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Abstract

:

Beaufort scale of wind force monitoring is the basic content of meteorological monitoring, which is an important means to ensure the safety of production and life by timely warning of natural disasters. As there is a limited battery life for sensors, determining how to reduce power consumption and extend system life is still an urgent problem. In this work, a near-zero power triboelectric wake-up system for autonomous Beaufort scale of wind force monitoring is proposed, in which a rotary TENG is used to convert wind energy into a stored electric energy capacitor. When the capacitor voltage accumulates to the threshold voltage of a transistor, it turns on as an electronic switch and the system wakes up. In active mode, the Beaufort scale of wind force can be judged according to the electric energy and the signal is sent out wirelessly. In standby mode, when there is no wind, the power consumption of the system is only 14 nW. When the wind scale reaches or exceeds light air, the system can switch to active mode within one second and accurately judge the Beaufort scale of wind force within 10 s. This work provided a triboelectric sensor-based wake-up system with ultralow static power consumption, which has great prospects for unattended environmental monitoring, hurricane warning, and big data acquisition.
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1. Introduction


Beaufort scale of wind force monitoring is an important meteorological predicting technology, which has been widely used in guiding production and preventing natural disasters [1]. For example, in the early warning of marine storms, the Beaufort scale is one of the important parameters in predicting typhoons. However, the conventional Beaufort scale monitoring systems of wind force cannot keep running for a long time because batteries continuously power most sensors, leading to a short lifetime and high maintenance costs. In order to improve the lifespan of the monitoring systems, the project of “Near Zero Power RF and Sensor Operations (N-ZERO)” was proposed by the Defense Advanced Research Projects Agency (DARPA) in 2015 [2], which aims to develop near-zero power systems. To further reduce energy consumption, the auto-wakeup system is proposed based on various active sensors [3,4,5,6,7]. In 2017, Robert W. Reger. et al. proposed a near-zero power wakeup system based on a complementary metal–oxide-semiconductor comparator (CMOS) and a piezoelectric microelectromechanical accelerometer, in which the system can be awakened by threshold acceleration [8]. In the same year, a near-zero power sensing system awakened by sound was proposed, by coupling a piezoelectric sensor with low-power CMOS circuits [9]. In 2019 and 2020, Venkateswaran Vivekananthan and his coauthors designed and fabricated a triboelectrification based energy collector, which realized the function of zero-power consuming seismic detection and a zero-power consuming active pressure sensor, the reported result brought the self-power electronic device into zero-power or near-zero power mode [10,11]. In 2021, Chenxi Zhang et, al proposed a near-zero power system awakened by touch based on the triboelectrification effect, which demonstrated an ultralow quiescent power consumption wake-up technology [12]. With the advantages of a long lifespan and low maintenance costs, the auto-wakeup technology is promising for wind force monitoring.



In 2012, the triboelectric nanogenerator (TENG) was invented based on contact electrification and electrostatic induction [13,14,15], which can convert mechanical energy into electrical energy effectively [16,17,18]. At present, TENGs are widely used in self-powered systems [19,20,21], sensor array [22], and big data acquisition [23]. Previous studies have shown that the TENG can be used as active sensors for wind speed monitoring [24], such as the active wind sensor based on the flutter TENG [25,26], the self-powered wind sensing system based on the rotating TENG [27,28,29], the intelligent self-powered wireless wind sensing systems based on a single TENG [30], and so on. Nevertheless, the existing wind-driven TENGs-based sensing systems always remain in active mode for signal monitoring and measurement [31], which lead to continuous consumption of electrical energy. Constant power consumption neither conserves energy nor ensures that the system maximizes the use of power when transmitting signals. The mechanical energy collected from the natural environment is not enough to convert into electrical energy to power the sensing system all the time. Therefore, to extend the lifespan with low static power consumption, it is necessary to develop the TENG-based auto-wakeup system for wind force monitoring.



In this work, a near-zero power triboelectric wake-up system (NP-TWS) for autonomous Beaufort scale of wind force monitoring is proposed, in which a rotary TENG is used to convert wind energy into a stored electric energy capacitor. When the capacitor voltage accumulates to the threshold voltage of a transistor, it turns on as an electronic switch and the system wakes up. In active mode, the Beaufort scale of wind force can be judged according to the electric energy and the signal is sent out wirelessly. In standby mode when there is no wind, the power consumption of the system is only 14 nW. When the wind scale reaches or exceeds light air, the system can switch to the active mode within one second and accurately judge the Beaufort scale of wind force within 10 s. This work has provided a triboelectric sensor-based wake-up system with ultralow static power consumption, which has great prospects for unattended environmental monitoring, hurricane warning, and big data acquisition.




