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Abstract: Stair based Piezoelectric energy harvester (SBPH) is proposed to be
placed in the footstep of stairs to harvest clean energy using the applied force. A
system, independent of external power supply is developed which has the capability
to charge a mobile phone. To reduce the loading effect, 90 Piezoelectric pressure
sensors (PPS) in the SBPH are innovatively connected in parallel combination using
Schottky diodes. A wooden art that consists of a network of 86 springs and 4
fasteners is used to concentrate the applied force on the anode of each PPS. A battery
of 3.7 V at 3700 mAh can be charged through the SBPH. Moreover, the current
system has the ability to efficiently utilize the harvested energy stored in the battery,
using DC-DC converter with line regulation. Line regulation is achieved with TL494
Integrated chip (IC) as well as an Arduino UNO. The line regulation circuit based on
Arduino has also a distinctive feature to disconnect the battery from the electronic
circuit, when walking activity stops for a longer period of time. This system is cost
effective and can be used in crowded places such as metro stations, airports, and so
forth.

Keywords: Piezoelectric energy harvesting, Clean Energy, DC-DC converter, Line
regulation, Footstep, Battery storage.

1. Introduction

Every second, our sun produces enough energy to sustain Earth’s needs for 500,000 years. Mankind just needs
to grasp these Renewable energy sources (RES) and utilize them in the best efficient way. It wouldn’t be out of
place to say that the modern world is dependent on energy.

Energy requirement is increasing rapidly with the decrease in conventional sources for power generation[1, 2],
thus the trends of energy generation are changing day by day [3, 4]. To fulfill this requirement, there are
conventional and non-conventional methods for energy generation. Conventional method includes the energy
generation using fuel (petrol, coal [5, 6], gas[7] and so forth). They give Carbon dioxide (CO2) as the byproduct
[8, 9, 10], thus affecting the environment [11, 12] and health [13]. Non-conventional ways include energy
generation through renewable sources (RS) such as solar energy [14, 15], hydel energy [16] as the largest source
of renewable energy in the world [17], wind energy [18, 19, 20], geothermal energy [21] and so forth. Many
conventional and non-conventional resources are used to meet this requirement; RES is one of them. Only 23%
of the world energy is obtained through RES [4]. In 2018, Global energy demand increased by 2.3%, with more
than 600 million people deprived of the electricity. Furthermore, 1.9% increase in CO2 was also observed [22].
Thus, compelling the policy makers to increase the RES (up to 65%), to achieve the target of energy demand
by 2050 [23] and to maintain temperature rise below 2°C according to Paris Climate Agreement [24].

Most of the renewable energy sources have the limitations related to it, such as funding issues, space

requirement, low efficiencies, less man power, non-favorable conditions and so forth [25, 26, 27, 28, 29].
Interestingly energy is also associated to the human beings in the form of kinetic energy [30, 31]. Each step
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taken by the individual results in the waste of energy. Efficient conversion of human movement to electric
energy can contribute to renewable energy.

