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Introduction: Overhead transmission line vibration is detrimental to the normal operation of the power grid. It is necessary to remotely monitor overhead transmission lines with sensors in normal operation, and sensors require a constant source of energy. Harvesting energy from transmission line vibrations is an excellent solution to power these sensors.
Methods: A low-frequency and low-amplitude vibration energy harvester is proposed, analyzed, produced and experimented in this study. A main constituent of the energy harvester is an outer support, an inner support, four one-way bearings, a bevel gear system and a DC generator. The harvester converts the linear reciprocating motion of the line into reciprocating swing at first and then converts it into fixed-direction rotation. Theoretical analyses are conducted to determine the harvester performance factors. Finally, the harvester is fabricated and tested.
Results: The test results are in good accordance with the simulation results. At the vibrating speed as 0.48 m/s, the maximum output power and output voltage are 4.2 W and 24.7 V, respectively. The weather sensor and video recorder installed on the transmission line are powered by the harvester.
Discussion: The energy harvester also effectively suppresses the vibration of transmission lines and has great potential in the constructions of smart grids. The harvester provides a feasible solution for harvesting line vibration energy and suppressing line breeze vibration simultaneously.
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1 INTRODUCTION
The monitoring and handling of faults in overhead transmission lines has been a difficult problem in the constructions of smart grids (Kwasi Anane et al., 2021; Shu et al., 2022; Zhao et al., 2022). Because of the long length and remoteness of transmission lines, the prevention of accidents requires considerable manpower and material resources for regular inspections and checks (Liu et al., 2023). Therefore, it is important to monitor the operation status of transmission lines in real time (Yang et al., 2017; Paul and Chang, 2019; Gao et al., 2023).
Wind and electromagnetic effects between overhead transmission lines will cause transmission lines to be in a long-term low frequency and low amplitude vibration state (Tan et al., 2021). The long-term vibration of transmission lines intensifies the line clip wear, which is detrimental to the safe and stable operation of the power grid. Presently, dampers are usually installed to consume part of the energy of vibration (Kakou et al., 2021; Roy and Kundu, 2021). However, it would be very beneficial to extract and convert energy from transmission line vibration into electrical energy for monitoring equipment (Gao et al., 2022a). Additional sensors on overhead transmission lines can transmit the weather information near transmission lines in real time, as well as remotely video monitor the operation of transmission lines (Zhang et al., 2023). Having these data will greatly improve the efficiency of transmission line inspection.
The latest work on transmission line energy harvesting involves self-powered detection devices by harvesting the energy around the transmission line to power the sensors. The purpose of this work is to solve the problem of difficulty in supplying power to the sensors mounted on the transmission line and at the same time to mitigate the vibration of the transmission line. Energy around overhead transmission lines that can be harvested mainly includes electromagnetic, solar, wind and energy generated by transmission line vibration.
First, electromagnetic energy harvesting is the preferred method used in the industry. The electromagnetic energy harvesters mainly use electromagnetic induction to harvest electrical energy from transmission lines (Zangl et al., 2008; Moghe et al., 2009; He et al., 2013; Yuan et al., 2015). Electromagnetic energy harvesters are unable to harvest energy when the grid outages for maintenance, resulting in sensors being unable to monitor the line conditions at this time. Therefore, the method of electromagnetic induction has limitations.
The second common method is to utilize solar energy. Solar panels are widely used, and solar energy harvesting technology is very sophisticated (Matsui et al., 2018; Wang et al., 2022b; Chen et al., 2023; Navarro et al., 2023). There have been attempts related to solar cells in the current powering of transmission line sensors. The overhead transmission lines are prone to ice cover, discharge and other abnormalities in cold temperatures, windstorms and other inclement weather. Therefore, transmission lines need monitoring in inclement weather. However, solar panel usage is very dependent on weather and underperforms in inclement weather (Wang et al., 2022a). Therefore, solar panels may not be a good choice.
