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Abstract

:

This paper presents a study of a piezoelectric energy harvesting circuit based on low-power-consumption synchronized switch technology. The proposed circuit includes a parallel synchronized switch harvesting on inductor interface circuit (P-SSHI) and a step-down DC-DC converter. The synchronized switch technology is applied to increase the conversion efficiency of the circuit. The DC-DC converter is used to accomplish the impedance matching for different loads. A low-power-consumption microcontroller and discrete components are used to build the P-SSHI interface circuit. The study starts with theoretical analysis and simulations of the P-SSHI interface circuit. Simulations and experiments were conducted to validate the theoretical analysis. The experimental results show that the maximum energy harvested by the system with a P-SSHI interface circuit is 231 μW, which is 2.89 times that of a system without the P-SSHI scheme. The power consumption of the P-SSHI interface circuit can be as low as 10.6 μW.
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1. Introduction


In recent years, with the development of mobile devices and wireless sensor networks, the power supply issue of these mobile or wireless devices has attracted increased attention. Instead of chemical batteries, using the energy harvested from the ambient environment to power the electronic devices can avoid environmental pollution and battery replacement problems. Environmental energy sources including wind energy [1], solar energy [2], thermal energy [3] and kinetic energy [4] can be utilized. Among these energy sources, kinetic energy is ubiquitous and is becoming popular in energy harvesting [5].



A piezoelectric transducer is usually used to convert kinetic energy to electrical energy due to its high power density [5] and relatively high voltage [6]. As the output voltages of the piezoelectric elements in the harvesting system are alternating voltages, a rectifier interface circuit is usually needed. A commonly-used energy harvesting interface circuit is the bridge rectifier (BR) interface [7]. Its simple structure makes it easy to implement, and it has often been used to evaluate the power output of energy harvesting devices [8]. However, a drawback is its relatively low efficiency.



Synchronized switch technology was first proposed by Richard et al. [9] in their study into structural vibration damping using piezoelectric transducers. Subsequently, Richard et al. [10] proposed synchronized switch damping on inductor technology by adding an inductor in series with the switch. The switch was used to quickly inverse the piezoelectric voltage. Guyomar et al. [11] applied synchronized switch technology in a piezoelectric energy harvesting circuit and proposed synchronized switch harvesting on inductor (SSHI) technology. Following the research from Guyomar’s group, many researchers have studied energy harvesting circuits based on SSHI technology.



Krihely et al. [12] proposed a rectification scheme on the basis of SSHI, which was improved by adding a resonant circuit that commutates the voltage across the piezoelectric electrodes to eliminate the shunting of the current by the output capacitor. Experiments showed that the proposed scheme increased the extracted power by up to 230% compared to bridge rectifier interface under constant harmonic excitation. The problem with this solution is that the efficiency of the interface circuit is not much improved, as its control circuit consumes 35.2 μW of power. Liang et al. [13] proposed a P-S3BF interface circuit by optimizing the bias-flip strategy of the SSHI interface and verified that the power of the scheme was increased by 24.5% compared to the P-SSHI interface circuit. However, the overall power consumption of the control circuit was up to 6 mW. Wu et al. [14] proposed an optimal SSHI circuit integrated with an active rectifier; the proposed scheme inserted an active diode on each resonant loop, which ensured the flipping of the capacitor voltages at optimal times and eliminated the need to tune the switching time. The harvested power of the scheme was 2.1 times that of the bridge rectifier interface circuit, and the system dissipated about 24 μW.



The impedance matching problem is also important in piezoelectric energy harvesting systems. Kim et al. [15] showed in their research that when the impedance of the interface circuit matches the impedance of the piezoelectric transducer, the energy harvesting system collects the most power. In a weakly electromechanical coupled system, the equivalent impedance of the mechanical part is much larger than the circuit impedance, so more power can be harvested by increasing the circuit impedance. Liang et al. [16] presented the impedance model and analysis for piezoelectric energy harvesting systems with several interface circuits. The results showed that impedance-based analysis can predict the maximum harvested power well. To improve the efficiency of the energy harvesting circuit with different load impedances, a two-stage circuit topology was usually used. A two-stage energy extraction circuit was applied to provide good electrical load conditions for the piezoelectric energy harvester and supply a defined electrical voltage [17]. Kawai et al. [18] implemented a maximum power point tracking control in a piezoelectric energy harvesting circuit using switched inductors based on a two-stage circuit topology. In Chew and Zhu [19], a power extraction circuit and adaptive full analogue power management module allowed up to 156% more power to be harvested from the piezoelectric strain energy harvester. Zouari el al. [20] proposed an improved maximum power point tracking technique applied to the P-SSHI technique for piezoelectric vibration converters based on the fractional open circuit voltage method. The comparison between different simulation results showed that the proposed method improved the efficiency by about 279%.