Different techniques and sensors were used to harvest energy with the help of locomotion. Energy can be
harvested from motion using electromagnetic harvesters [32, 33, 34, 35, 36], inertial energy harvesters [37, 38]
and piezoelectric material [39, 40, 41]. Both Lead zirconate titanate (PZT) [42] and Polyvinylidene fluoride
(PVDF) [43] exhibits direct piezoelectric effect [44] and converse piezoelectric effect [45]. When pressure is
applied on the effective part of the sensor and voltages are produced across the electrode, it is known as the
direct effect. On the contrary, when deformation is observed in the sensor by applying voltage at the two
electrodes, is converse or inverse effect of the piezoelectric sensor [46]. Due to high charge constant of the PZT,
it is extensively used in the energy harvesters [47]. Direct effect of the PPS is used to harvest energy from
piezoelectric material. Piezoelectric elements were used to harvest energy using the vibrations produced due to
the flow [48, 49]. Energy was harvested by the pressure applied by the rain drops [50, 51].[52] utilize the
vibrational kinetic energy of the vapors and harvested energy through it. Vibrations produced due to the
movement of vehicles on the bridge were converted to electric energy using piezoelectric harvester [53].
Piezoelectric harvester was placed at a specific depth in the road and energy was harvested when the vehicles
passed through it. Average power of 1.15 W was achieved while keeping the load resistance 900 Q [54]. [55]
uses piezoelectric harvester to drive an electronic circuit of Light emitting diode (LED) placed in the shoe.
Whenever someone walks, the circuit sense the energy harvested and LED is illuminated, resulting in efficient
usage of battery. Piezoelectric harvester consisting of PZT, magnets and coil increases the output power by ten
times, which is used to light up 99 LEDs [56]. An Internet of things (I0T) based system which collects data of
the environment was powered up by the piezoelectric elements placed in the walkway, providing maximum
output power 0.12 W [57]. Furthermore, piezoelectric sensor was embedded in the shoe to harvest energy
through it [58, 59, 60].Different circuits were used to boost the generated voltages up to the desired requirement
with line regulation [61, 62]. [63] uses the boost circuit with piezoelectric energy harvester. Previous work
shows that piezoelectric sensors can generate a sufficient amount of energy. [64] Shows that while inclining or
declining more pressure is applied by the foot as compared to the ground. In this context, an innovative
piezoelectric energy harvester was introduced, placed in the stairs. The system consists of an insulating board
on which PPS are placed using Schottky diodes with a wooden art which contains a network of springs and
fasteners. A lithium ion battery, 3.7 V at 3700 mAh is charged whenever a step is taken on the piezoelectric
harvester. Furthermore, it also consists of an electronic circuit with distinctive features to power up an electronic
device. Finally, this paper presents a piezoelectric energy harvester independent of the external power source.

2. Open Circuit Voltage

The maximum output voltage that can be obtained through any source at infinite resistance, when no current is
flowing is known as open circuit voltage [65]. Oscilloscope (HMO 1022) is used to measure the open circuit
voltage of the PPS because sudden peaks cannot be measured through voltmeter as it has finite internal
resistance, thus the values of voltage varies with the variation of internal resistance of voltmeter [66]. The low
pass filter function of the oscilloscope is used, to obtain a non-distorted output waveform. Open circuit voltage
of the PPS is obtained using the circuit shown in Fig.1(a). Force can be exerted in the form of stress or strain.
When force of compression is applied, the electric dipole is induced in the direction of applied force, resulting
in positive voltages. On the contrary, when force of tension is applied, the electric dipole is induced opposite to
the direction of applied force, resulting in negative voltages. A sinusoidal waveform of 7 Peak to Peak voltage
(Vpp) is obtained when either of the actions take place as shown in Fig.1(b).Output voltages and
currentsMaximum output voltage is obtained using the circuit displayed in Fig.1(a), as the resistance is infinite.
Practical loads are not infinite, therefore variable R2 was used to achieve the trend followed by the output
voltages. Different combinations such as single PPS, two PPS in series and two PPS in parallel were used to
obtain the output voltages using the experimental model and circuit schematic displayed in Fig.1(c) and Fig.1(d)
respectively. Equivalent circuit of the PPS consist of a current source (Ipz), Capacitor (Cpz) and resistor (Rpz)
[67] as depicted in Fig.1(d). To minimize systematic and human errors, average of 16 attempts were taken using
the oscilloscope by applying pressure of 60 KPa and the values were tabulated in Table 1. Behavior of the
output voltage for different combinations with respect to different values of R2 is displayed in Fig.1(e).In order
to obtain the current for different combinations, equation 1 is taken in account. Table 1 shows the current values
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obtained in each case. Vpp for each case was obtained from Table 1. Fig.1(f) shows the trend of the output
current for different combinations with respect to different values of R2.