Direct wind energy collection is the third method tried in the industry. Direct harvesting of wind energy requires good wind resources (Yang et al., 2021; Pan et al., 2022; Castellano-Aldave et al., 2023; Jung and Schindler, 2023). This method originated with wind scoops on transmission line towers that measured wind speed. Wind energy harvesters generally require start-up wind speeds of 3.5 m/s or more (Fan and Zhu, 2019; Gao et al., 2022b; Swisher et al., 2022). Therefore, wind energy harvesters have difficulty harvesting energy from breezy weather, which accounts for a relatively large portion of actual conditions.
Harvesting vibration energy from overhead transmission lines is the most recent approach proposed in the industry. When the wind speed exceeds 0.5 m/s, transmission lines vibrate and generate large energy due to the Karman vortex formed by the breeze (Kubelwa et al., 2021; Tang et al., 2022; Wu et al., 2022). The transmission line vibration frequency caused by the wind is generally approximately 4 Hz. If the energy of the vibrations in the transmission line is extracted and converted to power the sensors, the wear and tear of the wire clamps will also be reduced. (Foti and Martinelli, 2018). Therefore, energy generated by transmission line vibration is a high-quality energy source for self-powered sensors installed on overhead transmission lines.
In recent years, power grid companies have also begun to try to add ice-cover detection sensors to transmission lines, using solar energy for power supply. As we have analyzed solar energy, solar energy is not able to carry out better power supply under adverse meteorological conditions. In contrast, the method we use has the following three advantages: for the need of low ambient wind speeds, it can work in any bad weather, and it does not put an extra burden on the power grid.
According to these analyses, this paper proposes a low-frequency and low-amplitude vibration energy harvester (LVEH) for overhead transmission lines. The energy harvesting capability of the LVEH was comprehensively studied. Compared to common solar panels and electromagnetic energy harvesters, the LVEH not only has higher output voltage and power but also efficiently converts energy that negatively affects grid operation into useable energy. The framework, generator, operating principle, analysis, fabrication and tests are described in Section 2. Section 3 describes and analyzes the results of the tests in detail. Finally, in Section 4, conclusions are provided.
The main contributions and advantages of our study are as follows:
(1) A low-frequency and low-amplitude energy harvester is proposed for harvesting vibration energy from overhead transmission lines to power sensors. Compared to other energy harvesting devices, LVEH advocates harvesting low frequency energy that is more compatible with the actual operating conditions of overhead transmission lines. The LVEH converts linear reciprocating motion into swing at first and then converts swing into fixed direction rotation. In addition, the generator shell and its spindle speed are equal in magnitude and opposite in direction.
(2) Unlike other energy harvesters that are designed to rotate only the end gears in one way, the LVEH utilizes a special design that allows all gears to rotate in one way. The traditional bidirectional energy harvester only makes the generator spindle rotate in one direction. The frequent direction change of that type of harvester will shorten the gear life span due to rigid shock. The energy stored in gear rotation will be wasted or even burdened for the next direction change. In contrast, the special design of the LVEH enables all gears to rotate in one way and always have two driven gears that can fluctuate the adjustment of two output gears separately. This allows the LVEH to output a stable voltage and a more stable output voltage with a lower vibration frequency. The LVEH achieves a stable voltage output percentage of 76.3% when the vibration frequency is 4 Hz.
(3) A third advantage of LVEH is that it can dampen vibrations in transmission lines without burdening the grid. Compared with the harvesters in (Yuan et al., 2021; Jin et al., 2022), which acquire energy from the grid, the LVEH guarantees the safety and quality of the grid power. At the same time, the LVEH dissipates the kinetic energy of the line and extends the service life of the transmission line accordingly.
2 METHODS
2.1 Framework
The main goal of this work is to develop a low-amplitude and low-frequency energy harvester for overhead transmission lines to harvest the energy from line vibrations. As shown in Figure 1, the LVEH is installed on high-voltage line towers and is connected to the transmission lines by a vibrating rod. The energy harvested from the LVEH is capable of powering the sensors that are relevant for monitoring the operation status of the transmission line, such as weather sensors and fault video recorders.
[image: Figure 1]FIGURE 1 | Framework for the low frequency and low amplitude vibration energy harvester (LVEH).
