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Abstract

Various interface circuits for collecting the energy of piezoelectric cantilever beams have been
widely investigated. Such circuits include the standard interface, series synchronized switch harvesting
interface circuit, parallel synchronized switch harvesting interface, synchronized charge extraction
interface, and others. Most studies focus on the performance of different interface circuits with standard
sinusoidal excitations. However, in real situations where constant harmonic vibrations are not present, the
equivalent voltage from piezoelectric cantilever beams with excitations is not necessarily sinusoidal. In the
present study, a simulation analysis of four different interface circuits with signal sources that are both
damped sinusoidal and random was performed using Matlab and PSpice. The results show that the
interface circuits have improved performance under low load resistance values with damped sinusoidal
signal. In addition, the parallel and series synchronized switch harvesting interface circuits may perform
well in collecting piezoelectric energy with random excitations.
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1. Introduction

Micro-energy harvesting has been widely studied because of the development of
wireless sensor networks. Various energy harvesting techniques, such as solar energy, thermal
energy, and vibration energy have been investigated to eliminate dependence on batteries or
wires [1-5]. The electromagnetic, electrostatic, and piezoelectric transition mechanisms are the
main methods for harvesting vibration energy. In particular, piezoelectric vibration energy
harvesting has received significant attention for its high power density, simple structure, and
ability to operate without producing pollution [6].

A piezoelectric energy harvesting system mainly consists of a mechanical structure and
interface circuits. With regard to the mechanical structures in such systems, cantilever beams
with patches of piezoelectric materials have been extensively investigated [7, 8]. The
performance of the energy generated by piezoelectric elements with harmonic excitations has
been studied widely. Recently, flow-induced piezoelectric energy harvesting has gained much
attention. Some of the trends in piezoelectric energy harvesting are multi-directional wideband
technology [9] and flow-induced or impact-induced piezoelectric energy harvesting [10]. In these
systems, the electricity generated by piezoelectric cantilever beams is not sinusoidal.
Meanwhile, the mechanical structures for collecting multi-direction energy and flow-induced
piezoelectric energy have been widely investigated. Experiments on many mechanical
structures under different conditions have been performed to evaluate the performance of
different structures. With regard to interface circuits, the standard interface circuit, series
synchronized switch harvesting interface circuit (S-SSHI), parallel synchronized switch
harvesting interface circuit (P-SSHI), and synchronized charge extraction interface circuit (SCE)
have been analyzed in detail, and all involve standard sinusoidal equivalent sources [11-13].
However, the performance of different interface circuits with a non-standard sinusoidal
equivalent source has been minimally investigated. Many experiments have been performed in
ideal laboratory environments where piezoelectric elements were subjected to harmonic
excitations; thus, numerous analyses involving sinusoidal signals have been made. An exciter
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can generate sinusoidal excitations on piezoelectric elements. However, in practical
experiments without exciters, the acting force on piezoelectric elements have not been
harmonic; thus, the voltage generated by the elements has not been sinusoidal.

Modeling for piezoelectric energy harvesting has been studied to convert complex
mechanical fields to purely electrical fields. The equivalent circuit modeling used in this paper is
based on [14], which avoids a complicated derivation for theoretical modeling. Also, a simulation
analysis of four different interface circuits with non-standard sinusoidal equivalents was
performed using Matlab and PSpice. For the equivalent voltage source in the model, the
damped sinusoidal signal source and random signal source used were based on the
experimental voltage in [15] and [16]. To present the framework for the simulation analysis, we
introduce the basics of energy harvesting, including the equivalent circuit model, four passive
interface circuits, and non-standard sinusoidal signals. We then present the simulation method
to analyze the performance of the four interface circuits using Matlab and PSpice, as well as the
results of the simulation. Finally, the paper is summarized in the conclusion section.

2. Energy Harvesting Basics
2.1. Equivalent Circuit Model for a Piezoelectric Energy Harvesting System

The vibration energy harvester can be modeled as a system with a single degree of
freedom, as shown in Figure 1 [11]. The system is composed of mass (M), total stiffness (K),
and damping element (C). The equation of motion for the system is given by (1).

Mii+Cu+Ku=F—-aw (1)
Where F is the excitation force, u is the displacement of the piezoelectric structure, « is

the force factor of the piezoelectric element, and v is the generated voltage from the
piezoelectric element.
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Figure 1. Equivalent model of a piezoelectric energy harvesting device

A piezoelectric cantilever beam can be modeled as a sinusoidal current (/> £) in
parallel with a capacitor (C» ) when a harmonic motion is functioning on the beam, as shown in
Figure 2. The magnitude of / € is /», which varies with the mechanical excitation level of the

piezoelectric harvester but is assumed to be relatively constant regardless of external loading.
Equivalent current j» ¢ is given in (2) [14].

b€ = lsin @) (2)

Where w is the excitation angular frequency of the piezoelectric energy harvester.
Magnitude V> of open circuit voltage v(t) is given in (3).