M

To obtain the optimal value of power harvested by the PPS, maximum power transfer curve is obtained using
the voltage and current values in Table 1. The maximum power transfer curve for different combination was
obtained using Equation 2.

P=VI @)

Fig.1(g) shows the graphs for maximum power transfer curve. The maximum power transfer point is 35 m\W at
3.2 KQ in case of single PPS shown in g(i), 40.89 mW at 1000 Q when 2 PPS are connected in series shown in
g(ii) and 52.92 mW at 322 Q in case of 2 PPS connected in parallel shown in g(iii). Therefore, PPS were
connected in parallel to get the optimum power.
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Figure 1: (a) Force of compression and tension applied on the PPS with the output taken using Oscilloscope.(b)
Open circuit voltage (V) waveform of single PPS.(c) Experimental model to obtain the output voltages with
different values of resistance(R2).(d) Schematic diagram to obtain the output voltages with different values of
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resistance(R2).(e) Trends of voltage for different combinations of PPS.(f) Trends of current for different
combinations of PPS.(g) Maximum power transfer curves:(i) for single PPS, (ii) PPS connected in series,(iii)
PPS connected in parallel.

3. Proposed design for Piezoelectric energy harvester
3.1 Loading effect

According to the maximum power transfer curves displayed in Fig 1(g), more power could be obtained when
the PPS were connected in parallel rather than in series. 90 PPS, placed on a board were connected in parallel.

Table 1: Values of voltage (V), current (mA) and power(mW) at various resistances R(€2) for different
combinations of PPS

Resistance (Q) Voltage (V) Current (mA) Power (mW)
120 1 43 43
- &
PPs 650 45 6.5 292
1000 2 2 4
1800 4 22 8.8
3200 10 35 35
5200 10 1.92 19.2
90 14 6.5 91
120 22 5.97 131
322 3 52 15.6
500 4.12 4.98 205
PPS in series 650 5 472 23.6
1000 94 4.35 40.8
1800 105 245 257
3200 10.6 213 225
5200 12 1.56 18.8
a0 14 9 126
120 14 7 9.8
% “ v 2
PPS in parallel é50 389 66 556
1000 39 5.56 216
1800 4 4.67 18.7
3200 4.03 345 139

To check the output of the insulating board, pressure of 60—-80 KPa was applied on it and an
electrolytic capacitor of 0.1 F was charged through the schematic circuit depicted in Fig 2(a), its
experimental model is displayed in Fig.2(b). Fig.2(c) displays the board on which 90 PPS are
connected in parallel. The capacitor charges up to 2.9 V but the rise time was very slow due to small
amount of current harvested from the PPS. To increase the current, diodes were used with each PPS
connected in parallel shown in Fig.2(d), thus reducing the loading effect. Schottky diodes (0.3 V) were
considered instead of Silicon diodes (0.7 V), to minimize their effect on the output voltages. 0.1 F
capacitor was directly charged using the output of the PPS, the capacitor was charged till 4.5 V, with
the major improvement in rise time. The value of current for each of the case is calculated using

equation 3.
= @)

Current value of 0.375 A was obtained when Schottky diodes were taken in account, while on the
contrary current value obtained was 0.193 A. Addition of Schottky diodes increased the current value
by 0.182 A.