There are five steps to completing energy harvesting. The first step is the energy source: the transmission line is subjected to low-frequency, low-amplitude vibration for a long period of time under the excitation of the breeze. The LVEH is deployed on a power tower. The vibration of the transmission is changed to a reciprocating swing by the LVEH. The third step is energy recombination and transmission. The reciprocating swing is converted in unidirectional rotation by the special designed mechanism in the LVEH. The fourth step is energy storage. The power from the generator is stored in a supercapacitor. The final step is the application. The captured energy is used to power the sensors deployed on the transmission lines.
The LVEH converts transmission line vibration into reciprocating swing with the use of a vibrating rod in cooperation with a swing rod. The reciprocating swing is converted into one-way rotation by the cooperation of four one-way bearings, two solid shafts and six bevel gears. The composition in these structures effectively solves the reciprocating motion of the transmission line. After motion conversion, the low frequency of line vibration is overcome using the gearbox to increase the speed of the generator of the energy harvester. Finally, a voltage regulator circuit and a supercapacitor are deployed to stage and storage output energy.
2.2 Generator
The generator is the core component of the LVEH. As shown in Figure 2, the LVEH uses a DC brush generator (Maxon 118753, Sachseln, Switzerland) with the advantages of small size, light weight and high efficiency. Because transmission lines vibrate with a low frequency and a low amplitude, it is necessary to increase the generator rotation speed. Therefore, a gearbox (Maxon 166169, Sachseln, Switzerland) was added in front of the DC generator to increase the rotation speed of the generator. The gearbox and the generator parameters are shown in Table 1.
[image: Figure 2]FIGURE 2 | DC generator and gearbox.
TABLE 1 | Key parameters of the gearbox and the generator.
[image: Table 1]2.3 Operating principle of the LVEH
The critical component of the LVEH is a special design that converts energy from transmission line vibration into electrical energy. The operating principle of the LVEH and names of each component are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Operating principles of the LVEH. (A) Location of the bearings and names of the individual components of the LVEH. (B) Upward transmission process in the direction of vibration. (C) Downward transmission process in the direction of vibration.
Figure 3A shows the function and position of each bearing in the LVEH, of which 1–4 are one-way bearings and 5-9 are support bearings. When overhead transmission lines start to vibrate, their vibration direction can be divided into upward and downward motion. Figure 3B depicts the motion transmitting procedure of the LVEH when transmission lines vibrate in the upward direction. The vibrating rod follows the transmission line upward and pushes one end of the swing rods to make two swing rods drive input shaft 1 and input shaft 2 into clockwise rotation. As shown in Table 2, at this time, one-way bearing 1 and 4 are in a locked state, and one-way bearing 2 and 3 are in a free state. Input shaft 1 drives bevel gear 1 clockwise through one-way bearing 1, enabling clockwise rotation of bevel gear 5, which is tightly connected to the generator spindle. Meanwhile, input shaft 2 drives bevel gear 4 clockwise through one-way bearing 4, enabling counterclockwise rotation of bevel gear 6, which is tightly connected to the generator shell. The generator spindle and its shell rotate in opposite directions with equal speed.
TABLE 2 | One-way bearing working state.
[image: Table 2]Figure 3C depicts the transmitting procedure of the LVEH when transmission lines vibrate in the downward direction. Vibrating the rod downward with the transmission line enables two swinging rods to drive input shaft 1 and input shaft 2 to rotate counterclockwise. As shown in Table 2, at this time, one-way bearing 2 and 3 are in a locked state, and one-way bearing 1 and 4 are in a free state. Input shaft 1 drives bevel gear 2 counterclockwise through one-way bearing 2, enabling counterclockwise rotation of bevel gear 6, which is tightly connected to the generator shell. Meanwhile, input shaft 2 drives bevel gear 3 counterclockwise through one-way bearing 3, enabling still counterclockwise rotation of bevel gear 5, which is tightly connected to the generator spindle.
In summary, as shown in Figure 3, all the bevel gears and the generator of the LVEH will rotate in the designed fixed direction. Regardless of the upward or downward vibration direction from the transmission line, the shell and the spindle of the generator are equivalent in rotational speed and opposite in direction.