2. System Design and Characterization


2.1. Design of the System Framework


The NP-TWS for autonomous Beaufort scale of wind force monitoring consists of a rotating TENG, a wake-up circuit, and a stage circuit (SC), which is shown in Figure 1a. The TENG is used to convert wind energy into electric energy and stores it in a capacitor. Then, the wake-up circuit determines whether to wake up the system according to the capacitor voltage. If the system is not awakened, it remains in standby mode and maintains ultra-low static power consumption. Otherwise, the system will shift to active mode, in which the SC judges the Beaufort scale of wind force according to the comparison voltage of the storage capacitor and the signal is sent out wirelessly.




2.2. Structure and Characteristics of the Rotating TENG


As depicted in Figure 1b, the TENG in rotating freestanding-mode was designed as a wind energy harvester with nine fixed power generation units, which contain a stator and a rotator. The two 280 mm diameter acrylic disks with a center hole were divided into 18 fan shapes. The 18 fan shapes of the stator disk were covered with copper. A fan-shaped area was left between every two film coated areas, and the 9 fan shapes of the rotator were attached with fluorinated ethylene propylene (FEP). The stator and the rotor were connected through the shaft, and a fan blade was added in front of the rotor. The working principle of the freestanding-mode TENG is shown in Figure 1c. The FEP layer was in contact with the copper electrode in advance, and the same amount of heterogeneous charge was generated. During the rotation, a small gap is left between the two triboelectric layers, which can eliminate friction and extend the service life of the TENG. In the original state, the FEP layer was aligned with the left copper electrode. At this time, since the TENG was in an electrostatic equilibrium state, there was no current in the external circuit, as shown in Figure 1c (I). When the rotor started to rotate, the alignment area between the FEP and the left electrode was reduced, resulting in the generation of a potential difference, so electrons flowed from the right electrode to the left electrode through the external circuit, as shown in Figure 1c (II). This process would continue until the FEP layer is completely aligned with the right copper electrode, as shown in Figure 1c (III). Then, the alignment area between the FEP and the left electrode increased, which created a reverse current, as shown in Figure 1c (IV). The periodic movement of the FEP layer would generate periodic alternating current (AC) signals. When the wind speed was 4 m/s, the output voltage of TENG was 178 V, and the output current was 4 μA, the corresponding waveform is shown in Figure 1d,e, respectively. The output peak–peak open-circuit voltage and peak short-circuit current of TENG with the Beaufort scale of wind force at grades 1–4 is shown in Figure 1f. From light air to moderate breeze, the voltage of TENG hardly changed and stabilized at 178 V, while the current increased from 1 μA to 6 μA, and the current was positively correlated with the wind speed. The output power of TENG is shown in Figure S6. The durability test of TENG is shown in Figure S5. For 2500 s, the output voltage of TENG remained stable.




2.3. Mechanism and Characteristics of the Wake-Up Circuit


The circuit schematic diagram of the wake-up circuit is shown in Figure 2a, including a half-wave rectifier (D1, D2), a storage capacitor C1, a resistor R1, a zener diode D3, a MOSFET, and a relay. The AC signal output by TENG was converted into a DC signal by a half-wave rectifier composed of D1 and D2 and stored in the capacitor C1. When the voltage of C1 accumulated to the threshold voltage of MOSFET-N, it turned on as an electronic switch. Then current flowed through the coil of the relay KA, causing its switch to pull in and the system woke up, as shown in Figure 2b. With the resistor R1, the electrical energy stored in the capacitor C1 could be released to prevent the system from being triggered by mistake. The zener diode D3 was mainly used for overvoltage protection of MOSFET-N. In the same way, the resistor R2 was mainly used for overcurrent protection of relay KA.



The effects of the capacitance of C1 and the resistance of R1 on the voltage of C1 were studied systematically. The wind speed ranges corresponding to the Beaufort scale of wind force at grades 1–4 are shown in the Figure S1. Figure 2c illustrates the voltage of C1 with different capacitance in light air. The threshold voltage of the MOSFET-N set in the system was 2 V, so the time from 0 to 2 V of capacitor voltage was the response time of the system. The experiments results indicated that the response time of the system decreased along with decreasing the capacitance of C1. The voltage of the C1 with different resistance in light air is shown in Figure 2d, which indicated that the voltage of C1 increased along with increasing the resistance of R1. The voltage of the C1 with different capacitance and resistance on the Beaufort scale of wind force at grades 2–4 had the same result as above, as shown in Figure S2. Figure 2e summarizes the response times of the wake-up circuit with different capacitance on the Beaufort scale of wind force at grades 1–4. The experiment’s results indicated that the response time decreased with the decrease in the capacitance and the increase in the Beaufort scale of wind force. In order to avoid a rapid response causing the system to be awakened by mistake, when a burst of strong disturbance suddenly appears, while maintaining a fast response, a 1 μF capacitor was selected as an energy storage unit. In this case, the system can be awakened within one second and the voltage of C1 would tend to smooth within 10 s. The voltage of C1 with different resistance on the Beaufort scale of wind force at grades 1–4 is summarized in Figure 2f, which shows the increase in capacitor voltage not only increased with the resistance but also increased with the Beaufort scale of wind force. The power supply VCC was 10 V. A 6 MΩ resistor could meet the voltage of a capacitor between 2 and 10 V on the Beaufort scale of wind force at grades 1–4.