3.2 Design Concept

The proposed design for the SBPH, intends to convert the mechanical pressure applied by the foot to
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an electrical energy. It consists of an insulating board having dimensions (10” x 11” x 0.08”). 90 PPS
are stacked on it through epoxy and connected in parallel using Schottky diodes as shown in Fig.3(a).
It is observed that to increase the efficiency of the PPS, force must be concentrated on the anode
(effective part) of each sensor. A wooden art of identical dimensions as insulating board is displayed
in Fig.3(b) with a network of 86 springs and 4 fasteners, placed orthogonal to the board containing
PPS, making the springs exactly at right angle to the anode of each sensor. Springs have been added
to the wooden art in such a way that they halt over the sensors and keep striking them even after the
exerted pressure is removed for an instant, resulting in optimum output. The exploded view of the
SBPH is shown in Fig.3(c).
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Figure 2: (a) Schematic diagram to charge 0.1 F capacitor. (b) Experimental model to charge 0.1 F Capacitor. (c) 0.1
F Capacitor charged up to 2.9 V with 90 PPS connected in parallel. (d) 0.1 F Capacitor charged up to 4.5 V with 90
PPS connected in parallel through Schotkky diodes.
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Figure 3: (2) Insulated board containing 90 PPS connected in parallel through Schottky diodes.(b) side-view of
the wooden art with 86 springs and 4 fasteners.(c) Exploded view of the SBPH.

To show the concentration of force on the PPS, static structural analysis is performed. Mesh for the SBPH is

generated as depicted in Fig.4(a). Equivalent (von-mises) stress is shown in Fig.4(b), which makes it evident
that the applied force is only concentrated on the PPS, thus making the design concept efficient.

(a)

Figure 4: (a) Generated mesh for the SBPH.(b) Distribution of stress on the 90 PPS.

The proposed system consists of a single tile and aims to be placed below the stairs where the pressure of the
foot is maximum. The most suitable place would be a Bus station, metro station and so forth, where frequent
movements of people are observed. This results in the continuous energy.

3.3 Control Circuit

Efficient storage and usage of energy are of equal importance as its generation. Power electronics has played a
major role in this regard. The parallel combination of PPS used in the SBPH gives the output between 1.4-4.5
V depending upon the intensity of force applied to the SBPH. For optimal usage of the energy generated through
the SBPH, boost converters are used with distinctive features.

3.4 Mathematical Calculation for Boost Circuit
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Vo=5V
Io =1 A (Can vary practically)
Vir = 1.4 — 3.7 V (Input to the boost circuit)
f=3KHz
Now for V;,, =14V
D=1-E=1"11=072
I = % =357 A
Let 40% variation in inductor current
We have
dIL = 0.4(3.57) = 1.42 A
L= 75 =0.0202 mH
Now for 3.7V
D=1-3=1"3% =02
Ip =1l =1351 4
Let 40% variation in inductor current
We have
df, = 0.4(1.351) = 0.54 A
L= 75 = 0.0508 mH

row

_ VsD _ (1.4)(0.72) _
dIL = 37 = Gosx10-5)@sx105y — 0-966 A

Imazrav = Ip + & = 357+ 0506 = 3853 4
Iimazsgv = I, + 9t = 1.351 4 239 — 1,634 4

Inductor being the most important storage element, plays a major role in the output of the converters. 0.2456
mm,30 AWG wire is wrapped around the 2-inch ferrite core to make an inductor of resistance equal to 5.14 Q
as shown in Fig.5(a). Schematic of the boost converter is depicted in Fig.5(b). Feedback circuit for load
regulationOutput of the boost converter is regulated at 5 V, since the mobile battery is charged at fixed voltage
level. Output is regulated by two method generation through the SBPH. The output of the SBPH is given to 3.7
V at 3700 mAh Lithium battery. The battery voltages are boosted using DC-DC converter to charge an
electronic device.

3.5 Feedback circuit for load regulation

Output of the boost converter is regulated at 5 V, since the mobile battery is charged at fixed voltage level.
Output is regulated by two methods.

3.5.1 Using TL494 IC

TL494 IC shown in Fig.5(c) is a pulse width modulated IC. It consists of the feedback path, which is used to
obtain the feedback from the load and provide it to the IC, varying the pulse width of the generated square wave.
Thus, regulating the output voltage of the boost converter. TL494 IC consists of two amplifiers, voltage error
amplifier and current error amplifier. It also includes an oscillator; its frequency is adjusted with the help of RT
and CT using equation 4.