From the above literature review, there are at least two important concerns in the study of piezoelectric energy harvesting interface circuits. Firstly, the power consumption of the interface circuit itself should be low; secondly, a two-stage circuit can be used to solve the impedance matching problem for different loads. In this paper, a low-power-consumption parallel synchronized switch harvesting on inductor interface circuit with an impedance matching circuit is proposed. The proposed system includes parallel synchronized switch harvesting on inductor interface circuit and a step-down DC-DC converter. An electromagnetic displacement sensor was used to detect the vibrating state of the piezoelectric beam. The feasibility of the system is verified by experiments. This paper is organized as follows. In Section 2, an overview of the proposed circuit system and theoretical analysis are given. In Section 3, the simulations of the P-SSHI and bridge rectifier interface are explored. In Section 4, the experiments and results are given. Finally, conclusions and discussions are presented in Section 5.




2. System Design and Theoretical Analysis


2.1. System Design


A piezoelectric element can be modeled as a sinusoidal current source ip in parallel with the piezoelectric capacitor Cp when the piezoelectric element vibrates in a sinusoidal manner [11,16], as shown in Equation (1).


iP(t)=IPsin(ωt)



(1)




where IP and ω are the magnitude and frequency of the piezoelectric current source, respectively. The magnitude IP varies with the mechanical excitation level of the piezoelectric element.



The proposed piezoelectric energy harvesting system is shown in Figure 1. The interface circuit includes a P-SSHI and a DC-DC converter. The alternating voltage generated by the piezoelectric element is rectified to direct voltage through the P-SSHI interface circuit, the DC-DC converter provides an impedance matching function for the P-SSHI circuit, and the voltage output from P-SSHI is kept at a desired value. A linear regulator is used to regulate the output voltage of the DC-DC converter to a supplied voltage for the microcontroller (MCU). A displacement sensor is used to detect the motion state of the piezoelectric element.




2.2. Interface Circuits and Theoretical Analysis


The modeling of the interface circuit and analysis of the output power and optimal impedance have been explored by many researchers [21,22,23], including the bridge rectifier and rectifier circuits based on switching technologies. A bridge rectifier interface circuit is shown in Figure 2. It consists of a full-bridge diode rectifier and a capacitor Cr. The working waveforms in the bridge rectifier interface circuit are shown in Figure 3.



In half a cycle, the total amount of charge flowing out of the piezoelectric generator is expressed as follows:


∫0T/2Idt=∫0T/2(αμ•−CPV•)dt=−2(αUM−CPVCr)



(2)




where α is the force factor, I and V are the outgoing current and voltage, μ and UM are the displacement of the mechanical vibration and the amplitude of the mechanical vibration displacement, and T is the period.



The total amount of charge flowing through the load is as follows:


∫0T/2irdt=−TVCr2RL



(3)




where ir is the current flowing through the load.



From Equations (2) and (3),


VCr=2αUMRLω2CPRLω+π



(4)







Thus, the harvested power can be calculated as


P=VCr2RL=4α2UMω2RL(2RLCPω+π)2



(5)







When the piezoelectric generator vibrates at a certain amplitude, according to Equation (5), there exists an optimal value Ropt to obtain the maximum harvested power. Let dP/dRL = 0, and the optimal load is as follows:


Ropt=π2CPω



(6)







The maximum power is


PMAX=ωα2UM22πCP



(7)







The P-SSHI interface circuit is shown in Figure 4. It consists of a piezoelectric element, an inductor L, a switch S, a full-bridge diode rectifier, and a capacitor Cr. Compared with the bridge rectifier, the P-SSHI introduces an inductor L and a switch S connected in parallel with the piezoelectric capacitor CP. The inductor L and the piezoelectric capacitor CP form a resonant circuit to invert the voltage across the piezoelectric capacitor VCp_s when needed.



