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Abstract

:

In this study, a complete model for a miniature excitation-powered piezoelectric generator (PG), analysis modes of operation and control of a full-bridge joule thief (FBRJT) circuit to identify the optimal points were investigated. The proposed model revealed the PG’s power dependency on mechanical excitation, acceleration, and frequency and defined the load behaviour for power optimisation. The proposed circuit, namely FBRJT, was integrated with the conventional full-bridge rectifier (FBR) in Stage 1 for AC-DC conversion and with the joule thief circuit in Stage 2 for DC-DC conversion. This integration acted as a boost converter without utilising the duty cycles and additional switching components. The electrical nature of the input of FBRJT with a simple structure, sensor-less control and auxiliary circuits showed a consistent agreement with the investigated testing scenarios using both ideal and impedance power sources. Additionally, the performance of the proposed circuit was also verified against the published results of power electronics circuits. The developed versatile circuit and control system can be utilised for many applications, such as mobile battery charging and energy harvesting.
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1. Introduction


Piezo generator (PG) is an emerging device that converts mechanical energy (ME), i.e., vibration existing in the environment, into electrical energy (EE), i.e., alternating current (AC). Over the last decade, there has been a growing emphasis among the scientific community on piezoelectric energy harvesting (PEH) systems. However, in real life, PGs are restricted to low power domains within the range of micro/milliwatts due to their limited internal properties, such as internal capacitance and resistance [1,2,3,4,5,6]. They can withstand very high pressure but have a minimal strain, leading to huge material quantities that are challenging to use [7]. Another challenge that the widespread usage of the PG material encounters is the requirement of high-frequency vibrations (hundreds of kilohertz to generate low power), whereas most of the expected vibrations are typically in the range from 0.1 to 1 kHz and deliver low output voltage, while most power electronics devices require 3–5 Vdc. However, the primary goal of the PEH field is to power small-scale power electronic devices, for instance, small batteries, quartz watches, and animal tracking [8].



It is worth noting that the adopted PG in the PEH field generates AC voltage due to the alternating excitations from the environment, while most power electronic devices require direct current/voltage (DC). Consequently, the PEH field requires a power electronics circuit (PEC), called a rectifier circuit, for the rectification process (i.e., AC-DC conversion) to enable effective utilisation of the generated voltage. Figure 1 [9,10] shows the flow chart of PEH systems.



Numerous single- and dual-stage power electronic circuits have been reported in the literature. The single-stage circuit is used for AC-DC conversion, while the dual-stage circuit combines AC-DC and DC-DC conversions. A flow chart of both single- and dual-stage circuits is shown in Figure 2 [11]. A single-stage H-Bridge rectifier (HBR) is the simplest way to convert AC to DC [1,2,9,12,13,14,15,16,17], and it was proposed herein to overcome the issues of the forward voltage of the conventional diodes in the full-bridge (FBR) circuit. Nevertheless, the extracted output voltage and power through the HBR circuit were limited, and the boundary conditions were not well defined.



To overcome the abovementioned limited output voltage and power issues, Edla. et al. extensively studied the possible enhancement of HBR through the incorporation of a dual-stage H-Bridge circuit (DSHBR) [18]. A small solar battery with a rating of 1.2 Vdc and 4 mA was successfully charged by the proposed DSHBR circuit. However, the power dissipation in the DSHBR circuit was higher than the applied input power due to its complexity in conversion stages one and two. Furthermore, the DSHBR circuit included additional components, such as multiple capacitors, additional IC’s, Zener diodes, which resulted in high power dissipation, design complexity and high cost. Generally, the concocted output of the proposed DSHBR circuit was still low, and this study did not provide suitable electrical boundary conditions for the optimisation method.



To overcome the foregoing difficulties and gain high output voltage and power, a buck-boost circuit was proposed by Elie et al. [19] instead of a linear circuit that successfully charged a rechargeable battery with a rating of 4.8 Vdc. The proposed circuit still contained two stages (AC-DC and DC-DC), multiple capacitors and a sensorless ICs to trigger the switches, which caused the power dissipation to rise over the acceptable value.



Another possible way for maximising the output power is a non-linear technique through using additional switches such as metal-oxide-semiconductor field-effect-transistor (MOSFETs), duty cycles, switching frequency, and passive components (inductors and capacitors). Novel non-linear techniques were proposed by [14,16,20,21,22,23,24,25,26]. These circuits included many auxiliary circuits, bulky inductors, transformers and diodes, which made them not the optimal choice to be adopted in the current investigation that aimed at reducing the size of the power electronics circuit, device miniaturisation and cost.