1

Fn.‘i(: = —I{T * (._:"j'

4)

Output of the oscillator and error amplifiers are compared using comparator which accordingly generates the
square wave with the frequency equals to Fosc=35.12 kHz (when RT =1.8 kQ and CT =15 nF). Although, duty
cycle depends on both the inputs to the comparator. If both inputs are same then the output of error amplifier
will be zero, else the difference is amplified. This input is given to the comparator within the 1C, another input
of comparator is given through oscillator as depicted in Fig.5(d). Thus, the comparison gives the output in the
form of square wave which is fed back to the gate of Metal-oxide Semiconductor Field-effect Transistor
(MOSFET) used in the boost converter and accordingly changes the duty cycle which regulates the output.
Fig.5(e) shows the schematic circuit of the boost circuit with line regulation achieved using TL494 IC.
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Waveforms of inductor current, generated square wave of F=35.12 kHz and input to the gate of MOSFET are
shown in Fig.5(f), Fig.5(g) and Fig.5(h), respectively.

Figure 5: (a) Inductor (L). (b) schematic diagram of DC-DC Boost converter. (¢) TL494 IC. (d)Block diagram
to achieve line regulation. (e) Circuit diagram of Boost converter with line regulation using TL494 IC. (f)
Waveform of the Inductor current. (g) Square wave(F=35 KHz) generated by TL494 IC. (h) Input given at the
gate of MOSFET.

3.5.2  Using Arduino UNO

Circuit schematic of boost circuit with line regulation using Arduino is shown in the Fig.6(a). Output of boost
circuit is fed back to Arduino UNO using two 1.2 KQ resistors. Whenever the input is varied, the output is
observed and accordingly Pulse Width Modulation (PWM) through Arduino varies to maintain a constant
output voltage. If input increases, PWM decreases and vice versa to keep the output voltages constant. Hence,
achieving the line regulation. Line regulation is desired to keep the output voltage constant, when the battery
voltages decreases as a result of non-continuous walking activity.

PWM of frequency 31 kHz is generated by Arduino and is fed to the boost converter in order to drive the N-
Channel MOSFET (IRF540N). When the battery voltages go below 1.4 V, the Arduino cut off the circuit using
P-Channel MOSFET (IRF9640) until the battery voltages are restored. It is an independent control circuitry in
which no external power source is used. The battery is charged through the tiles, which power up the rest of the
circuit including electronic load. The complete flow process is depicted in Fig.6(b).

4. Experimental results
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It is evident from Table 1 that maximum power for the single PPS is achieved at 3.2 KQ. Theoretically, the
maximum power point for 90 PPS in parallel can be achieved at 580 €, including resistance of soldering part,
flexible wires and Schottky diodes.

To obtain the maximum power point of the SBPH, a person weighting 70kg was stepped over it for different
values of resistance using circuit depicted in Fig.1(d). Different values of voltage, current and power was
achieved with variable resistance as tabulated in Table 2. The maximum power 0f1.125 W was practically
achieved at 650 Q.

The force applied by the foot varies from person to person according to their weight. The energy harvested by
the SBPH varies with the weight of the person. To obtain values of output power, volunteers from different age
groups were selected. The volunteers were divided into 4 categories on the basis of their weight. Each volunteer
was asked to step 16 times on the SBPH. Fig.7 shows the power obtained for different categories, while keeping
the load resistance 650Q. The maximum output power of 1.92 W was achieved, when the volunteer having
weight 90 kg applied maximum pressure on it as depicted in Fig.7.
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Figure 6: (a) Boost Converter with line regulation using Arduino (UNQO). (b) Control flow of the process.
4.1 Prototype of SBPH

Designing the structure for the SBPH, according to the requirement is of key importance. The proposed model
as shown in Fig.8(a), having dimensions (10”x117x1.9”) is designed to be placed under the step of stairs.