2.4 Analyses and modeling of LVEH
The analytical model of the LVEH is shown in Figure 4. Figures 4A, B depict the input of the LVEH when the direction of vibration is upward and downward, respectively. The instantaneous velocity v of transmission line vibration can be orthogonally decomposed into vn and vt. vn is the linear velocity of the swing rod, which can be expressed as
[image: image]
where θ is the angle between the vibration rod and swing rod.
[image: Figure 4]FIGURE 4 | Mechanical analysis of the LVEH. (A) Line upward. (B) Line downward. (C) Energy transfer path.
The rotational speeds of two input shafts can be further obtained as
[image: image]
where ωa is the rotational speed of input shaft 1, ωb is the rotational speed of input shaft 2, r is the swing radius of the swing rod, and l is the distance from the swing rod to the input shaft.
The input shaft drives the bevel gear train via one-way bearings. Figure 4C describes the energy transfer path of the LVEH. Bevel gear 5 is driven by bevel gear 1 when the line vibrates upward. It is driven by bevel gear 3 as the line vibrates downward. The rotation speed ω5 of bevel gear 5 can be expressed by the following equation:
[image: image]
where i51 is the gear ratio from bevel gear 5 to bevel gear 1, i53 is the gear ratio from bevel gear 5 to bevel gear 3, and zi is the number of teeth in gear i.
Bevel gear 6 is driven by bevel gear 4 when the line vibrates upward. It is driven by bevel gear 2 as the line vibrates downward. The rotation speed ω6 of bevel gear 6 can be expressed by the following equation:
[image: image]
where i64 is the gear ratio from bevel gear 6 to bevel gear 4, and i62 is the gear ratio from bevel gear 6 to bevel gear 2.
Gear 5 is connected to the generator spindle, and gear 6 is connected to the generator shell. Gear 5 and gear 6 rotate in opposite directions. Therefore, the rotational speed ωg of the generator spindle relative to the generator shell is
[image: image]
From Eq. 5, it can be seen that the rotation speed of the generator is mainly related to l, θ, v and the number of teeth of each bevel gear. and ωg is positively related to v but negatively related to l.
The open-circuit voltage V0 of the generator can be shown as
[image: image]
where K is the generator voltage constant.
The total power Pg of the generator can be shown as
[image: image]
where Rload is the load resistance, Rg is the resistance of the generator.
The output energy of the generator, Eg is
[image: image]
The input power PI supplied to the LVEH by the transmission line can be expressed as
[image: image]
where F is the input force.
The energy extracted by LVEH from transmission line vibrations can be expressed as
[image: image]
where EI is the input energy.
Mechanical efficiency is defined as the ratio of the output power to the input power when the machinery is operating in a steady state. Therefore, the mechanical efficiency of LVEH can be expressed by Eqs. 8, 10 as
[image: image]
The analysis of the LVEH provides two valuable insights. At first, according to Eq. 6, it can be concluded that the open-circuit voltage of LVEH is determined by the vibration speed of the transmission line. The second is that the mechanical efficiency of the LVEH increases with increasing vibration speed based on Eq. 11. These two insights are verified at the test part.
2.5 Physical prototype of the LVEH
To better verify the capability of the LVEH in energy harvesting, a full-scale prototype of the LVEH was fabricated. Figure 5 shows the physical prototype of the LVEH. Figure 5A shows the main measurements of LVEH are 200 mm × 140 mm × 160 mm (length × width × height). The external support of the LVEH is made of an acrylic sheet, the main material of the internal support is polylactic acid, and all the bevel gears are made of nylon. Figure 5B shows the internal situation of the LVEH.
[image: Figure 5]FIGURE 5 | Physical prototype of the LVEH. (A) LVEH prototype. (B) Internal view of the LVEH.
2.6 Field installation and testing
Figure 6 shows the field installation and test of the LVEH. Figure 6A shows the LVEH prototype. Figure 6B shows that the field test of the LVEH was performed at the Northeast Electric Power University Transmission and Transformation Experimental Center located in 126°30′45″E, 43°49′51″N. Figure 6C shows the northeast electric power university experimental center of transmission and transformation. The LVEH is installed on the high-voltage line tower, as shown in Figures 6D, E. The LVEH supplies power to the sensor, and the sensors transmit the collected data to the main control room, as shown in Figure 6F. This enables real-time telemetry of the operating status of overhead transmission lines.