V=t (3)

WCp

In this paper, i € is not considered as a sinusoidal current source but as a damped
sinusoidal signal source and as a random signal source separately. Thus, open circuit voltage
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v(t), which is generated from the piezoelectric energy harvester, becomes a damped sinusoidal
voltage and a random voltage.
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Figure 2. Equivalent circuit model of a piezoelectric energy harvester

2.2. Four Self-Powered Interface Circuits

A standard interface circuit [17] is composed of a rectifier and a filter capacitor, together
with a supplied system (Rload), as shown in Figure 3. If excitation force F applied to the
piezoelectric element is assumed to be purely sinusoidal, then mechanical displacement u
would be sinusoidal. The generated voltage of the piezoelectric element under an open circuit
condition would then be sinusoidal as well. However, when the piezoelectric element is
connected to an interface circuit, the waveform of the piezoelectric voltage would be changed.
Once the absolute value of v(t) is greater than the rectified voltage, the rectifier diodes are
conducted and the charges accumulated on the piezoelectric element are transferred to
capacitor Crect and load resistance Rload. The output power from the standard interface circuit
can be expressed as (4):

P (standard ) = 4f @’UMM‘ect - Cp Vzreci : (4)

Where f is the resonance frequency of the system and wuwis the maximal displacement
amplitude. The maximal harvested power under a given displacement magnitude is given by (5)
with the optimal resistance value given by (6).

f(Z2UM2

C ()

P (standard ) max =

Ropt = —1 (6)
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Figure 3. Block diagram of a standard interface circuit

Figures 4-6 show the block diagrams of the S-SSHI, P-SSHI, and SCE interface
circuits, respectively [11, 18]. An electronic breaker circuit for switching on extreme values is
used, which consists of an envelope detector, a comparator, and a digital switch [19]. The
electronic breaker circuit for switching on maxima is shown in Figure 7. A minima switch control
topology is conducted in a similar mode, with opposite polarities of diodes and transistors, as
shown in Figure 7. Further information on the working principle can be found in [11-12], [18-19].
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Figure 5. Block diagram of a P-SSHI interface circuit
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Figure 6. Block diagram of a SCE interface circuit
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Figure 7. An electronic breaker for maximum displacement

2.3. Non-standard Sinusoidal Signals

Given the development of flow or impact-induced piezoelectric energy harvesting,
generated voltage v(t) from the piezoelectric energy harvesters is not sinusoidal. Figure 8 and 9
show examples that have no standard sinusoidal excitations. Figure 8 shows the structure of a
galloping piezoelectric beam for harvesting wind energy. Figure 9 shows the structure of a
rotational piezoelectric wind energy harvester that uses impact-induced resonance. The
waveform of v(t) is non-standard sinusoidal in some conditions. Figure 10 shows an example
waveform of the damped sinusoidal signal of v(t) [20, 21]. Figure 11 shows an example
waveform of the random signal of v(t) [16]. The voltage waveform of v(t) as shown in Figure 11
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is random but positive because of the rotational piezoelectric wind energy harvesting prototype
proposed in [16], which uses impact-induced resonance. In the present simulation analysis, the
random signal is assumed to have both positive and negative values. Additionally, the
effectiveness of the four aforementioned interface circuits in such situations needs to be
determined. Simulation analysis is a fast and convenient way to test the performance of the four
interface circuits with non-sinusoidal signals. With reference to the equivalent circuit model for
piezoelectric energy harvesters shown in Figure 2 for the simulation analysis, /» ( lcan be set as
a damped sinusoidal signal in PSpice and as a random signal in Matlab. Additional details on
the simulation are provided in the simulation method section.

_|

Figure 8. Experimental setup of harvesting Figure 9. Rotational piezoelectric wind energy
wind energy using a galloping piezoelectric harvester using impact-induced resonance
beam [20] [16]
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Figure 10. Measured impulse response of the  Figure 11. Voltage waveform of the harvester
beam with open-circuited electrodes [20] before rectification [16]

3. Simulation Method

The simulation was performed by using OrCAD 16.3/PSpice and Matlab 2012a/Simulink
software. PSpice is good for circuit simulation and optimization design, and Matlab performs
effectively in system simulation and optimization. The SLPS module in PSpice ensures that the
Simulink—Matlab system simulator can be combined with the PSpice circuit simulator. The value
of Cp in the simulation analysis is 100 nF. / ( | is discussed in another section. The component

models or values for the S-SSHI, P-SSHI, and SCE interface circuits are listed in Table 1, 2,
and 3, respectively. The method is introduced together with the damped sinusoidal signals and
random signals separately.
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Table 1. Component models or values for the S-SSHI interface circuit

Component Model / Value
R1,R2 100 KQ
C1,C2 2nF
Diodes (D1 to D8) 1N4004
PNP transistors (Q1 and Q4) TIP32C
NPN transistors (Q2 and Q3) TIP31C
Crect 10 uF
L 47 mH
r 178 Q

Table 2. Component models or values for the P-SSHI interface circuit

Component Model/ Value

R1,R6 100 KQ
R2,R3,R4,R5 10 KQ
C1,C2 4nF
Diodes (D1 to D10) 1N4004
PNP transistors (Q1 and Q3) TIP32C
NPN transistors (Q2 and Q4) TIP31C
Crect 10 uF