The working waveforms of the P-SSHI are shown in Figure 5. In the time interval t0–t1, the current source iP is in the positive half cycle, diodes D1 and D3 are turned on, the switch S turns off, and the current source iP charges the capacitor Cr. During this time period, the voltage across the piezoelectric capacitor VCp_s is greater than the sum of the forward voltages of the diodes and the voltage across the capacitor VCr_s. In the time interval t1–t2, the current source iP starts to reverse, the voltage VCp_s drops, and the full-bridge diode rectifier is disconnected. The switch S is turned on, and the voltage VCp_s is quickly turned in reverse. After a certain time (a half-cycle of the LC resonant circuit), the switch S is turned off, and the circuit enters the interval t2–t3. In the time interval t2–t3, the current source iP continues to charge the piezoelectric capacitor CP. When the voltage across the piezoelectric capacitor VCp reaches the value of −(Vcr_s + 2VF), where VF is the forward voltage drop of the diodes, diodes D2 and D4 are turned on, the piezoelectric capacitor CP charges the capacitor Cr, and it enters the interval t3–t4. In the interval t3–t6, the working procedure is similar to the interval t0–t3. Compared to the bridge rectifier, less charge is used to neutralize the remaining charge, so more charge flows to the load.



In the above process, the switch S is turned on when the current IP reaches zero. At that moment, the cantilever beam vibration amplitude reaches the maximum positive or negative values. The piezoelectric capacitor CP and the inductor L form an LC resonant tank, and the voltage VCp changes in a short interval τ=πLCP. After that, the voltage VCp_s is flipped from VCr_s to Vm, where Vm is the flipped voltage. The flipping factor γ is related to the quality factor Q of the LC resonant circuit by


Vm=−γVCr_s=−e−π2QVCr_s(0<γ<1)



(8)







In half a cycle, the total amount of charge flowing out of the piezoelectric generator is expressed as


∫0T/2Isdt=∫0T/2(αμ•−CPV•)dt=−2(αUM−CPVCr_s)



(9)







The amount of charge flowing out of the piezoelectric generator is composed of the charge flowing through the inductor L and the load.


∫0T/2iLdt=CP(VCr_s−Vm)



(10)






∫0T/2ir_sdt=−TVCr_s2RL



(11)




where iL is the current flowing through the inductance, and ir_s is the current flowing through the load.



From Equations (8)–(11),


VCr_s=2αUMRLω(1−γ)CPRLω+π



(12)







Therefore, the power harvested by the P-SSHI interface circuit is


Ps=VCr_s2RL=4α2ω2UM2RL[RLCPω(1−γ)+π]2



(13)







Let dPs/dRL = 0; the harvested power reaches a maximum PMAX_s for an optimal load Ropt_s:


Ropt_s=π2CPω



(14)







The maximum harvest power is


PMAX_s=ωα2UM2πCP(1−γ)



(15)








2.3. DC-DC Converter


Previous analysis shows that the output power of the bridge rectifier interface and the P-SSHI interface are affected by the value of the load. Therefore, a DC-DC converter is connected to the interface circuit to form an optimal load for the interface circuit. Piezoelectric generators can generate peak voltages of a few volts to tens of volts—much larger than the voltage usually required by an electronic device; for example, a wireless sensor network node—therefore, a step-down DC-DC converter was applied to lower the output voltage. In this research, a commercial DC-DC converter, LTC3388-1 step-down regulator from Analog Devices, with a wide working voltage range of 2.7 V to 20 V and optional output voltages of 1.2 V, 1.5 V, 1.8 V, and 2.5 V was used. The LTC3388-1 is connected to the bridge rectifier interface circuit and the P-SSHI interface circuit to construct an impedance-matched bridge rectifier circuit and an impedance-matched P-SSHI circuit, as shown in Figure 6a,b, respectively.



In the impedance-matched P-SSHI interface circuit, as shown in Figure 6b, the switch connected in series with the inductor L as shown in Figure 4 is built by two N-channel Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs) connected in series. The source electrodes of the two MOSFETs are connected together to the ground to build an appropriate potential for the interface circuit. The grid electrodes of the two MOSFETs are controlled by the I/O port P2.1 of the microcontroller. When port P2.1 outputs a high-level voltage, both MOSFETs turn on.





3. Simulations


The proposed circuits were built in the Personal Computer Simulation Program with Integrated Circuit Emphasis (PSPICE) simulation software to verify the theoretical analysis. The P-SSHI interface circuit in the simulation is shown in Figure 7. The frequency of the current source iP was set to 15 Hz and the current amplitude was 80 μA. The internal capacitance CP was 15 nF, the inductance L was 4.7 mH, and the resistance of the inductor L was set to 4 Ω. G0 and G1 are MOSFETs (modeled BSS138/FAI). The rectifier bridge diodes D1–D4 were modeled D1N4004, and the forward voltage was 0.53 V. The capacitance of Cr was 0.1 μF. Vpulse is a pulse–width modulation (PWM) control signal, whose low level, high level, rise time and fall time of the control voltage were set to 0 V, 10 V, 0.01 μs, 0.01 μs, respectively. Vpulse was connected to switches G0 and G1. When the current source ip started to reverse, Vpulse turned to high and was applied to G0 and G1 to turn on the switches.