[image: Figure 6]FIGURE 6 | LVEH field installation and testing. (A) LVEH prototype. (B) Location of Northeast Electric Power University Transmission and Transformation Experimental Center. (C) Experimental Center. (D) LVEH installation in progress. (E) Installation completed. (F) Master Control room.
2.7 Bench test setup
According to the experimental needs, an experimental system for obtaining relevant performance data of the LVEH was developed and assembled. Figure 7 shows the bench test system of the LVEH. The experimental system is mainly composed of a crank slider mechanism. A mechanical structure sketch is shown in Figure 7A. The relationship between the slider displacement s and the crank rotation angle α can be obtained as
[image: image]
where the crank length is x, and the connecting rod length is y.
[image: Figure 7]FIGURE 7 | Bench test system for the LVEH. (A) Crank slider mechanism schematic, (B) Wiring diagram of the test platform. (C) Bench test system motion characteristics. (D) Photograph of the test platform.
The relationship between the instantaneous velocity vs of the slider and the crankshaft speed ωm can be expressed as
[image: image]
Figure 7B shows the wiring diagram of the test platform. The voltage waveforms of the LVEH are collected by an oscilloscope (ADS1302CEL, Guangdong, China). The displacement of the slider is measured in real time by a laser rangefinder (GJD-01, Shenzhen, China). The vibration rod of the LVEH is connected to the slider of the bench test system by a pressure sensor (AR-DN101, Changzhou, China). A DC servo motor driver (RMDS-106, Shenzhen, China) is used to drive the motor (Z5D90-24GU-M, Dongguan, China). A computer is used to control the motor rotation speed and to receive and record the real-time data from sensors. The computer and the motor driver communicate via the RS232 bus. The control program for the servo motor in the computer is created in MATLAB 2019. The data received by the sensors are shown in Figure 7C, which verifies the correctness of Eqs. 12, 13. Figure 7D shows a physical photo of the test platform.
2.8 Voltage stabilized circuit and energy storage
Figure 8 shows the voltage stabilized circuit and energy storage. Figure 8A shows the circuit diagram. The LVEH stores harvested energy in the supercapacitor directly. To prevent the generator from failing due to current backflow, we add a diode between the LVEH and supercapacitor. The energy stored in the supercapacitor stabilizes the voltage through the LM2596 module before supplying energy to the sensor. The LM2596 module supports adjustable output. The 40 V input can be adjusted to a stable output of 0–37 V, thus enabling the supply of energy to different types of sensors. Figure 8B shows a physical picture of the energy storage and voltage regulator circuit.
[image: Figure 8]FIGURE 8 | The circuit diagram of energy storage and voltage stabilized. (A) Circuit diagram. (B) Physical picture.
3 RESULTS AND DISCUSSION
3.1 Vibration frequency and open-circuit voltage
Figure 9 shows the power generation performance tests of the LVEH. The relationship between time and the open-circuit for different vibration frequencies is shown in Figure 9A. The vibration amplitude during the test was set to 6 cm, and the vibration frequencies were set to 1 Hz, 2 Hz, 3 Hz and 4 Hz.
[image: Figure 9]FIGURE 9 | The power generalion performance tests of the LVEH. (A) Plot of open-circuit vollage versus time at different vibration frequencies. (B) Percentage of stable voltage at different vibration frequencies. (C) Load voltage versus resistance. (D) Load current versus resistance. (E) Load power versus resistance. (F) Output power of the LVEH under different vibration speeds. (G) Angle between the vibrating rod and swing rod of the LVEH in relation to the open-circuit voltage.
As shown in Figure 9A, the open-circuit voltage of the LVEH increases gradually with increasing vibration frequency. The average voltage of the LVEH is 4.7 V when the vibration frequency is 1 Hz. As the vibration frequency increases to 4 Hz, the average voltage of the LVEH reaches 24.7 V, which is 5.26 times more than that at 1 Hz.