A rectification circuit called a rectifier-less circuit was proposed by Shareef et al. [27] to attain rectifier-less single-stage conversion by integrating a synchronous inductor process and cold start-up quality to attain the effective output from their proposed circuit (only 0.65 mVac was required for gathering output power of 254 µW). However, this topology was complicated as it also acknowledged additional components, such as three PGs and various power electronics components. Thus, device miniaturisation was unachievable.



In general, the reduction in the circuit size and the efficient utilisation of materials are the main challenges to achieving maximum output power from the PG in order to power electronic devices.



Therefore, the authors employed a combination of the conventional FBR [12] and buck-boost converter [19,28] to overcome the shortcomings of the traditional circuits. The representation of the circuit enhancement procedure is illustrated in Figure 3 [18], while a list of eliminated additional components over the adopted circuits is presented in Table 1.



Thus far, many studies have been carried out to investigate the rectification process, but a combination of both FBR and joule thief circuits has not been introduced yet. In addition, considering the device miniaturisation target, the proposed circuit is developed into FBRJT with limited components without the need to use duty cycles, polarity detectors, logic gates, controllers, and circuits, in comparison with the circuits described in the literature.



The significance of the proposed circuit lies in its ability to reduce the stress between the switching components, polarity detectors and logic gates. It does not also involve auxiliary circuits to minimise conversion losses and costs. As the proposed circuit has a simple, unique design and topology without utilising any active control logic operation, it is expected to reduce the demands on the auxiliary regulating circuits while simultaneously improving the system’s overall performance. It is also anticipated to work effectively for mobile battery charging and energy harvesting applications.



It is worth emphasising that the authors considered a few particular scenarios as the main intention of the PEH field is to convert surrounding environmental vibrations into electrical energy and store it in a storage device. Thus, the following real-life vibrations and their frequencies are used, and the applications of considered vibrations are briefly explained below.



	
The human body resonates at a vertical frequency of 5 Hz [30]; the chest frequency is 4–6 Hz, and the shoulder frequency is 2–6 Hz [31].



	
The washing machine’s drum frequency is 10 Hz [32], the binaural beat frequency is 15–40 Hz [33], car vibration frequency is 1–15 Hz, that of civil infrastructure is 0.3–10 Hz, and that of trees is 0.1–0.8 Hz [34,35].







2. PG Internal Characteristics and Power Conversion Circuits


This section discusses the modelling details of the internal PG circuit, including the FBR circuit, when subjected to excitation, followed by the analysis of the developed FBRJT circuit.



2.1. PG Circuit Model


The PEH system consists of three main aspects: the mechanical interface, power electronics circuit, and storage device. As the PEH process involves both mechanical and electrical prospects, the internal behavior of both prospects will be addressed herein. The PGs are often placed on cantilever beams (Figure 1) to efficiently transmit ME into AC. When the PG is subjected to excitation, it can act as a current source parallel to its internal capacitance, CP [36]. Alternatively, it can be considered a voltage source in series with its internal capacitance.



The internal behavior of the PG in positive and negative cycles when it is excited is shown in Figure 4 [37,38]. It can be seen that the generated PG current, iac, must charge and discharge its internal capacitor, CP, in both half cycles. There is no output expected from the PG during the charging process of an internal capacitor. This period is also called a non-harvesting period (NHP). The output is expected from the PG in the remaining period and is called the harvesting period (HP) [16,18,20,21,39]. Non-harvesting and harvesting periods are denoted by intervals 1, 3 (period t0–1, t2–3) and 2, 4 (period t1–2, t3–4), respectively.



The generated current by the PG due to its mechanical excitation can be written as follows [9,40,41]:


   i  ac      ( t )  =    I  ac    ^    sin  (   ω t   )  ,  



(1)




where      I  ac    ^    and ω are the magnitude of current and angular frequency, respectively, and t is the time.



The outcome of PG is then applied to the PEC for the rectification process. The operation of FBR and the proposed FBRJT circuits is summarised in the following sections.