Graphically description of the movement of a person is shown in Fig.8(b) where the SBPH is placed under the
stairs. A Lithium ion battery is charged through it, which is further given to an electronic circuit to get the
desired output for the load to be driven.
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Figure 7: Power (W) harvested for different volunteers with different weight (kg)

Table 2: Value of voltage (V), current (A), and power (W) obtained at various loads (2) for volunteer
weighting 70 kg

Resistance (1) Voltage (V) Current (A) Power (W)
90 1.4 0.37 0.518
120 1.9 0.34 0.652
350 2.6 0.31 0.827
500 3.5 0.28 0.991
650 4.5 0.25 1.125
1000 4.6 0.19 0.874
1800 4.7 0.13 0.611
3200 4.7 0.11 0.517
5200 4.7 0.06 0.282

4.2 Practical implementation
The wooden art when placed over the insulating board, exerts the pressure on the anode of the sensors.

SBPH with the electronic circuit is shown in Fig 9(a). Feedback path is achieved by both ways, using TL494
IC and Arduino UNO. The most preferable is through Arduino, because it makes the system flexible and
independent.

4.3 Cost viability

Insignificant number of papers were found with the total cost on energy harvesting system using the footstep
method. The cost of an energy harvesting system based on the footstep energy generation was 125 USD [68]
with the output power 1.4 W. Cost for the current implemented system including electronic circuit comes to be
30 USD. A decrease of 76% in the total cost is observed while comparing it with the previous work. Similarly,
the decrease in cost has minimum effect on the average output power. This makes the current system cheaper
than the previous developed systems, based on the footstep power generation.
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Figure 8: (a) Configuration of SBPH: (i)Rear-view, (ii) Top-view, (iii) Side-view. (b) Graphical description for
the setup of SBPH

Figure 9: Photograph of the setup that consists of SBPH ,DC-DC converter with line regulation obtained
through both(Arduino and TL494 IC) and mobile charger

5. Discussion

It is evident that the researchers are working to develop new ways of energy generation to fulfil the future
energy requirement. In this context, Energy has been harvested using the motion of an object. For this purpose,
primarily three methods have been used which are electromagnetic harvesters [32, 33, 34, 35, 36], inertial
energy harvesters [37, 38] and piezoelectric material harvesters [39, 40, 41]. Due to high output voltage,
temperature range and low cost, piezoelectric sensors are preferably used for the purpose of energy harvesting.
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The above gives researcher potential area to focus. [48, 50] utilizes piezoelectric sensors to harvest energy from
the flow of water and rain drops respectively. Piezoelectric sensors were also embedded in the road to utilize
the movement of vehicles for energy generation [54]. Energy was also harvested by placing the piezoelectric
sensors in the shoes [58, 59, 60].

There are still some challenges associated with the energy harvested using piezoelectric material. More complex
structures have been developed in the previous work, which are not easy to implement. The storage of energy
harvested also implies some challenges, which include efficient DC-DC conversion. The focus of this research
is on mechanical to electrical conversion illustrated in Fig.8(a) with efficient storage.

This study gives prove of introductory concept of utilizing footstep of the stairs for energy harvesting by placing
a novel structure of SBPH within it. Stairs were given preference over the ground because the concentration of
foot pressure is maximum at the footstep of stairs. A simpler efficient structure is designed as compared to the
complex structures [54, 56, 57] which can be easily implemented and is cost effective. The current system is
more efficient than the previous ones due to its storage circuit and unique mechanism of applying pressure at
the anode of PPS using the wooden art.

The output of the SBPH depends on the weight and angle with which the foot is placed on the step. Weight of
the person has a significant effect on the output of the SBPH due to the difference in the applied force. It has
been observed that the output varies from 0.3 W to 1.92 W as the weight changes from 50 kg to 90 kg. This
shows a direct relation between the weight and the output. Angle with which the step is taken on the SBPH,
effects the output. Maximum output is obtained at 90 degree. A small change in the angle reduces the contact
surface and thus decreases the output.