The vibration velocity v can be expressed by the vibration frequency f as
[image: image]
where s is the amplitude.
The relationship between the vibration frequency and the open-circuit voltage can be obtained from Eqs. 5, 6, 14 as
[image: image]
From Eq. 15, it can be seen that the open-circuit voltage increases with increasing vibration frequency. This is consistent with the measurement results in Figure 9A.
Figure 9A also shows that as the vibration frequency increases, the voltage waveform tends to stabilize. The open-circuit voltage fluctuation amplitude of the LVEH is 9.2 V when the vibration frequency is 1 Hz. As the vibration frequency increases to 4 Hz, the open-circuit voltage fluctuation amplitude of the LVEH decreases to 2.8 V, which is 69.57% less than the voltage fluctuation amplitude at 1 Hz.
The reason for this phenomenon is that the LVEH has a special design of all gears rotating in one way. This design enables all the gears of the LVEH to keep rotating with their stored kinetic energy at the instant when the transmission line vibration direction changes, thus driving the generator for uninterrupted one-way rotation. The energy stored in the bevel gear can be expressed as
[image: image]
where Ei is the energy stored in bevel gear i, Ji is the rotational inertia of bevel gear i, and ωi is the angular velocity of bevel gear i.
On the one hand, it can be obtained from Eq. 16 that the energy stored in the gears will increase as the frequency of vibration increases. This enables the bevel gear system to have enough energy to maintain the rotation of the generator during transmission line vibration changes. On the other hand, as the vibration frequency increases, the time required for the vibration to change direction decreases. This means that less energy needs to be stored in the gears to keep the generator rotating. It can be concluded that the voltage tends to stabilize as the vibration frequency increases.
To provide a better description of the correlation between the vibration frequency and open-circuit voltage stability, the percentage of stabilized voltage at the four vibration frequencies is further shown in Figure 9B. The percentage of stabilized voltage is 17.2% at 1 Hz. When the vibration frequency is 4 Hz, the percentage of stable voltage reaches 76.3%. Compared to 1 Hz, the percentage of stable voltage increases by 4.43 times at a vibration frequency of 4 Hz.
The stable output voltage of the LVEH relieves the processing pressure of the back-end circuit and has a positive effect. This is consistent with the design philosophy of the LVEH.
3.2 Load characteristic test
Figures 9C–E shows the load characteristics of the LVEH. Figure 9C shows the relationship between the load voltage and the load resistance at four vibration frequencies. From Figure 9C, it can be seen that the load voltage increases with increasing load resistance. For the vibration frequency of 4 Hz, the resistance increases from 0 Ω to 300 Ω, making the load voltage increase from 0 V to 24.75 V.
The relationship between the load voltage Vload and the load resistance Rload can be expressed as
[image: image]
where Rg is the internal resistance of the generator.
Eq. 17 shows that the load voltage increases with the load resistance This is consistent with the results in Figure 9C.
Figure 9D shows the relationship between the load current and the load resistance at four vibration frequencies. From Figure 9D, it can be seen that as the load resistance rises, the load current reduces. For a vibration frequency of 4 Hz, increasing the resistance from 3 Ω to 300 Ω reduces the load current from 4.17 A to 0.08 A.
The relationship between the load current Iload and the load resistance Rload can be expressed as
[image: image]
Eq. 18 shows that as the load resistance rises, the current reduces. This is consistent with the results in Figure 9D.
Figure 9E shows the relationship between the load power and load resistance at four vibration frequencies. Figure 9E shows that for a vibration frequency of 4 Hz, increasing the resistance from 0 Ω to 3 Ω increases the load power from 0 W to 52.08 W. Continuing to increase the resistance from 3 Ω to 300 Ω reduces the load power from 52.08 W to 2.04 W. That is, the load power rises first and then reduces with increasing load resistance. The maximum value of load power occurs when the load resistance is equal to the internal resistance of the generator.