2.2. FBR Circuit


The FBR circuit (Figure 3) is functioning in Stage 1 and embodies two modes. As the generated AC includes both positive and negative half-cycles, the FBR circuit turns ON and OFF various diodes and stores rectified voltage in the load capacitor, CL1. Thus, the operation of the FBR circuit is described as follows:



	
Mode 1: Positive half cycle



	
During interval 1 (NHP period):




	-

	
No output




	-

	
D1–D4: OFF









	
During interval 2 (HP period):




	-

	
PG delivers output




	-

	
D1, D4: ON




	-

	
Vac = Vdc (CL1: Charged)









	
Mode 2: Negative half cycle



	
During interval 3 (NHP period):




	-

	
No output




	-

	
D1–D4: OFF









	
During interval (HP period):




	-

	
PG delivers output




	-

	
D3, D2: ON




	-

	
Vac = Vdc (CL1: Charged)












During both positive and negative half cycles of the PG, the load capacitor, CL1, is charged. The output power of the FBR circuit varies with the rectified voltage [12,36,41], and the peak output power occurs when


   V rect  =      I  ac    ^     ( t )    2   ω  C P    .  



(2)







Assuming VFBR” CP, the majority of the output current will deliver as


     V  FBR      V  FBR   +      C   P         I  ac      ^  ≈      i    ac   .  



(3)







The rectified output power, PO (t), and the load capacitor, CL1, are related through the following equation:


  〈  P O     ( t )  〉 =   2      V    dc    π  −  (   I  ac   −      V    dc      ω C   P   )  .  



(4)








2.3. FBRJT Circuit


The proposed FBRJT circuit includes Stages 1 and 2 and embodies six modes. As the FBRJT circuit is considered an extension of FBR and dual-stage buck-boost circuits (i.e., Figure 3), the operation of Modes 1 and 2 of the FBR and FBRJT circuits is expected to be the same. Therefore, the operation of Modes 3–6 is only explained in this section.



Mode 3: Initially, switch, Q1 is OFF when the current surges over the CL1 (positive terminal), primary winding (L1), resistor (R1), base-emitter (B-E) and CL1 (negative terminal). As small current passes over the secondary winding (L2), the collector-emitter (C-E) is slightly conductive.



Mode 4: However, as both windings are coupled in opposite directions, they induce the voltage and turn the transistor on with a higher bias. Thus, both windings being connected in opposite directions, they both create magnetic fields around them.



Mode 5: At this instant, the induced voltage in L1 widely opens the base to the emitter (i.e., B-E) terminal. Thus, more current passes over the C-E path. In other terms, rising the voltage in the L1 enhances the current flow across the L2 and C-E.



Mode 6: At this instant, when the core is saturated, there is no more change in the induced magnetic field. Consequently, the induced voltage in the L1 vanishes; wholly open circuit and the path between the C-E have been closed. Thus, the current passes through the other way over the diode, D1, and charges the load capacitor, CL1, and powers the load resistor, RL1. Later, the same procedure proceeds back to Mode 1.



As this research aimed at investigating the PEC development, the separated rectified output power over the FBRJT is a considerable metric to examine the performance of the FBRJT circuit against the currently used circuits in the literature. Note that the primary function of the proposed energy harvesting circuits is to obtain the maximum power over the PEC. Nevertheless, the proposed study only shows the extracted output power and applied input voltage. As a result, the average input power, Pac, that is generated by the PG is calculated as [18,28]


    P ac  =      V    ac      ×   i    ac   =    V  Pk      2        .      I  Pk      2          cos φ ,   



(5)




where Vac, iac and VPk, IPk are the average and peak voltage and current, respectively, while φ refers to the phase angle between the PGs voltage and the current.



As a result of applying Modes 1–6, the stored output DC voltage through the FBRJT circuit can be considered constant. Accordingly, the output power, PO, through the FBRJT can be calculated as the product of the rectified voltage across its load capacitor, CL2, and current through the load resistor, RL1. Then, the proposed circuit’s efficiency is calculated using the output and input parameters.





3. Simulation Results


The intended application of the proposed circuit is in battery charging and energy harvesting regardless of the applied frequency (i.e., vibrations). Thus, it was tested under two different types of power sources, namely ideal sinusoidal AC voltage and sinusoidal impedance. The performance of the proposed circuit with the ideal sinusoidal source can be considered a proof of concept.



The ideal sinusoidal AC voltage is adopted in LTspice software and applied to the proposed circuit. However, the sinusoidal source is replaced with a PG in the experiment. The applied sinusoidal signal to the proposed FBRJT and the rectified voltage at the load capacitor, CL1 (Mode 2), are shown in Figure 5 and Figure 6, respectively. As a consequence of these waveforms, when the load capacitor CL1 is fully charged, Stage 2 is activated. Therefore, the energising process of primary and secondary windings (Modes 3–4), energised L2 due to the activation of the switch, zoom-in view of L2 and CL2 due to switching process (Mode 5) and the output voltage (Mode 6) as a consequence of the Modes 1–6, are all presented within the context of Figure 7, Figure 8, Figure 9 and Figure 10, respectively.