The SBPH is a combination of matrix of PPS and a wooden art, which exerts the pressure on the PPS. From
different combinations of the PPS, it was concluded that the power harvested is maximum when the PPS are
connected in parallel. Initially two prototypes where tested, 90 PPS in parallel with diodes and without diodes.
It was observed that the rise time of the current while charging the capacitor (0.1 F) was low without diodes as
compared to with diodes. The SBPH consists of a matrix of 90 PPS connected to each other in parallel through
Schottky diodes, to avoid loading effect. The wooden art includes 86 springs and 4 fasteners, designed in such
a manner to exert the pressure on the anode of the PPS effectively. The harvested energy is stored in the battery
(3.7 V at 3700 mAh), which is boosted upto 5 V to charge an electronic load (mobile phone). The boost circuit
has the feature of Line regulation with the capability to disconnect the battery from the circuit when the voltages
of the battery reduce below the threshold voltage, as a result of low frequency of walking activity. The output
of the proposed system varies with different parameters. Although weight has a significant effect on it.
Maximum output obtained is 1.92 Wmax, when a person weighting 90 kg applied maximum foot pressure on
it. There is still room for further research in this area. A sandwiched structured of the SBPH can be focused,
having layer of PPS above and below the wooden art. Efficiency can be further increased by this way.

6. Conclusion

In this paper, we proposed a harvesting system based on the PPS. A novel design was presented to convert the
energy wasted by the human feet to an electrical energy. Main points that were concluded are given below:

*  The design of the SBPH consist of a novel wooden art, which helps to efficiently transfer the pressure
applied to the PPS. Loading effect of the PPS connected in parallel, is eliminated using Schottky diode (0.3 V),
thus increasing the output power.

*  The SBPH can generate maximum output power of 1.92 Wmax with maximum voltage of

4.5Vmax when a person weighting 90 kg step on it.

»  The current system has the ability to maintain 5V DC output, along with the ability to cut off the battery
voltage from the DC-DC converter when the battery voltages goes below the threshold (1.4 V) due to infrequent
walking activity.

»  The system has the ability to charge a mobile phone in real time.

We believe that the current system is cheaper and efficient to drive small electronic loads. Thus, can contribute
to the energy demand of the society. Furthermore, future work in this domain can increase the efficiency of the
overall system with decrease in the total cost.



JASET, Vol. 2, Issue 2, 2024, Page 13
Authorship contribution statement

Ibtisam Aziz: Analysis, Data collection, Drafting the manuscript, Writing — review & editing Tariq
Mahmood,Wahaj Rafique and Ali Raza: Design of methodology.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Acknowledgement

This work was carried out under the supervision of Tarig Mahmood at the Institute of Space Technology,
Islamabad. His assistance gave much confidence and helped me to endure some difficult times.

Nomenclature

AWG American Wire Gauge p Power

C Capacitor PPS  Piezoelectric Pressure Sensor
Cr Capacitor with Oscillator PV DF Polyvinylidene fluoride

Cp,  PPSEquivalent Capacitor PWM Pulse Width Modulation
CO. Carbon Dioxide PZT  Lead zirconate titanate

D Duty Cycle R Resistor

dI;  ChangeinInductor Current Rr Resistor with Oscillator

f Frequency Ry, PPS Equivalent Resistor

Fos  Frequency of Oscillator RES  Renewable Energy sources

I Current RS Renewable Sources

I Inductor Current SBPH Stair Based Piezoelectric Energy Har-
Itinex Maximum Inductor Current vester

I, Output Current T Rise Time

I, PPS Equivalent Current Source USD  United States Dollar

IC Integrated Chip Vv Voltage

IOT  Internet of Things Vin Input Voltage

L Inductor Vo Qutput Voltage

LED  Light Emitting Diode Ve Source Voltage

mAh  milli Ampere Hour Vip Peak to Peak Voltage

MOSFET Metal-oxide Semionductor Field-
effect Transistor
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