The first simulation was performed to verify the working waveforms of the P-SSHI interface circuit in the analysis. The resultant waveforms in the simulation are shown in Figure 8. Figure 8a shows the harvested power of the load and the voltage across the piezoelectric capacitor. It can be seen from the figure that the voltage across the piezoelectric capacitor quickly flipped, and the flipping factor was around 0.95. Figure 8b shows the current flowing from the piezoelectric element to the load. There are currents peaks during every voltage flip. The waveforms in the simulation are consistent with the theoretical analysis.



The second simulation was performed to verify the analysis shown in Equation (14). The simulated system resulted in different harvested power by changing the load resistance, as shown in Figure 9. The simulation results show that when the load RL was 1170 kΩ, the harvested power reached the maximum of 2136 μW. The theoretical optimal load calculated by Equation (14) is 1111 kΩ, which is slightly lower than that in the simulation. The reason for this may be that the parasitic elements (capacitance, resistance, inductance) of the bridge rectifier were not taken into account in the theoretical analysis.



The third simulation was carried out to compare the harvested power between the P-SSHI circuit and the bridge rectifier circuit. A bridge rectifier circuit was also built in the software but is not shown in the paper. By changing the load, the harvested power of the bridge rectifier circuit is shown as the circle-marked curve in Figure 9. For the bridge rectifier interface circuit, the maximum harvested power is 709 μW. The P-SSHI interface circuit outputs 301% more power than the bridge rectifier interface circuit.




4. Experimental Validations


4.1. Prototype and Experimental Setup


The block diagram of the experimental setup is shown in Figure 10a. The real experimental setup is shown in Figure 10b. The piezoelectric energy harvesting system is composed of a piezoelectric cantilever beam and the interface circuit. The cantilever beam is made of aluminum. The piezoelectric element is modeled as QP21B (Mide, Woburn, MA, USA). The QP21B is a bimorph piezoelectric device that is packaged in protective polymide layers, which significantly increases the robustness of the piezoelectric elements. The piezoelectric element was surface-mounted on the cantilever beam, 2 mm away from the clamped end. The sizes of the cantilever beam and the piezoelectric element are shown in Table 1. The cantilever beam was mounted on a shaker (JZK-5, Sinocera piezotronics, Yangzhou, China). The shaker is connected to a power amplifier (YE5871A, Sinocera piezotronics, Yangzhou, China) and a signal generator ATF20A (ATTEN, Shenzhen, China).



To detect the displacement of the cantilever beam, a magnet is fixed on the free end of the cantilever beam, offering a varying magnetic field while the beam vibrates. A coil is used as the displacement sensor. The output voltage of the coil is connected to a low-pass filter (LPF) circuit and a zero-crossing comparator to determine the extreme displacement points of the cantilever beam. The resultant signal is sent to the microcontroller through the I/O port P1.6. The MSP430 (Texas Instruments, Dallas, TX, USA) is applied as the microcontroller to control the switches in the circuits and process the received signals. Other parameters of the experimental system are shown in Table 1.




4.2. Experimental Results


Under an excitation level with the amplitude of the open-circuit voltage of the piezoelectric element of 12.2 V, the experimental voltage waveforms of P-SSHI are shown in Figure 11. The voltage waveform is similar to the theoretical analysis and simulation waveform. However, the voltage flipping factor is only 0.41. The flipping factor is much lower than the flipping factor in the simulation. The reason for this may be that the components in the simulation are built in an ideal model, and in the real case, the power consumptions of the components are much larger. The power consumption of the whole system mainly includes the power consumption from the microcontroller, the zero-crossing comparator and the switches. The MSP430 microcontroller (Texas Instruments, Dallas, TX, America) is set to operate in low-power mode 1 and low-power mode 4. In low-power mode 1, the MCU with a 1 MHz crystal frequency consumes 600 μW. In low-power mode 4, the MCU consumes 1.5 μW. To lower the power consumption of the microcontroller, the MCU works mainly under low-power mode 4, waiting for the interrupt signal from the zero-crossing comparator. When the interrupt signal is triggered, the MCU will generate a high-level voltage to control the switches G0 and G1, and then it will enter low-power mode 4 again. By doing so, the average power consumption will be very low. From the experiments, the average power consumption of the MCU is only 1.72 μW. The average power consumption of the SSHI interface circuit is only 10.6 μW.