It is worth noting that the stored rectified voltage in the load capacitor, CL1, is an output of the FBR circuit. The rectified voltage is shown in a separate figure to demonstrate the difference between the outcomes of the FBR and FBRJT circuits. In addition, unless FBR fully charges the CL1, the FBRJT circuit does not conduct.




4. Experimental Results


This experimental test was conducted in the department of the Faculty of Science, Southern Cross University, Lismore, which is situated in the state of NSW, Australia.



A conventional piezoelectric cantilever beam was made up of an aluminium beam (dimensions: 205 × 20 × 1 mm) with one end fixed into the vibration shaker (Model APS—113), while the other end carried two permanent magnets acting as a proof mass. A microfiber composite (MFC) patch (category: M2814-P2, 38 mm × 20 mm, 300 µm, CP = 33.90 nF) was patched near the fixed end of the aluminium beam where the highest possible strain occurred [3,40,42].



A function generator (Agilent 33210A, USA) was used to deliver a sinusoidal signal to a power amplifier (2706, B & K Agilent, USA), which then amplified the signal before activating the shaker. The shaker generated mechanical excitations according to the input vibration frequency and amplitude to excite the piezoelectric cantilever beam. The acceleration of the base excitation beam can be monitored by using an inductive sensor. As a result of excitation, the patched PG generates AC, which is considered an input voltage to the FBRJT circuit. Figure 11 illustrates the proposed experimental setup and implementation on a breadboard. Two different test scenarios were adopted to evaluate the FBRJT circuit.



In Tests 1 and 2, the AC extracted from the PG through the FBRJT was characterised by varying parameters in the circuit, as described in Table 2. The parameters used in the experiments are listed in Table 1. In Test 1, the FBRJT was tested with constant voltage under varying frequencies, while in Test 2, various accelerations were applied at a constant frequency. The output voltage through the FBRJT circuit in Tests 1 and 2 was stored in a load capacitor for a low electric current at a fixed voltage level. Subsequently, each load resistance was connected in parallel with the load capacitor, and the outcome was captured. A multimeter was used to measure the output voltage across the load capacitor, CL2.



4.1. Test 1: Varying Frequency with a Constant Input Voltage


Figure 12a,b shows the acquired output voltage and output power over the load resistances from 100 to 700 kΩ of Test 1.



Figure 12a shows that irrespective of the applied frequency, the output voltage is increased by adding the load resistances from 100 to 700 kΩ with a constant input volt-age. It can also be noted that the proposed topology produced the maximum output voltage at a load resistance of 700 kΩ. To attain the best performance, the input voltage is expected to be higher compared to the forward voltage (Vf) and the threshold voltage of the diodes and transistors (switch, Q1).



Primarily, 3 Vac was applied to the FBRJT circuit at 5 Hz, which includes two stages. Thus, the applied AC voltage is rectified and stored in the load capacitor, CL1, in Stage 1. Afterwards, the stored rectified voltage in CL1, as a consequence of Stage 1, stimulates the current to flow through primary (L1) and secondary (L2) windings, while a weak current passes through the collector to the emitter (C-E). As both windings are connected in opposite directions, the current induces a magnetic field in both windings. The induced voltage in the secondary windings turned on the switch with a higher bias. This occurred due to the rapid turning of the switch ON and OFF. When the core was saturated, there was no more change in the magnetic field. Thus, the induced voltage in L1 has vanished. Consequently, the switch was turned OFF, and the stored magnetic field in L2 was transferred through diode D1 and accumulated in the load capacitor, CL2. It is worth noting that the stored voltage in the load capacitor was denoted by the rectified voltage, Vdc, while the output voltage, VO, denoted the stored voltage in the load capacitor. Each load resistor was connected in a shunt with the load capacitor, CL2, and the outcome was captured through the oscilloscope.



Similarly, other frequencies were applied with the same input voltage, and the outcome was captured, as shown in Figure 12a. When the output voltage was stored in CL2, the voltage crossed it, and the current through the load resistor RL2 was measured, allowing for the output power to be calculated (Figure 12b).



Observing other cases, the trend of increasing output voltage with increasing resistance is consistent. Compared to the output voltage, the trend of output power against the load resistances is rather different.



