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Abstract: This research presents a simulation analysis for the AC-DC converter circuit with a different
configurations of the array connection of the piezoelectric sensor. The selection of AC-DC converter circuits is full
wave bridge rectifier (FWBR), parallel SSHI (P-SSHI) and parallel voltage multiplier (PVM) with array
configuration variation in series (S), parallel (P), series-parallel (SP) and parallel-series (PS). The system optimizes
with different load configurations ranging from 10 kQ to 1 MQ. The best configuration of AC-DC converter with
an appropriate array piezoelectric connection producing the optimum output of harvested power is presented.
According to the simulation results, the harvested power produced by using P-SSHI converter connected with 3
parallel piezoelectric transducer array was 85.9% higher than for PVM and 15.88% higher than FWBR.
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1. Introduction

Energy harvesting is a process where energy is captured from the ambient environment converted into electrical
sources. In recent years, alternative energy sources are being widely studied due to resource depletion and pollution
problem. In order to overcome resource depletion and pollution problems, researchers investigate an alternative way to
harness energy from energy harvesting sources such as solar, wind, thermal, radiofrequency, human anatomy and
mechanical vibration energy [1], [2], [3]. Researchers are exploring different types of systems which are circuit design,
configuration and harvesting materials to optimize the amplitude of energy harvested so that it can be placed in
multipurpose applications such as a human body, road, rail, pedestrian walkway, vibration machinery and others [4],
[5].

This study focuses on harvesting energy from vibration energy using a piezoelectric transducer. The piezoelectric
transducer will gain the vibration energy sources as an impact and change into alternating current (AC) source [6], [7],
[8]. However, the extracted energy from vibration energy is not adequate to be directly applied to loads. Therefore, the
AC-DC converter circuits design was investigated to extract the maximum power from the harvester and transfer it to
the load circuit efficiently. Previous research has shown that S. wang et al. [9] used a full wave rectifier circuit that
producing 11mW of output power at 590 Hz across an 18 kQ resistor. Meanwhile, Goudarzi et al. [10] used a parallel
SSHI to generate 6.049 mW at 20 Hz and H. C. Lin et al. [11] generated 7.8 mW at 45 Hz by using a parallel SSHI.
Another research of power harvesting by L. H. Fang et al. [12] using parallel voltage multiplier was generated output
voltages at 9.593V. Several reviews related to the AC-DC converter circuit can be found in literature [13], [14], [15].
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The above studies are focused on the AC-DC converter circuit that generated power from piezoelectric. In this
research, the AC-DC converter circuit was analyzed to find the effects affecting the combination with a different set of
array configuration of the piezoelectric circuit. There are three equivalent circuits of piezoelectric was used in
simulation to create several types of array piezoelectric connection which are 3 series (3S), 3 parallel (3P), 2 series 1
parallel (2S1P) and 2 parallel 1 series (2P1S). There are three different types of AC-DC converter circuit involved in
this research. This circuit was chosen based on their performance from previous research related to the energy
harvesting circuit. The three circuits considered were FWBR, PVM and P-SSHI.

2. The piezoelectric energy harvesting system

The block diagram which is an equivalent circuit of the piezoelectric energy harvesting system is shown in Fig. 1.
It consists of five main parts which are the piezoelectric generator, AC-DC converter, DC-DC converter, energy storage
device and a load [16], [17], [18]. The system can be constructed using a different method in order to increase system
performance.

The different blocks have specific functions and are operational to produce useful electricity. The first block is the
piezoelectric generator and also known as a piezoelectric sensor. The piezoelectric sensor is functional to convert the
vibration energy into electrical energy. It is converted into electrical energy when stress is applied to the surface. The
second block is the AC-DC converter circuit. The function of this block is to convert the AC source to the DC source
using several types of AC-DC converter circuits. The third block is a DC-DC converter circuit that typically employs a
DC-DC converter, mainly to match the source voltage with the battery charging level. The fourth block is storage that
usually houses a battery to store the charge from the source. Therefore, the charge stored in the battery could be used
for energizing the application.

