified by modal simulation
analysis and experiments. The experimental results show that
both arc TENG and MV-TENG could realize large-scale energy
harvesting in horizontal and vertical vibration directions. Specif-
ically, the MV-TENG could realize horizontal vibration energy
harvesting in the range of 1-3.5 Hz and vertical vibration energy
harvesting in the range of 4 Hz and 9-60 Hz, which could meet
the frequency range of breeze vibrations and sub-span oscilla-
tions. In addition, the coupling output performance of the three
units of the MV-TENG was measured. The results indicate that
the maximum mean power of the MV-TENG in the horizontal
and vertical directions could reach 435.093 and 459.734 uW, re-
spectively. Finally, three application strategies of the MV-TENG
in the smart transmission lines are developed. The self-powered
tower obstacle alerting, temperature and humidity online mon-
itoring, and high-temperature wireless warning of transmission
line based on the MV-TENG were demonstrated separately. The
technical feasibility of TENG in the digital application of smart
transmission lines was verified. The above work will help to build
a clean and low-carbon self-powered intelligent power transmis-
sion system to jointly promote the engineering application of the
TENG and the digital transformation of the power system.

5. Experimental Section

Fabrication of the MV-TENG: The MV-TENG was mainly composed
of S-beam and allegro electrodes. The dimensions of the MV-TENG are
210 mm X 210 mm X 60 mm. The S-beam was made using 3D printing
(3DP) technology and was made of PLA. The upper plate electrode was
connected to the bottom plate electrode hinge by a steel shaft (diameter of
2mm). The allegro electrodes used a 0.3 mm thick sponge and 80 um thick
copper foil. The FEP thickness in the bottom plate electrode was 30 mm
and the Nylon thickness in the upper plate electrode was 25 mm. The elec-
trodes were connected and output by copper wires (diameter of 0.14 mm).
Each PLA plate of the upper plate electrode had a 10 g mass block mounted
on the back to increase the movement inertia of the upper plate electrode.

Experimental Measurement: The vibration excitation system was
divided into a horizontal vibration excitation system and a vertical
vibration excitation system. Among them, the linear motor (Lin Mot,
HF01-23) of the horizontal vibration excitation system was installed on

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWIOD aAI.D 3|l jdde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|Nn 10} AIq1T8ULUO AB]IAA UO (SUO N IPUOD-PUE-SWLBILI0D" A8 | ARe.q 18U UO//:SdnL) SUORIPUOD pue sue 1 ay) 88s *[e202/TT/ET] uo Ariqiqauluo A(1m ‘ABojouyoe | JO @nisul elbices Aq £5E206202 WUSe/Z00T 0T/I0p/AL0D" A8 | M Aleiq Ul |Uo//Sdiy Woj papeoiumod ‘0 ‘0r89rTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

a vibration isolation platform, and the prototype was installed at the
front end of the linear motor. The electrodynamic shaker (Labworks Inc.,
LW139.138-40) of the vertical vibration excitation system was mounted
on the vibration isolation platform with the prototype mounted on top. In
addition, the output signal generated by the prototype was then acquired
by a data acquisition (DAQ) card (NI, USB-6218) and an electrometer
(6514, Keithley), and then transferred to a computer where the output
signal of the prototype was analyzed and processed by LabVIEW software.
It is noteworthy that the coupling voltages output by MV-TENG were
measured by an oscilloscope (Tektronix, MDO34).

Application Demonstration: The transmission line simulation system
consisted of two 1.5 m high tower models and an aluminum stranded wire
(ASW) of 10 mm diameter. The electrodynamic shaker was connected with
the ASW to simulate the vibration of the transmission line by controlling
the electrodynamic shaker output. Each obstruction light of tower obsta-
cle alerting was equipped with five LEDs with a diameter of 5 mm. The
MCU for temperature and humidity online monitoring with a humidity and
temperature sensor (SHT35). The transmitter and receiver used ZigBee
wireless communication (LRF215). The transmitter and receiver for high-
temperature wireless warning of the transmission line were provided by
LINPTECH (G6L-TW).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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