Further inspecting Figure 12, one can identify that the excitation frequency remarkably affects the performance of the proposed circuit, the extracted output voltage and power. This was particularly evident in the case of the FBRJT circuit, where the highest output voltage and power were achieved at the resonance frequency. The achieved highest output voltage and power against the various frequencies are plotted in Figure 13.



Although the applied input voltage was adjusted to 3 Vac at various frequencies, it can be seen that the higher output voltage and power were achieved at a high frequency [9]. There were two leading causes of yielding the higher output through FBRJT, which are described below.



	
When frequency increased, the PG produced a higher current due to the reduction in its capacitive reactance.



	
As the PG current increased, the output power of PG also increased, which led to an increase in the output power of the FBRJT circuit.






Here, we recollect that the significant objective of this research is to validate the performance of the FBRJT circuit to track the PGs ideal points, power reliance on the frequency at various load resistances, achieving a high output voltage and power at 23.7 Hz with input voltages of 3 Vac.




4.2. Test 2: Varying Acceleration at Constant Frequency


In order to verify the performance of the proposed circuit, it was tested under constant frequency with varying accelerations. In this scenario, the frequency of the PG was kept constant, and various accelerations were applied to the FBRJT circuit (Table 2). The outcome is presented in Figure 14.



Initially, 0.5 acceleration was applied at a frequency of 10 Hz in Test 2. As the generated voltage by the PG is proportional to the acceleration, the applied input voltage was increased with increasing the acceleration [19,43]. As the applied input voltage was higher than the forward voltage of the diodes and threshold voltage of the switch, Q1, the FBRJT circuit was in conduction mode in both stages 1 and 2 (as explained in Test 1), respectively. As a result, the output voltage was stored in the load capacitor, and the captured outcome voltage was plotted in Figure 14. To further understand the performance of the proposed circuit, the relationship between the measured output voltage and resistance was observed and represented in Figure 15.



From Figure 15, it can be seen that the output voltage increased with the increase in the load resistance, regardless of the acceleration (m/s2). The trend of increase in the output voltage was consistent with the load resistance. This observation is in line with Test 1.




4.3. Test 3: Comparison of FBRJT Circuit with The Literature Circuits


From Tests 1 and 2, it can be observed that the use of the FBRJT circuit consistently produces high output in both scenarios of varying frequencies with constant input voltage and varying acceleration at a constant frequency. In order to further understand the performance of the FBRJT circuit, a comparative study between the proposed circuit output power and the similarly designed buck-boost circuit was undertaken (Figure 16).



The output power of relevant published circuits used in the comparison study has been attained using an SPBC circuit with specifications summarised in Table 3.



Overall, it was determined that the FBRJT circuit consistently produces a higher output compared to the well-established buck-boost circuit and tabulated literature circuits at the frequencies considered in this study (i.e., Table 2). Thus, the proposed circuit is anticipated to work in the application of mobile charging and energy harvesting applications at the considered frequencies. Moreover, from Table 3, it was determined that the proposed FBRJT circuit outperformed several similar published literature circuits in terms of output voltage and power.





5. Conclusions


A full-bridge joule thief (FBRJT) circuit was proposed and studied in this paper to identify the PG’s optimal points, output voltage, power dependency on various frequencies, and load resistances and to achieve a high output voltage and power with very low input voltages. The FBRJT circuit integrated a combination of the well-established conventional full-bridge circuit in Stage 1 and the joule theory circuit in Stage 2 to extend the concepts of FBR and buck-boost circuits. The FBRJT circuit was capable of meeting the requirements of device miniaturisation and providing an efficient AC-DC conversion process without employing additional components and auxiliary circuits. The performance of the FBRJT circuit was verified through both simulation and experiment testing, from which its ability to maximise the output voltage and power was observed. The FBRJT circuit converted an AC signal with a frequency of 23.7 Hz and 3 Vac into an output voltage of 7.6 Vdc with a maximum achievable output power of 193 µW. In addition, it converted the generated AC signal with the acceleration of 1.5 m/s2 at a frequency of 10 Hz into an output voltage of 32 Vdc with a maximum attainable power of 3.41 mW. Due to the great potential of using the proposed circuit in many applications, such as battery charging and energy harvesting, it was essential to test it under ideal and impedance sources. In addition, the proposed circuit is anticipated to work in the application of mobile battery charging and energy harvesting applications. In conclusion, the FBRJT circuit proved its functionality as an effective solution for the traditional circuit’s low output voltage and power. These significant findings stimulated the research team to investigate further the ability to control the output voltage (i.e., Stage 2) with a high-rating capacitor/small battery, which needs to be addressed in future publications.
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Figure 1. A flow chart representing the PEH systems. 