Buck converter or
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Fig. 1 - The basic block diagram of a piezoelectric energy harvesting system

3. Types of array piezoelectric sensor and ac-dc converter circuits

The simulation by simulating an array of piezoelectric sensor connection which consisted of series (S), parallel (P),
combination series-parallel (SP) and combination parallel-series (PS) combine with AC-DC converter circuit which are
full wave bridge rectifier (FWBR), parallel SSHI (P-SSHI) and parallel voltage multiplier (PVM).
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Fig. 2 - Configuration circuit of piezoelectric sensor connection

Fig. 2a shows the three equivalent circuits linked together in a series connection. This circuit also is known as the
three series of piezoelectric connections. The three equivalent circuits were linked together in parallel connection as
shown in Fig. 2b. This circuit also is known as the three parallel of piezoelectric connection.

Fig. 2c shows the equivalent circuits of array connection of two series one parallel circuit. This combination only
used three piezoelectrics that were connected in two series (dotted square) and combined with one parallel (dash
square).Fig. 2d shows the equivalent circuits of array connection of two parallel one series circuit. This combination
only used three piezoelectrics that were connected in two parallels (dotted square) and combined with one series (dash
square).

The Full Wave Bridge Rectifier (FWBR) is the basic circuit of the AC-DC converter. Fig. 3 shows the FWBR, the
full wave diode bridge rectifier directly connected to the piezoelectric element that paralleled with a smoothing
capacitor (Co) and load resistance (RL). The load current was only in the positive cycle because the D; and D, cannot
be conducted simultaneously; similar to D3 and D4. The positive voltage source flowed through the load when D1 and
D4 were conducted and then, the negative voltage source flowed through the load when D and D3 were conducted.
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Fig. 3 - The Full Wave Bridge Rectifier (FWBR) si;nulation circuit

The second type was the Parallel Synchronized Switch Harvesting on Inductor (P-SSHI) circuit as shown in Fig. 4
where the P-SSHI and the piezoelectric had a large internal capacitance that required the impedance matching circuit to
maximize the produced output power. The inductance value is selected to compensate the piezoelectric sensor clamped
capacitor; however, the value cannot be automatically adjusted to the exciting frequency environment. Therefore, to
resolve this problem, the method using the switching type charging circuit called SSHI was proposed. In SSHI,
switches are implemented and it will operate synchronously with the vibration environment frequency to optimize the
output power. When the vibration hits the piezoelectric sensor, the switch is operated in a very short time. It is found
that during a short time the frequency of C, will match the resonance frequency with an inductor (L1).

An inductor (L1) has been connected in series with switch S1 as in Fig. 4. The inductor functioned to passively flip
the voltage flow across a capacitor. Therefore, in P-SSHI, the inductor was implemented to flip the voltage across Cp,
eliminating the usage of the switch. The voltage and current waveforms related to the circuit are summarised as in Fig.
4,

During every half-cycle, as is changed direction, the switch S1 was active (ON), allowing the inductor to flip the
voltage across Cp. The switch was turned OFF when the current in the inductor reduced to zero. When the current
flowed through L1, the C, was in an ideal state, thus the voltage flipped perfectly. However, voltage inversion
magnitude was bounded by the resistance through the L1 path. In order for the current to flow to the output, the
piezoelectric current needed to charge up C, using the flipped voltage to around 2VD. This was done to reduce the loss
of charges and allow accumulated charges to flow into the output capacitor without charging or discharging C.