2.4. Mechanism and Characteristics of the Stage Circuit (SC)


The circuit schematic diagram of the stage circuit (SC) is shown in Figure 3a, including comparators, resistors, the Microprogrammed Control Unit (MCU), and wireless module. In active mode, the power supply VCC connected to the SC. Resistors R1, R2..Rxn + 1 acted as resistor dividers to provide a threshold voltage for comparators, which were compared with the voltage of capacitor C1. The comparators output a signal of 0 or 1 according to the comparison of the two voltages. The MCU collected and processed the results and transmitted signals by wireless mode. In the experiment, a four-stage circuit was designed to monitor the Beaufort scale of wind force at grades 1–4. The comparison voltage on the Beaufort scale of wind force at grades 1–4 with 1 μF capacitor and a 6 MΩ resistor can be seen in Figure 3b, which shows that the comparison voltages tended to smooth at 2 V, 4 V, 6 V, and 8 V respectively. Considering the voltage fluctuation at the boundary of classification and the power supply VCC was 10 V, five resistors of 100 Ω in series could provide threshold voltages of 2 V, 4 V, 6 V, and 8 V for each of the four comparators. The output signal of the comparator is shown in Figure S3, which indicated that the system could distinguish the Beaufort scale of wind force at grades 1–4.





3. The Result and Discussion


3.1. The Power Consumption of the Wake-Up System


Since the purpose of the NP-TWS is to reduce static power consumption and thereby increase the battery life, the characteristic of the power consumption of the system was examined as shown in Figure 3c, and the power consumption was provided by the power supply VCC. In standby mode, there was only the leakage current of the MOSFET in the system, and the power consumption was just 14 nW, which demonstrated that the system had ultra-low static power consumption and could meet the requirements of low power consumption. In active mode, the power consumption was between 0.75 W and 0.88 W, which was caused by the wireless module. The power consumption would be higher when the wireless module sends data. When the system returned to the standby mode from the active mode, it maintained ultra-low static power consumption again.




3.2. Demonstration of Beaufort Scale of Wind Force Monitoring


Verification experiments were demonstrated by utilizing this wake-up system to monitor the Beaufort scale of wind force. With the auto-wakeup technology, the NP-TWS realized the autonomous monitoring with ultra-low static power consumption and indicated potential application prospects for wind force monitoring, as shown in Figure 4a. Driven by wind energy, the NP-TWS can be used as a wireless sensor network node unattended and with a long lifetime. By monitoring the Beaufort scale of wind force, a large amount of data can be remotely sent to the terminal for wind information collection. The photos of the TENG, wake-up circuit, MCU, LoRa transmitter (LTM), and LoRa receiver (LRM) are shown in Figure 4b,c. Moreover, the flow chart of the NP-TWS is shown in Figure S4. As a demonstration, the compared voltage and system power consumption with different Beaufort scale of wind force are summarized in Figure 4d,e. The first part simulated the wind speed from 0 to 4.2 m/s in the external environment. Then the wind speed was changed to 1.1 m/s. Finally, the wind stopped blowing. In this process, the display on the terminal interface was “Calm”, “Gentle Breeze”, “Light Air” and “Calm”. The compared voltage measured also changed with the Beaufort scale of wind force and corresponded to the system monitoring results one by one. The power consumption of the system increased when the system was awake, and maintained near-zero power when there was no wind. In the second part, the system was kept in windless mode for a period of time, and the measurement results showed that the system could maintain ultralow static power consumption. Subsequently, we simulated the change of wind speed, which was 0, 1.9 m/s, 6.1 m/s, 1.1 m/s, and 0 in this order. The experimental results indicated that the display on the terminal interface, the comparison voltage, and the power consumption of the system were in line with expectations. In addition, the tr1 and tr2 shown in Figure 4e was the response time of the system.