The relationship between the load power Pload and the load resistance Rload can be expressed as
[image: image]
The rate of change of the load power can be expressed as
[image: image]
From Eq. 19, it can be obtained that as the load resistance increases, the load power increases first and then decreases. From Eq. 20, it can be obtained that the load power is maximum when the load resistance is equal to the generator internal resistance. The maximum value of the load power Pmax can be expressed as
[image: image]
These results are consistent with the results in Figure 9E.
In summary, the load characteristics show that the LVEH has good electrical performance and has the ability to power the sensors.
3.3 Power test
Figure 9F shows the power curve of the LVEH. The actual power curve of the LVEH is obtained by measuring its output power at different vibration speeds. Figure 9F shows that as the vibration frequency increases from 0 m/s to 2.7 m/s, the output power increases from 0 W to 30.6 W. The LVEH reaches a maximum output power of 30.6 W when the vibration frequency exceeds 2.18 m/s. The design power curve of the LVEH can be obtained from Eq. 5 and the generator power curve provided by the generator manufacturer. As shown in Figure 9F, the actual power fits well with the design power, and the actual power is slightly lower than the design power. The reason for this phenomenon is that the LVEH loses part of the power in the process of converting energy due to friction and so on.
In general, the power curve provides a very visual representation of the relationship between the output and the input of the LVEH. The power curve gives the required vibration speed to achieve a predetermined power.
3.4 Installation angle test
From Eq. 5, it can be seen that the rotation speed of the generator is mainly related to l, θ, v and the number of teeth of each bevel gear. Through the orthogonal experimental design method, we take 10 values for each of the 9 parameters l, θ, v and the number of teeth of each bevel gear, and conduct a total of 90 experiments to show that θ has the greatest influence on the voltage transformation. Therefore, the angles θ need to be tested individually.
Figure 9G shows the angle between the vibrating and swinging rods of the LVEH in relation to the open-circuit voltage. As shown in Figure 9G, 1220 data points were collected when the angle was between 60° and 120°, and these data were fitted to obtain the experimental curve. The experimental curve in Figure 9G shows that increasing the angle from 60° to 90° makes the voltage increase from 22.1 V to 25.6 V. As the angle continues to increase from 90° to 120°, the voltage decreases from 25.6 V to 22.1 V. That is, at 90°, the voltage takes the maximum value of 25.6 V, which is a 15.8% increase in voltage compared to 60° and 120°.
An analysis of variance (ANOVA) was performed on the data collected from each angle to derive a picture of the collected data. Eq. 22 is the formula for the variance. The maximum value of the variance is 0.39 less than 1 by calculating the data from each installation angle individually. Therefore, these data obtained through testing have good stability.
[image: image]
where S2 is the variance, n is the number of samples, xi is a sample numbered i, and [image: image] is the mean.
The relationship between the angle and the voltage can be expressed as
[image: image]
The theoretical curve can be obtained based on Eq. 23. The experimental curve fits well with the theoretical curve.
In summary, the LVEH is installed with an angle near 90° to obtain the maximum output voltage. This provides a guide for the actual installation of the LVEH.
3.5 Efficiency test
The power and efficiency of the LVEH versus the transmission line vibration speed are shown in Figure 10. In Figure 10, the output power is obtained from the power sensor (UD18, Shenzhen, China), and the input power is measured based on Eq. 9. With the transmission line vibration speed increases, the output and input power both increase. When the vibration speed increased from 0.3 m/s to 1.5 m/s, the input power increased from 3.39 W to 42.01 W, a 12.39-fold increase. The output power increased from 1.85 W to 26.7 W, a 14.43-fold increase. The LVEH efficiency also increases from 54.57% to 63.56%.
[image: Figure 10]FIGURE 10 | Power and efficiency versus transmission line vibrating speed.
The load power of the LVEH is
[image: image]
Differentiating Eq. 24 provides the rate of change of load power versus vibration speed as
[image: image]
Differentiating Eq. 9 provides the rate of change of input power versus vibration speed as
[image: image]
From Eqs 25, 26, it can be concluded that the input power increases much slower than the load power as the vibration speed increases. Therefore, the efficiency of the LVEH increases with increasing vibration speed.
In short, the LVEH has a high efficiency that enables it to harvest low frequency and low amplitude energy, which is consistent with our design philosophy.