L 47 mH

Table 3. Component models or values for the SCE interface circuit

Component Model / Value
R1 100 kQ
R2 51kQ
R3 10kQ
C1 820 pF
Crect 10 uF
L1,L2 100 mF
Diodes (D1 to D7 1N4004
D8 UF4004

3.1. Damped Sinusoidal Signal

PSpice mainly has six parameters for determining the property of the current source
(ISIN), including IOFF, IAMPL, FREQ, PHASE, TD, and DF. The six parameters are defined in
Table 4. If v(t) is assumed to be sinusoidal, which means that /> ¢ in Figure 2 is assumed to be
sinusoidal, then the values of IAMPL and FREQ are set and that of the other parameter
becomes the default value of zero. If DF is above zero, v(t) becomes a damped sinusoidal
voltage waveform as shown in Figure 10. DF is set as 1 in the simulation analysis. The
amplitude of 4 ( is set as 220 uA and the frequency of / ( lis set as 2 Hz. The simulation
results of the output power with damped sinusoidal signal under certain values and the
maximum output power with standard sinusoidal signal are shown in the results section.

Table 4. Definition of the ISIN parameters

Parameter Definition

IOFF DC offset current
IAMPL Amplitude of the current
FREQ Frequency of the current
PHASE Initial phase

TD Delay time

DF Damping factor

3.2. Random Signal

Random signals can be produced by Matlab—Simulink. Each piezoelectric interface
circuit can be in the SLPS module. SL represents Simulink, and PS represents PSpice. The
SLPS takes advantages of the two software. Simulink has fast simulation speed and PSpice has
high simulation precision. The Simulink model of the equivalent piezoelectric interface circuit
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based on the SLPS is shown in Figure 12. A uniform random number replaces the i ( Jas input

parameter of the SLPS, and the scope can show certain output parameters of the SLPS. In the
analysis, the scope indicates the output power of the load resistance. The minimum is set as
—0.00022 and the maximum is set as 0.00022. The simulation results of the output power under
different load resistance values are shown in the results section.

e .
Uniform Random ﬁ_>800pe
Number SLPS

Figure 12. Simulink model of piezoelectric interface circuit based on the SLPS

4. Results

The output power with standard sinusoidal signal can be greatly influenced by the load
resistance values except in the SCE interface circuit. The optimal resistance values with
standard sinusoidal signals, as well as the output power under optimal resistance values with
standard sinusoidal signals and damped sinusoidal signals, are shown in Table 5. The SCE
interface circuit has no optimal resistance value and is set as 100 k Q2 . With damped sinusoidal
signals, the output power can be increased by reducing the load resistance value from the
optimal value (Table 5). Given the resistance values with standard sinusoidal signals shown in
Table 5, the performance of output power with damped sinusoidal signals is not optimal. Thus,
the resistance value with damped sinusoidal signals should be low. The output power with
damped sinusoidal signals does not have a constant value. The maximum output power values
of certain resistance values are reported in Table 5. As an example, the PSpice results for the
output power of the S-SSHI interface circuit with damped sinusoidal signals are shown in Figure
13.

Table 5. Performance of output power with standard sinusoidal and damped sinusoidal signals
Output power with different signals (mW)

Interface circuits

Standard sinusoidal signal Damped sinusoidal signal
SEH 6.09 (900 k Q) 0.25 (100 kQ ), 0.10(900 k Q2)
S-SSHI 23.82 (400k Q) 3.00 (100 k), 1.43 (400k Q)
P-SSHI 34.81 (3000 k Q) 0.24(100 k ), 0.003(3000 k 2 )
SCE 16.84 (100 k Q) 9.11(50kQ ), 5.36 (100 k Q)
1.5
S-SSH1,400k ohm
1.0
0.5
o
£ 40
Q_OC, S-SSH1,100k ohm
2
2.0
0 1 2 3 4 5 6 7 8 9 10
Time(s)

Figure 13. PSpice results for output power of S-SSHI interface circuit with damped sinusoidal
signal
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For random signals, the Simulink results for output power of different interface circuits
are presented in Figure 14. As shown, the performance of the SEH and SCE interface circuits
are unsatisfactory. Compared with the other interface circuits, the collected power of the SEH
interface circuit is much lower and the collected power of the SCE interface circuit has higher
volatility. Thus, when random excitations are exerted on piezoelectric structures, which is a
result of the increasing attention on flow- and impact-induced piezoelectric vibration energy
harvesting, the P-SSHI and S-SSHI interface circuits may be a good choice for harvesting
piezoelectric energy. Meanwhile, the SEH interface circuit has been mostly used in such studies
to investigate the performance of certain mechanical structures.
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Figure 14. Simulink results for output power of different interface circuits with random signals

5. Conclusion

The performance of different interface circuits with damped sinusoidal signals and
random signals was investigated through simulation. Simulation results show that the interface
circuits perform effectively under low load resistance values with damped sinusoidal signals,
and that the S-SSHI and P-SSHI interface circuits may have improved performance in
harvesting piezoelectric energy when constant harmonic excitations are not present. In the
future, additional experiments should be conducted to further study the performance of various
interface circuits in collecting piezoelectric vibration energy.
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