In the experiments, the system is automatically awakened up when the wind blows and the Beaufort scale of wind force is displayed on the terminal device. Even if the Beaufort scale of wind force changes, the system can detect it immediately. When the wind stops blowing, the system will return to standby mode with ultralow static power consumption and wait for the next monitoring. The dynamic display of wake-up is shown in Video S1.





4. Experimental Section


The fabrication of rotary TENG. The two 280 mm diameter acrylic disks with a center hole were divided into 18 fan shapes with a 19 degree central angle. The 18 fan shapes of the stator disk were covered with copper, which both acted as the friction layer and the electrode. A fan-shaped area was left between every two film coated areas, and the nine fan shapes of the rotator were attached with fluorinated ethylene propylene (FEP), which acted as the friction layer. The stator and the rotor were connected through the shaft, and a fan blade was added in front of the rotor.



Characterization of electric output. The output voltage and current of TENG was measured by the electrometer (Keithley 6514). The current of the system was measured by the data acquisition (Keithley DAQ6510). Recording the realtime data and receiving the results in terminal were completed with the software platform developed based on LabVIEW.




5. Conclusions


In summary, an NP-TWS driven by wind energy was developed to monitor the Beaufort scale of wind force. Based on a rotary TENG for energy conversion and a half-wave rectifier for voltage regulation, the voltage of the storage capacitor can be a signal to wake up the system. The wake-up circuit is designed with a transistor, which can accurately control the wake-up of the system. When the capacitor voltage accumulates to the threshold voltage of MOSFET, it turns on as an electronic switch and the system wakes up. In the active mode, the SC can judge the Beaufort scale of wind force according to the comparison voltage and send out the signal by wireless. When the wind scale reaches or exceeds light air, the system can switch to active mode within one second and accurately judge the Beaufort scale of wind force within 10 s. Even if the Beaufort scale of wind force changes, the system can detect it immediately. In standby mode, because there is only the leakage current of the MOSFET in the system, the power consumption of the system is only 14 nW. Owing to the ultra-low static power consumption, the system can monitor in an unattended area for a long time. This work was tested in the laboratory to verify the feasibility of the system. However, for use outside, it is necessary to design the package for TENG. The stability and practicability of the system will be improved in future work, so that the system can cope with a harsh environment. This work has provided a triboelectric sensor-based wake-up system with ultralow static power consumption, which shows promise for unattended environmental monitoring, hurricane warning, and big data acquisition.
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Figure 1. Overview of the wake-up system and the triboelectric nanogenerator (TENG). (a) Schematic diagrams showing the near-zero power triboelectric wake-up system (NP-TWS) for autonomous Beaufort scale of wind force monitoring. (b) Schematic diagram showing the structure of the TENG. (c) Working principle of the TENG. (d) The output voltage and (e) output current of TENG in moderate breeze. (f) The output peak-voltage and peak-current of TENG with the Beaufort scale of wind force at grades 1–4. 






Figure 1. Overview of the wake-up system and the triboelectric nanogenerator (TENG). (a) Schematic diagrams showing the near-zero power triboelectric wake-up system (NP-TWS) for autonomous Beaufort scale of wind force monitoring. (b) Schematic diagram showing the structure of the TENG. (c) Working principle of the TENG. (d) The output voltage and (e) output current of TENG in moderate breeze. (f) The output peak-voltage and peak-current of TENG with the Beaufort scale of wind force at grades 1–4.



[image: Nanoenergyadv 01 00006 g001]







[image: Nanoenergyadv 01 00006 g002 550] 





Figure 2. The wake-up circuit using TENG as a sensor. (a) The circuit schematic diagram of the wake-up circuit in standby mode. (b) The circuit schematic diagram of the wake-up circuit in active mode. (c) The voltage of the C1 with different capacitance in light air. (d) The voltage of C1 with different resistance in light air. (e) The response time of the wake-up circuit with different capacitance on the Beaufort scale of wind force at grades 1–4. (f) The voltage of C1 with different resistance on the Beaufort scale of wind force at grades 1–4. 
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Figure 3. The stage circuit (SC) and the system power consumption. (a) The circuit schematic diagram of SC in active mode. (b) The comparison voltage with the Beaufort scale of wind force at grades 1–4. (c) The power consumption of the wake-up system in standby mode and active mode. 
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Figure 4. Demonstration of Beaufort scale of wind force monitoring. (a) Sketch of the NP-TWS for Beaufort scale of wind force monitoring. (b) The photo of the TENG. (c) The photos of the wake-up circuit, microprogrammed control unit (MCU), LoRa transmitting module (LTM), and LoRa receiving module (BRM). (d) The comparison of voltage of the system in a simulated wind environment. (e) The power consumption of the NP-TWS and the received data of the terminal in a simulated wind environment. 
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