Figure 12 shows the harvested power of the four interface circuits with different load resistances. The harvested power of the bridge rectifier (BR) interface circuit is shown in the plus-marked curve. When the load resistance RL is 447 kΩ, a maximum power of 80.26 μW was harvested. The harvested power of the P-SSHI interface circuit is shown in the star-marked curve. The maximum power is 230.74 μW while the load is 573 kΩ. The maximum harvested power of the P-SSHI interface circuit is 2.87 times that of the bridge rectifier interface circuit.



The output power of the impedance-matched circuits was also tested. A fixed 2.5 V output voltage was offered to power the load. From the triangle-marked curve and the circle-marked curve shown in Figure 12, it is found that, although the load resistance changed, the output power in these two cases both remained at a stable level. For the impedance-matched bridge rectifier circuit, the output power of the bridge rectifier circuit is maintained around 82 μW. For the impedance-matched P-SSHI circuit, the output power of the interface circuit is maintained around 120 μW. The harvested power of the impedance-matched P-SSHI interface circuit is 1.47 times that of the impedance-matched bridge rectifier interface circuit. However, the output power of the impedance-matched P-SSHI interface circuit is lower than the maximum output power of the P-SSHI interface circuit. The reasons for this may be that too much power is consumed by the DC-DC converter, and the input voltage of the commercial DC-DC converter is not optimal for the P-SSHI interface circuit. In order to increase the harvested power of the impedance-matched P-SSHI interface circuit, the DC-DC converter should be tailor-made with the P-SSHI interface circuit.





5. Conclusions and Discussion


A low-power-consumption interface circuit with an impedance-matched scheme for a piezoelectric energy harvesting system is presented in this paper. The interface circuit integrates the P-SSHI circuit and a step-down DC-DC converter to modify the impedance of the load. For comparison, a P-SSHI circuit, a bridge rectifier circuit and an impedance-matched bridge rectifier circuit were also built. Under a constant excitation level, the designed interface circuits are applied to harvest the power with varying load. The experimental results showed that, compared to the bridge rectifier interface circuit, the output power of the P-SSHI interface circuit increased by 287%. For the impedance-matched P-SSHI interface circuit, the harvested power is 1.47 times that of the impedance-matched bridge rectifier interface circuit. It is shown that the harvested power with P-SSHI technology is significantly improved compared to the bridge rectifier interface circuit. Low-power-consumption schemes are applied to control the P-SSHI interface circuit. The experimental results showed that the average power consumption of the microcontroller is only 1.72 μW, and the average power consumption of the SSHI interface circuit is only 10.6 μW. The impedance-matched P-SSHI interface can maintain a stable output power for different load resistances. However, the output power of the impedance-matched P-SSHI interface circuit is lower than the maximum output power of the P-SSHI interface circuit. The reason for this may be that the commercial DC-DC converter used in the circuit cannot offer an optimal voltage for the P-SSHI circuit, and the DC-DC converter itself consumed too much power.



Future work will include the design of a tailor-made DC-DC converter and low-power-consumption displacement sensing system. Also, an integrated system based on monolithic integrated circuit will help to improve the system efficiency.
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Figure 1. System topology. P-SSHI: parallel synchronized switch harvesting on inductor interface circuit; MCU: microcontroller. 
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Figure 2. Bridge rectifier interface circuit. 
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Figure 3. Waveforms in the bridge rectifier interface circuit. 
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Figure 4. P-SSHI circuit schematic. 
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Figure 5. Waveforms in P-SSHI. 
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Figure 6. Impedance-matched interface circuits. (a) Impedance-matched bridge rectifier circuit; (b) Impedance-matched P-SSHI circuit. 
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Figure 7. P-SSHI circuit built in PSPICE. 
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Figure 8. Working waveforms of the P-SSHI circuit in the simulation. (a) Harvested power and voltage across the piezoelectric capacitor; (b) Output current from the piezoelectric element. 
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Figure 9. Harvested power versus load under the same displacement amplitude. 
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Figure 10. Schematic block diagram and experimental setup. LPF: low-pass filter. (a) Schematic block diagram; (b) The experimental setup. 
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Figure 11. Experimental waveforms of P-SSHI. 
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Figure 12. Harvested power versus load. 
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Table 1. Parameters of the experimental system.
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	Components/Parameters
	Type/Values





	Piezoelectric element
	41.4 × 17.0 × 0.76 (mm3)



	Cantilever beam
	300 × 20 × 2 (mm3)



	CP
	59.8 nF



	f
	10 Hz



	L0
	1 mH



	L1
	1 mH



	G0, G1
	WNM4153



	Comparator
	MAX921



	Diodes
	1N4004
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