3.6 Vibration suppression test
Figure 11 shows the force and power provided by the LVEH to suppress vibration at different vibration speeds. The force applied to the transmission line by the LVEH provides negative power to the vibration of the line. As the vibration speed increases, the LVEH provides more resistance to line vibration and absorbs more power. As the transmission line vibrating speed increases from 0 m/s to 1.5 m/s, the force of the LVEH to suppress transmission line vibration increases from 0 N to 28 N. The power to absorb transmission line vibration increases from 0 W to 42.01 W.
[image: Figure 11]FIGURE 11 | The force and power provided by the LVEH to suppress vibration at different vibration speeds.
The kinetic energy Ek1 of the transmission line vibration before the installation of the LVEH can be expressed as
[image: image]
where m is the weight of the transmission line, and v1 is the vibration speed of the line before the LVEH is installed.
After the installation of the LVEH, the kinetic energy Ek2 of the transmission line vibration can be expressed as
[image: image]
where v2 is the vibration speed of the line after the LVEH is installed.
It can be obtained that v2 is smaller than v1 by Eqs 27, 28. Therefore, the LVEH can reduce the vibration of transmission lines.
In summary, the LVEH always provides a force to the transmission line in the opposite direction of its vibration, and this force provides negative power and serves as a suppression. Therefore, the LVEH can relieve the vibration of the transmission line and achieve the purpose of extending the service life of the line.
3.7 Applications
The various applications of the LVEH are verified in Figure 12. As shown in Figure 12A, the energy harvested by the LVEH is stored in a supercapacitor and used in power monitoring devices and weather sensors. Figure 12B shows photographs of the experimental site taken by the monitoring equipment during daytime and nighttime. This shows that the LVEH is able to harvest energy to power monitoring devices, and these devices are able to monitor the states of operation of the transmission lines for all days.
[image: Figure 12]FIGURE 12 | Applications of the LVEH. (A) LVEH harvests energy from transmission line vibration for use in humidity and temperature sensors and monitoring devices. (B) The image captured by the monitoring device, (b-1) Photo taken by the monitoring device in daytime, (b-2) Photo taken by the monitoring device at night. (C) LVEH powering the humidity and temperature sensor. (c-1) Unpowered status, (c-2) indoor status, (c-3) outdoor status.
Figure 12C shows the LVEH powering a weather sensor both indoors and outdoors. It can be observed that the sensor detects a change in temperature and humidity from indoor to outdoor. It also shows that the LVEH can power weather sensors, and then the sensors can detect the states of the environments near the transmission lines.
3.8 Comparison with other energy harvesters
In Table 3, the energy harvesting performance of the LVEH is compared with several similar energy harvesters. The power, voltage, current, energy conversion efficiency and energy harvesting components are compared. As Table 3 shows, the LVEH has a power of 4.2 W, a voltage of 24.7 V, and an energy conversion efficiency of 56.24%, all of which are higher than the other harvesters. Therefore, our LVEH has advantages in power, voltage and energy conversion efficiency.
TABLE 3 | Comparison of the LVEH with the energy harvesters in similar works.
[image: Table 3]4 CONCLUSIONS AND FUTURE WORK
An overhead transmission line vibration energy harvester (LVEH) is proposed. The optimal mounting position of the LVEH’s vibrating rod is at an angle of 90° to the swing rod. The maximum output power and voltage are 4.2 W and 24.7 V when the vibrating speed is 0.48 m/s. The LVEH can effectively supply continuous power to weather sensors, video recorders and other equipment. Compared to traditional energy harvesting devices installed on transmission lines, the LVEH collects energy with high power regardless of the direction of transmission line vibration up or down, and at the same time, the LVEH does not consume power from the grid and can also mitigate transmission line vibration. All these advantages make the LVEH show great potential in the construction of smart grids.
In the testing of LVEH, the safety in high voltage environments is the first problem we need to consider. The second problem is the electromagnetic compatibility of the LVEH, which is in a strong magnetic field generated by the high voltage. Our future work will focus on these two aspects in order to promote the practical applications of LEVH in smart grids.
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