Figure 1. A flow chart representing the PEH systems.



[image: Energies 16 01734 g001]







[image: Energies 16 01734 g002 550] 





Figure 2. Conversion processes: (a) Single, (b) Dual stages. 
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Figure 3. Enhancement procedure of the proposed circuit. (a) FBR, (b) Dual-stage buck-boost converter, (c) Proposed circuit, FBRJT, diodes, D1–D5; load capacitors, CL1–2; load resistors, R1, RL1; batteries, B1–2; inductors, L1, L2; switches, M1, Q1; base, collector, emitter, B, C, E; rectified, output voltage, output current, Vdc, VO, IO. 
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Figure 4. PG and associated waveforms. (a) PG representation as a current source and (b) current and voltage output of PG. 
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Figure 5. Applied ideal sinusoidal AC voltage. 
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Figure 6. Stored rectified voltage in CL1. 
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Figure 7. Energised windings (i.e., Modes 4–5): (a) Primary and (b) secondary. 
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Figure 8. Zoom-in view (i.e., Mode 5) of (a) activated switch, Q1, and (b) energising secondary winding as a consequence of Q1. 






Figure 8. Zoom-in view (i.e., Mode 5) of (a) activated switch, Q1, and (b) energising secondary winding as a consequence of Q1.



[image: Energies 16 01734 g008]







[image: Energies 16 01734 g009 550] 





Figure 9. Energising and charging processes (i.e., Mode 6). (a) Zoom-in view of L2 and (b) charging process of load capacitor, CL2. 
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Figure 10. Stored output voltage load capacitor, CL2, as a consequence of Modes 1–6. 
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Figure 11. Experimental circuit diagram and experimental setup. 
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Figure 12. Outcomes of Test 1 through the FBRJT circuit. (a) Output voltage, (b) output power. 
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Figure 13. Outcomes of Test 1 at various frequencies. (a) Output voltage, (b)output power. 
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Figure 14. Output voltage of FBRJT in Test 2. 
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Figure 15. Resistance versus output voltage scenario of Test 2. 
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Figure 16. Comparison of the proposed circuit with the literature circuit, (a) FBRJT, (b) buck-boost circuits (i.e., Figure 3). 
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Table 1. List of eliminated parameters in the proposed study.
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Similar Circuits

	
Component Quantity




	
Diodes

	
MOSFETs

	
Switch

Drivers

	
Additional ICs

	
Inductors

	
Load

Capacitors

	
Load

Resistors

	
Auxiliary Circuits






	
FBR [29]

	
4 (0.67 Vf)

	
0

	
0

	
0

	
0

	
1

	
1

	
0




	
Dual-stage buck-boost converter [19]

	
5

	
1

	
1

	
1

	
1

	
3

	
1

	
0




	
SSRBC [11]

	
3

	
4

	
2

	
0

	
2

	
1

	
1

	
1




	
Hybrid rectifier [14]

	
3

	
4

	
1

	
0

	
2

	
1

	
1

	
0




	
Proposed, FBRJT

	
5

	
1

	
0

	
0

	
2

	
1

	
1

	
0
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Table 2. Testing scenarios.






Table 2. Testing scenarios.





	
Scenarios

	
Frequency (Hz)

	
Input Voltages (Vac)

	
Load Capacitor (µF)

	
Load Resistor (kΩ)






	
Test 1

	
5, 10, 15, 20, 23.7

	
3

	
10

	
100–700




	
Test 2

	
10

	
Acceleration (   m   s 2    )  




	
0.5, 1, 1.5, 2, 2.5
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Table 3. Comparison of outcomes of circuits in the literature.
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Literature Circuits

	
No of PGs

	
Acceleration

(m/s2)

	
Input Voltage (Vac)

	
Output Power

(µ/mW)

	
Efficiency

(ŋ)






	
[36]

	
1

	
-

	
8

	
0.8 mW

	
60%




	
[18] (similar circuit)

	
1

	
-

	
5

	
22 µW

	
Not mentioned




	
[19] (similar circuit)

	
1

	
1.5

	
Frequency

	
1.1 mW

	
68%




	
66 (resonance)

	




	
FBRJT

	
1

	
1.5

	
10

	
3.41 mW

	
71.5%
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