& T4

%82%
) ! . .Ca . -
T, ©w & L S O

250

=1

0
éf

Fig. 4 - Parallel SSHI (P-SSHI) simulation circuit

The third AC-DC circuit was the Parallel voltage multiplier (P\VM) circuit as shown in Fig. 5 which included stage
voltage storage capacitors (C3), diodes and pumping capacitors (C1 and C2). The pumping capacitors were pre-charged
in parallel when the input sinusoidal signaled at negative half cycle and then delivered current to the storage capacitors
and tank Co that was connected to the ground node at the next positive half cycle. The signal in the half wave voltage
multiplier was only at a half period when the input current from the piezoelectric sensor that entered the diodes.
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Fig. 5 - Parallel voltage multiplier (PVM) simulation circuit

4. Results and discussion

4.1 The simulation result of various piezoelectric sensor connection with an AC-DC converter
circuit

The simulation is done with the combination of piezoelectric array sensor connection with an AC-DC converter
circuit applied with a load resistances of 1 MQ and 10 kQ. These two resistor value were the selected as a higher
resistance will allow less charge to flow, which make the circuit with higher resistance has less current and higher
voltage flowing through it. The low resistance will allow a high charge to flow, therefore the circuit will produce a
higher current and low voltage. There were three types of circuits used namely PVM, P-SSHI and FWBR connected
with 1 piezoelectric, 3S, 3P, 2P1S and 2S1P.

Fig. 6 and 7 show the simulated result using various piezoelectric sensor connections with an AC-DC circuit
namely PVM, P-SSHI and FWBR. As can be seen from Fig. 8, the highest power output was observed at 3 parallel
connection of piezoelectric using P-SSHI at 7.87uW across 1 MQ. It can be seen that the power output generated from
P-SSHI using 3 piezoelectric sensors in parallel connection was 85.9% higher than PVM and 15.88% higher than
FWBR.
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Fig. 6 - Output power generation between AC-DC circuit and different types of array piezoelectric connection
across 1 MQ simulation

Meanwhile, by using the load resistance of 10kQ, the output power generated from the 3 parallel connection of
piezoelectric by using FWBR was 165.78 pW. In view of the results obtained, the output power values were shown to
be slightly different for all types of combination circuits. In this analysis, the output power values using 3 parallel
connection of piezoelectric produced by FWBR circuit was 83.83% higher than P\VM and 16.14% higher than P-SSHI.
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Fig. 7 - Output power generation between AC-DC circuit and different type of array piezoelectric connection
across the 10kQ simulation

4.2 The simulation result of P-SSHI

Fig. 8 shows the waveform of piezoelectric voltage (V) by using P-SSHI with 3 parallel arrays of piezoelectric
across the 1 MQ load resistor. The power delivered to the load maximized with the reduction of time duration in
charging the C, value. The waveform is shown when using P-SSHI combined with 3 parallel array connections across 1
MQ where the charging time of C, was short compared to using the one piezoelectric as shown in Fig. 8.
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Fig. 8 - The voltage waveform P-SSHI and 3 piezoelectric sensors in parallel arrays across 1 MQ load resistance

Fig. 9 shows the waveform of V,, using P-SSHI with one piezoelectric sensor connection across 1 MQ of the load

resistor. The waveform shows that by using one piezoelectric with 1 MQ of load resistor, the charging time of Co
increased and affected the shape of the waveform. In addition, with the affected V, waveform, the output extracted
from piezoelectric also decreased.
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Fig. 9 - The waveform of piezoelectric voltage using P-SSHI with one piezoelectric across 1 M load resistance

5. Conclusion

The investigation with simulating the AC-DC converter circuit by connecting the 3P array of piezoelectric with
three different types of AC-DC converter. The chosen converters were PVM, FWBR and P-SSHI. The simulation result
showed that the maximum power output was produced by 3P connected with P-SSHI using 1 MQ load resistor at
4.52uW. As can be seen, the power output generated from P-SSHI at 3P connection was 46.33% higher with PVM and
35.31% higher with FWBR. However, when the load resistor was 10 kQ, the maximum output power was generated
using the 3P array piezoelectric by connecting with the FWBR circuit. This was due to the effect of the charging time

Cp increasing which affected the shape of the V, waveform. Furthermore, due to the affected V, waveform, the output
extracted from piezoelectric was decreased.
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